Research Paper | Fiber-Wireless Integrated Reliable Access Network for Mobile Fronthaul Using Synclastic Uniform Circular Array with Dual-Mode OAM Multiplexing

XU Yusi, WU Xingbang, YANG Guomin, and CHI Nan

Fiber—Wireless Integrated Reliable Access Network
for Mobile Fronthaul Using Synclastic Uniform
Circular Array with Dual-Mode OAM Multiplexing

link of two channels with a 0.5 m wireless link.

Keywords: OAM; fiber-wireless integrated access network

Abstract: We propose an access network that integrates fiber and wireless for mobile fron-
thaul (MFH) with simple protection capabilities, using dual-mode orbital angular momen-
tum (OAM) multiplexing. We experimentally demonstrate a 3.35 Gbit/s DMT-32QAM pre-
equalized system with 10 km and 15 km fiber links in the 5.9 GHz band; then there is a
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1 Introduction
riven by emerging mobile devices and mobile multime-
dia, mobile data traffic is exponentially increasing. Dif-
ferent multiplexing technologies are researched and dis-
cussed. In order to provide end users with multi-gigabit
wireless link rates, fiber-wireless integrated access networks
have proven their potential for more efficient traffic offload and
flexibility [1] = [5]. Millimeter wave (MMW) that provides a
friendly infrastructure for high-throughput wireless services with
low cost, abundant bandwidth, and rapid deployment is an effi-
cient physical link for mobile fronthaul (MFH), which has been
extensively studied. Photonics-aided MMW generation for the
MFH that can leverage existing fiber to the home (FTTH), pas-
sive optical network (PON), and wavelength division multiplex-
ing (WDM) PON in the future[2] - [6]. However, tree-based net-
work topologies lack simple and cost-effective protection or re-
covery capabilities.

At the same time, orbital angular momentum (OAM) has been
proposed as an emerging multiplexing technique to further im-
prove spectral efficiency and channel capacity in radio commu-
nications due to mutual orthogonality of different modes [7] -
[9]. In principle, many orthogonal modes of OAM can be used
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for multiplexing and demultiplexing with low crosstalk. There-
fore, using various antennas to generate OAM beams in the ra-
dio domain has been extensively studied in the research commu-
nity. By simultaneously transmitting different OAM modes, syn-
clastic uniform circular array (UCA) has attracted increasing in-
terest. Based on the multi-layer design, a synclastic UCA is pro-
posed for OAM generation and dual mode communication [8] -
[10]. The integration of OAM in the low-frequency radio domain
and optical fiber for MFH is an attractive alternative.

In this paper, we propose a fiber-wireless reliable access net-
work for MFH, which integrates fiber and wireless with dual-
mode OAM multiplexing to verify the performance of an optical
OAM transmission architecture based on DMT technology.
Two modes from one synclastic UCA are assigned two different
fiber links that may have simple protection capabilities. We
experimentally demonstrate a 3. 35 Gbit/s DMT-32QAM fiber-
wireless integrated system with pre-equalization (Pre-EQ) in
the 5.9 GHz band. After 10 km and 15 km fiber transmission,
the two modes are transmitted simultaneously through a 0.5 m
wireless link respectively.

2 Principle of Antenna

The synclastic UCA, in which the elements are placed in a
circular ring and have the same orientation, is an array configu-
ration of very practical interest. A typical synclastic UCA mod-
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el with eight elements is presented in Fig. 1 and the corre-
sponding free space propagation geometry with synclastic
UCAs is also illustrated. In Fig. 1b, we assume that N isotro-
pic elements are equally placed on the x — y plane along a cir-
cular ring with radius of a. The normalized field of the whole
array can be written as
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where k is the Boltzmann constant, R, is the distance from the
nth array element to the n’-th observation element, and a, is the
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where [ is the amplitude excitation and ¢, is the phase excita-
tion of the n-th element. And ¢, is the assumed system refer-
ence phase, NV is the number of the elements of an array, and [
is the mode of the OAM.

Assuming that r > a and R, = r, the electric field of the n'-th
element in the receiving array transmitted by the n-th element in
the transmitting array is
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where ¢, is the phase of the element in the receiving array.
Thus, the electric field of the n'-th element in the receiving ar-
ray can be derived as
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Finally, the phase factor of ¢ *™" is extracted from Equa-
tion (4), which proves the OAM generation from these equal
phase and equal amplitude UCAs theoretically.

