
 

  Abstract— Next-generation communication systems are required 

to be efficient in power and spectrum usage. In this direction, novel 

spatial multiplexing techniques, such as orbital angular 

momentum (OAM), in contrast to frequency multiplexing, such as 

orthogonal frequency division multiplexing (OFDM), are 

regarded to uphold potential advantages. This paper investigates 

OAM and OFDM along with their emerging variants with index 

modulation (IM) in MIMO configuration. In this paper, these 

techniques are implemented for different cell distances mainly for 

single user cases.  The bit error rate (BER) performance analysis 

is then carried out on a comparative scale. Moreover, Maximum 

likelihood and least square-based receiver techniques are 

presented for low complexity detection methods. The strengths 

and weaknesses of these techniques are analyzed through extensive 

MATLAB simulations for different Signal-to-Noise Ratios (SNRs).   

Index Terms—Orbital angular momentum, orthogonal 

frequency domain multiplexing, index modulation, MIMO 

channel, maximum likelihood.  

I. INTRODUCTION 

Currently, wireless communication is migrating from 5G to 6G. 

This transaction is happening due to the emergence of new use 

cases and applications, e.g., Sensory Transmission, 

Teleportation, Extended Reality, Digital Twin, etc. [1], [2]. 

Academia and industry have already started a quest to find new 

technologies and solutions to satisfy the explosive data traffic 

demand of 6G use cases. The 5G New Radio (NR) research 

extensively investigated and proposed various orthogonal 

resource sharing technologies that exploit the frequency, time, 

and space characteristics of electromagnetic waves. However, 

due to bandwidth limitations, it will harden in 6G if we want to 

increase capacity or support more users with 5G access 

techniques such as time-frequency, time, and space. Therefore, 

6G Radio, which we refer to it by enhanced New Radio (eNR), 

needs to explore another dimension of electromagnetic waves. 

All 1G-5G wireless communications are built on the plane-

electromagnetic (PE) wave. However, the electromagnetic 

(EM) wave possesses not only linear momentum but also 

angular momentum, which contains the spin angular 

momentum (SAM) and orbital angular momentum (OAM) [3].  

OAM is one of the physical characteristics of electromagnetic 

wave propagation. OAM wavefront has helical fronts instead of 

planar and recently attracted much research attention[4]–[6]. 

OAM has a significant number of topological charges, i.e., 
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OAM-modes [4]. The created beams of different OAM-modes 

are orthogonal to each other due to successive phase shifts in 

the OAM models, and they can be multiplexed/demultiplexed 

together, thus increasing the capacity without relying on the 

traditional resources such as time and frequency. Therefore, 

multiple OAM modes transmitted on the same channel 

simultaneously can be separated and demodulated at receivers. 

OAM, which has multiple orthogonal topological charges, 

bridges a new way to increase spectrum efficiency significantly 

and is expected to be used in 6G or even more future wireless 

communications networks.  

It is worth mentioning that Orthogonal frequency division 

multiplexing (OFDM) has been widely used in wireless 

communication systems due to its advantage in avoiding inter 

symbol interference and improving SNR. However, OFDM 

suffers from a high peak to average power ratio (PAPR) and 

many techniques have been discussed in the literature to combat 

the high PAPR [7]. In contrast, OAM is inherently power and 

spectral-efficient [8].  

Among many OAM advantages, one of its drawbacks is that it 

requires a big number of antennas for spatial multiplexing for 

angle rotation to have spatial orthogonality, which increases its 

system complexity and RF power consumption. Therefore, to 

increase its spectral efficiency and reduce power consumption, 

we combine OAM with the index modulation technique [7]- 

[11]. