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Abstract: Orbital Angular Momentum (OAM) is an intrinsic property of electro-
magnetic waves. Great research has been witnessed in the last decades aiming at
exploiting the OAM wave property in different areas in radio and optics. One pro-
mising area of particular interest is to enhance the efficiency of the available com-
munications spectrum. However, adopting OAM-based solutions is not priceless
as these suffer from wave divergence especially when the OAM order is high.
This shall limit the practical communications distance, especially in the radio
regime. In this paper, we propose a cooperative OAM relaying system consisting
of a source, relay, and destination. Relays help the source to transmit packets to
the destination by providing an alternative connection between source and desti-
nation. This cooperative solution aims on the one hand, through best-path selec-
tion, on increasing the communications range. On the other hand, through the
parallel transmission orders allowed by OAM carrying waves, the system could
raise its total transmission throughput. Simulation results show that combining
a cooperative relay with OAM improves the system throughput compared to using
each element separately. In addition, the proposed cooperative relaying OAM out-
performs the cooperative relaying non-orthogonal multiple access scheme, which
is a key spectrally efficient technique used in 5G technology.
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1 Introduction

In recent years, wireless connection has become the dominant form of communication, but also remains
one of the most challenging. For example, the internet of things requires massive wireless connectivity, such
as Fifth Generation (5G) technology, that cannot be realized with current network infrastructure, which
cannot achieve sufficient throughput, where throughput measures the rate of successful transmission [1].

Cooperative communication is considered a key technology that can improve wireless network
performance to meet future requirements [2]. In particular, cooperative communication technology
exploits the broadcast nature of the wireless channel to increase the system’s throughput, thus extending
the network coverage; this is performed by adding relay nodes to the network. Hence, cooperation via
relay nodes has been used in modern wireless communications and forms part of LTE Release 10 [3].
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There are two relay modes, named according to the method the relay node uses to process the received
signal: Amplify-and-Forward (AF) and Decode-and-Forward (DF). In AF mode, the relay node amplifies the
received signal and forwards it to users, this makes AF simple to implement, however, it also has the
disadvantage of noise amplification [4].

In DF mode, the relay node decodes the received signal, re-encodes it, and then forwards it to users. The
DF mode has no noise amplification drawback due to decoding operations at the relay node; however, to
enable accurate decoding, a better channel is required compared to the one needed for AF mode [5-7].

Due to the relays’ capability in fighting path losses, combining cooperative relaying with other 5G
techniques has become a trend in the current literature. For example, the authors in [8] utilized
cooperative relaying to enhance millimeter-wave (mm-wave) network performance by extending its
coverage. Furthermore, the authors in [9] combined cooperative relaying with Non-Orthogonal Multiple
Access (NOMA), which led to higher overall system throughput.

In addition to mm-wave and NOMA performance, other advanced radio spectrum efficiency
enhancement techniques are expected to play a role in the transition to 5G technology, which were
investigated under cooperative relay channels. Among these are massive multiple-input multiple-output,
co-frequency, co-time, and full-duplex techniques [10].

In addition, a new and promising resource for spectrum efficiency hinges on Allen et al.’s [11] discovery
in the early 1990s of orthogonal Orbital Angular Momentum (OAM) orders possessed by electromagnetic
waves. Since then, there has been significant interest in the application of OAM for optics [12] and,
recently, for radio communications [13-20].

Waves carrying OAM exhibit helical phase-fronts owing to the azimuthal dependence of their spatial
phase distribution (e’?), where 1 is the OAM order (/ = 1, 2, ...), and & is the azimuthal angle in
cylindrical coordinates (r,J,z). The field intensity varies in the form of annular rings in the transverse
plane and vanishes along the axis of propagation due to destructive interference [21].

In this paper, we combine an OAM multi-access technique with a relay cooperative network. To the best
of the authors’ knowledge, no previous studies have employed cooperative communication to enhance OAM
performance. The combining of OAM and relay shows several mutual advantages to both of OAM and relay.
The design overcomes many of the limitations usually encountered in the utilization of OAM-based solutions
in radio, mainly the problem of wave divergence where the size of the null amplitude region at the beam axis
expands during propagation.

Such beam divergence demands the use of large receivers and may severely reduce transmission
distance, particularly for high-order OAM orders, where the null region is quite large. Raising the
frequency of transmission helps to confine the wave over larger distances, making OAM-based solutions
more practical for high-frequency mm-wave networks [15].

The relay-based solution adopted in this paper reduces the distance between the transmitter and receiver,
as the best (i.e., shortest) path is inherently offered by the relay selection. The distance reduction via relays
makes OAM viable for applications with lower frequencies than mm-wave networks. In addition, fading is a
limiting factor of the OAM orders that can be used in transmission.