To verify the correctness of the theory, a dual-mode OAM
multiplexing antenna is designed and fabricated (Fig. 2). And
the near field phase front of the OAM antenna is simulated and
the result is shown in Fig. 3, which indicates the reliable gen-
eration of the OAM beams.

While OAM has unlimited range of achievable states which
are mutually orthogonal, it is quite promising to combine it
with optical fiber for MFH to achieve high spectrum efficiency
transmission. The wireless OAM multiplexing is achieved by

the synclastic UCAs with N independent OAM modes. The

(a) (b)

A Figure 1. Synclastic UCA model: (a) Top view; (b) schematic diagram
(the upper array is the receiving array and the lower array is the trans-
mitting array).

(a) (b)

AFigure 2. Dual-mode OAM antenna: (a) Top view; (b) explosive view.

A Figure 3. Near field phase front of the dual mode OAM antenna: (a) +
1 mode; (b) +2 modes.

various OAM beams can be considered as a form of spatial divi-
sion multiplexing (SDM). The OAM beams multiplexed with
different modes propagate along the same spatial axis in free
space. The coaxially propagating OAM beams lead to inherent-
ly low crosstalk between OAM channels and reduce the need
for signal processing to eliminate OAM channel interference af-
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ter demultiplexing.

As we can see, OAM provides another degree of freedom to
carry information with multi-level amplitude/phase modula-
tion. It shows potential possibility to integrate OAM with the
current fiber-based MFH infrastructure for further increase of
system capacity.

3 Experimental Setup

An experimental setup for intensity modulation and direct de-
tection (IM-DD) DMT-32QAM signal transmission based on the
Mach-Zehnder modulator (MZM)9-10 is shown in Fig. 4. The
DMT signal is generated offline in Matlab in a 32-QAM modula-
tion format. We estimate the channel using 256 subcarriers
loaded with data and 10 training sequences. We use 1/32 sub-
carriers as the cyclic prefix (CP) to avoid inter-symbol interfer-
ence (ISI) as well. For Rx offline digital signal processing
(DSP), data without Pre-EQ are first sent for channel estimation
with intra-symbol frequency domain averaging (ISFA), and then
Pre-EQ is operated using the estimated reverse channel 11.

The experimental system consists of two independent central
offices (COs) with MZM modulators that convert the signal to
optical domain. The baseband unit (BBU) is used for dual-
mode OAM beams transmission and the end user side is used
to receive signals. Two COs are connected to both sides of a
synclastic UCA array using the 15-km and 10-km SSMF links

as Ch-1 and Ch-2 respectively. These different fiber links may
have simple protection features. The 200 Mbit/s baseband
DMT-32QAM signal is uploaded into an arbitrary waveform
generator (AWG) with 1.2 - 2.4 GSa/s sample rate for Ch-1
and Ch-2. The amplified signal is then mixed with a 5.9 GHz
clock and up-converted into two intermediate frequency (IF)
signals. The modulated signal through the MZM is then ampli-
fied by the Erbium Doped Fiber Application Amplifier (EDFA)
prior to fiber transmission. After transmission, an optical atten-
uator (ATT) is applied to adjust the received optical power
maintained at 0 dBm before power is injected into the photodi-
ode (PD). Then, the converted electrical signals are injected
into the synclastic UCA and performed in two orthogonal OAM
modes respectively. After 50-cm free space transmission, ra-
dio beams with different OAM modes are detected by the ac-
cording received antenna. Finally, the received signals are am-
plified and sent into an oscilloscope (OSC) at a 12.5 GSa/s
sample rate, which is then processed by the Rx offline DSP.

In another experiment, the arbitrary waveform generator
(AWG, Tektronix 7122C) is used to generate a 1. 6 GSa/s DMT
signal with a carrier frequency of 5.9 GHz. A 1550 nm exter-
nal cavity laser (ECL) is used as an optical carrier and fed into
the intensity modulator. The signal is converted into optical
domain via a MZM. The optical power is controlled by a vari-
able optical attenuator (VOA) before transmitting the signal
through standard single mode fiber (SSMF). At the receiver
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ATT: attenuator EDFA: Erbium Doped Fiber Application Amplifier PD: photodiode
AWG: arbitrary waveform generator FFT: fast Fourier transform QAM: quadrature amplitude modulation
CP: cyclic prefix IFFT: inverse fast Fourier transform Rx: receiver
DSP: digital signal processing ISFA: intra-symbol frequency average SSMF: standard single-mode fiber
EA: electric amplifier MZM: Mach-Zehnder modulator Tx: transmitter
ECL: external cavity laser 0SC: oscilloscope

A Figure 4. Experimental setup for intensity modulation and direct detection (IM-DD) DMT-32QAM signal transmission based on the MZM.
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side, the optical signal is detected by a PD to achieve photo-
electric conversion. The electrical signal is amplified before
being transmitted to the synclastic UCA. After 40 cm free
space transmission, the electrical signal is received by the an-
tenna of the receiver. The received signal is then sampled us-
ing a 12.5 GSals digital storage oscilloscope (DSO Tektronix
DSA73304D) and the off-line DSP is processed.