The use of relays adds a degree of freedom; rather than having only a direct source—destination link,
there is another path through the relay. Hence, if one link has deep fading or low channel gain, the other
link is available to avoid bad transmission. Furthermore, the OAM transmission approach accommodates
the relay-receiver link with the orthogonal orders used to raise the throughput via parallel channel
transmission. In summary, this paper suggests a novel system that employs OAM technique in a relay
cooperative network to overcome the beam divergence limitation and deep fading. Hence, higher
throughout is achieved.
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This paper is organized as follows: Section 2 includes a general overview of the proposed cooperative
relay network based on the OAM technique and describes the signal model. Numerical results and
comparisons between derived formulas and those obtained via other studies are shown in Section 3.
Finally, conclusions are drawn in Section 4.

2 System Model
2.1 Cooperative Relay Network

The system model of relay cooperative networks is shown in Fig. 1, where there is a source node, S, a
half-duplex DF relay node denoted as R, and a destination, D. The channel coefficients for the S-R and R-D
links are denoted as Ay, and #,4, respectively. All channels have a flat Rayleigh fading coefficient that
remains constant within each time slot and changes independently from one time slot to another.

Source (S) Relay (R) Destination (D)

Figure 1: System model for a cooperative relay network based on the OAM technique

We assume that the source always has sufficient information (i.e., it is saturated) to send to relays in all
time slots. Due to path loss and shadowing, we assume that the source and destination are not directly
connected. Without losing generality, we assume the transmission power to be P; at all transmitting
nodes; the noise variances at all receiving nodes are assumed to be ¢°.

The data rate is assumed to be fixed at a value of ¢. If the link capacity is greater than or equal to &, the
link is up, and the transmission is successful. Retransmission occurs based on the acknowledgment (ACK)
and negative ACK (NACK) mechanism; this mechanism happens between transmitters (source or relay) and
receivers (relay or destination). Each receiver broadcasts the ACK/NACK signal to the transmitters: relay to
source and destination to relay.

The channel state information at the receivers is assumed to be available. At time slot ¢, the
corresponding link capacities for channels hg, and h,4 are given by:

Cyr = log(1 + ;) (1)
Ca = lOg(l + yrd) (2)

P 2 P, 2

where Vsr = O__Qt ’h5r| and Vrda = ? ‘h”d| :
The channel gains |hsr|2 and |hrd|2 are exponentially distributed with the average 0, = E [|hsr|z] and
00 =F [\hmfﬂ, where 0, and 0,; denote average S-R channel gain and average R-D channel gain,
respectively, and E[.] is the expectation operator. v, and v, are also exponentially distributed with
average 7, = — 0, and 7,; = —
sr 2 sr rd o2
(SNR) values, while 7, and 7, are the average SNR values for channels 4y, and 4,4, respectively.

0,4 . Thus, y,. and 7,,; are the instantaneous Signal to Noise Ratio
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Since the system throughput is a function of channel outage, we first describe the outage analysis of the
relay network. An outage occurs if the link capacity is less than the target data rate:

261

P(lOg(l + Vsr) <8) =1—e 3)

261

P(log(1 +7v,y) <e)=1—e 4)

2.2 OAM Wave Characteristics and Propagation

Assuming a wave is carrying an OAM order, /, its complex amplitude can be expressed in a so-called
pseudo-nondiffracting, or Bessel-Gauss, form:

u(r,J) = exp (—rz/dz)Jl(krr)eﬂ@ Q)

The exponential term is a Gaussian envelope, where d denotes the envelope width. J; is the Ith-order
Bessel function of the first kind, r is the radial coordinate, J is the azimuth, and %, is a radial frequency [22].

The wave propagation in space is governed by the paraxial Helmholtz equation:

Ou 1 (Pu  Ju
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where z is the propagation distance, and k, = 27/ / is the wavenumber in a vacuum, where A represents the
wavelength. An analytical solution to the Helmholtz wave equation can be found through well-known
techniques, for example, the Fourier transform [23]. Finally, we arrive at the following general expression
of the Bessel-Gauss wave in free propagation:

k,
= (k|

J_
L

ejl@ (7)

where L = nd?// is the Rayleigh distance of the Gaussian envelope. Propagation of the Gaussian envelope is
represented by the function G in (7), which notably does not depend on the OAM order [ [24].

Fig. 2 depicts the transverse spatial distributions of Bessel-Gaussian waves for different OAM orders.
All distances in the figure are normalized to the wavelength. In the figure, a change in the amplitude color
from blue to yellow indicates an increase in the field value. The deep blue at the center indicates a null, the
extent of which increases with an increase in OAM order. The field phase distribution for each of the
illustrated cases exhibits a number of 360° changes about the origin equal to the OAM order.