4 Results and Analysis

For the first experiment, Figs. 5a and 5b show the bit error
rate (BER) of Ch-1 and Ch-2 versus transmission rates in the
case of back to back (BTB). The blue lines indicate the signal
without Pre-EQ and the green lines represent the signal with
Pre-EQ. We observe that the BER performance of Ch-1 and
Ch-2 at the same transmission rate is similar with or without
Pre-EQ. As can be seen from Figs. 5a and 5b, the BER in-
creases as the rate increases. A DMT-32QAM signal exceed-
ing 1. 125 Gbit/s can be delivered below the BER of 3. 8x107
per channel without Pre-EQ. In addition, the use of Pre-EQ can
effectively increase the transmission rate to over 1. 625 Gbit/s.
In the case of BTB with Pre-EQ, both the channels can realize a
total rate of 3. 35 Gbit/s. Figs. 6a and 6b show the BER of Ch-1
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AFigure 5. (a) The BER of Ch-1 vs. transmission bit rates under BTB
case without and with Pre-EQ; (b) the BER of Ch-2 vs. transmission bit
rates under BTB case without and with Pre-EQ.
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A Figure 6. (a) The BER of Ch-1 vs. transmission bit rates after 15 km fi-
ber without and with Pre-EQ; (b) the BER of Ch-2 vs. transmission bit
rates after 10 km fiber without and with Pre-EQ.

and Ch-2 versus the transmission rate after 15 km and 10 km fi-
ber transmission respectively. With Pre-EQ, the transmission
rate of both channels can be effectively increased from 1. 125
Gbit/s to 1. 5 Gbit/s. For dual-mode OAM multiplexing, a total 3
Gbit/s rate can be achieved. Constellations of DMT-32QAM sig-
nal at 1. 375 Gbit/s without or with Pre-EQ are shown in the in-
sets with blue and green markers respectively. The channel re-
sponses of Ch-1 and Ch-2 are shown in Fig. 7, which shows that
the channel response coefficients can be flattened with Pre-EQ.
As can be seen from Fig. 8, the channel response coefficients af-
ter 15 km transmission exceed the channel response coefficients

after 18 km transmission with subcarrier index increasing.
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AFigure 7. The channel response coefficients of Ch-1 and Ch-2 without
and with Pre-EQ.
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A Figure 8. The electrical spectra of the received DMT-32QAM signal
without and with Pre-EQ.
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A Figure 9. BER versus transmission bit rates for integrated fiber and
OAM wireless transmission links.

Figs. 8a — d are the spectra of the received DMT-32QAM sig-
nals with and without Pre-EQ respectively. It indicates that the
spectrum can be flush with the Pre-EQ as well. In this experi-
ment, Ch-1 and Ch-2 were simultaneously transmitted. Howev-
er, if one of the fiber links fails, the other link will not be affect-
ed. Therefore, data switching protection can be implemented
based on service priority.

For the second experiment, the BER vs. transmission rates
(Fig. 9) indicates that the signal transmission of 1. 0625 Gbit/s
can reach the 7% Forward error correction (FEC) threshold
(BER = 3.8 x 107), which is even worse if the transmission
rate is increased. The electrical spectrum of the down-con-
verted 200 Mbaud DMT-32QAM signal and the constellations
of 1 Gbti/s and 1. 125 Gbti/s are shown in the insets respec-
tively.

S Conclusions

In this paper, a fiber-wireless reliable access network for
MFH is proposed through the integration of fiber and wireless
with dual-mode OAM multiplexing. We experimentally demon-
strated a 3 Gbit/s DMT-32QAM fiber-optic wireless integrated
system with a synclastic UCA. The system has Pre-EQ in the
5.9 GHz band, and both channels after 10 km and 15 km fiber
transmission are transmitted over a 0. 5-m wireless link simul-

taneously. The fiber-wireless reliable access network can alter-
natively be used for MFH.
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