3 Simulations Results

In this section, we present simulation results to validate our analysis and design. We study the
performance of our proposed relay cooperative OAM scheme. In the simulations, we assume that the
noise variance (¢°) is normalized to unity and we follow [9] in assuming that data rate ¢ = 2 bps/Hz. It is
worth noting that the proposed system is for general applications hence normalized parameters are used
in the simulation experiments. In some special applications, as discussed in [25,26], the level of noise and
measured SNR are more restricted to meet some demanded qualifications.

In the first part of the simulation, we demonstrate the effect of receiving aperture size on received power.
A receiver consisting of a sufficient number of sensors distributed around a circular circumference is
considered. For the different cases demonstrated in Fig. 3, the size of the receiving aperture is chosen to
match the maximum intensity radius of a certain OAM order.
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Figure 2: (a) Field spatial amplitude distribution and (b) phase distribution OAM order 1 (upper images)
and OAM order 3 (lower images). Propagation distance z = 3 and window size are wavelength-normalized
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Figure 3: The graph illustrates the impact of receiver aperture size on system normalized received power for
different OAM orders. An aperture of size n is matched to the maximum intensity radius of OAM order n
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Recall from Fig. 2a that the maximum intensity is spatially distributed over an annual ring of certain
radius. This is demonstrated in Fig. 3 by using apertures of different sizes, where, for instance, size 3 is
meant to match the maximum intensity radius for OAM order 3, and so on.

As shown in Fig. 3, the normalized received power decreases generally as the wave OAM order
increases. However, with an aperture of larger size, i.e., one that is matched to larger OAM order, an
efficient amount of received power is sustained over a larger range of OAM orders. The normalized
received power at size 5 (i.e., when the antenna aperture matches the 5th OAM order) shows an
increment of almost 4 times in comparison to antenna size 1 that matches the 1st OAM order.

Different power-threshold values (as percentages of maximum power, see Fig. 4a) and their impact on
the throughput are shown in Fig. 4b. In this figure, the throughput is the summation over all throughputs from
every order that’s received power passed the threshold value. The received SNR is changed along the
horizontal axis; raising the SNR helps passing the threshold step, thus enhancing the throughput.
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Figure 4: Impact of different thresholds on system throughput

It can be observed that lowering the threshold makes the reception less restrictive and allows higher
OAM orders than raising the threshold; hence, higher throughput is achieved at low thresholds. For
instance, from Fig. 4b, throughput of 7 packets per time-slot is achieved at 20% threshold in OAM-based
case, and this is seven times as high as the non-OAM-based case in which only 1 packet per time-slot
throughput is possible. It is worth noting that the restricted system employing OAM at threshold 80%
outperforms the unrestricted system without OAM, as shown in Fig. 4b.

As mentioned previously, OAM suffers from divergence that accompanies the wave propagation. Fig. 5 shows
the rise in the received power as the distance between the relay and the receiver decreases. Although the divergence
effect is general for all orders, it is however more notable for larger orders. For OAM order 2 at 3 m relay-receiver
separation distance the received normalized power is 80% higher than that of the same order at 25 m separation.
This increment in normalized received power is only 10% for the same distances but at order 6.

Finally, we present a comparison between our proposed system and other state-of-the-art research
in Fig. 6. In [9], a milestone research article, relay technology was combined with NOMA 5G
technology. The results show that the relay cooperative NOMA system can raise the throughput level to
the number of served users at high SNR values.
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Figure 5: The graph illustrating the relationship between distance and OAM order. The impact of distance
reduction by the relay is clearly illustrated. By reducing the distance between source and destination via the
relay, higher orders of OAM can be achieved, which increases the system throughput
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Figure 6: Comparison between our proposed cooperative OAM system and a NOMA cooperative system



1918 CSSE, 2023, vol.44, no.3

We compared the relay cooperative NOMA system to our proposed cooperative OAM system. In [9], the
number of users was 5; accordingly, we changed the number of orders for the OAM system to 5 to allow a fair
comparison. Fig. 6 clearly illustrates that our proposed system achieves superior throughput to the relay
cooperative NOMA system, especially at lower SNR values. For instance, at 6 dB level of SNR in Fig. 6,
the currently available relay cooperative NOMA handles throughput of 2.25 packets per time-slot, while
our proposed relay cooperative OAM system has higher throughput at 3.25 packets per time-slot. This is
due to the orthogonality of OAM.

4 Conclusions

This paper presented a cooperative relaying system based on the OAM technique. The results showed
that the receiver could detect more orders as its size increased, which in turn enhanced the total system
throughput. We enhanced the overall received power throughput of all orders by increasing the SNR.
While the OAM system suffered from divergence as the wave propagated, we were able to reduce the
received power as the distance between the relay and the receiver increased, an effect that was more
notable for higher orders. In addition, the proposed model outperformed the cooperative relaying NOMA
scheme, which is a key spectrally efficient technique in 5G technology.
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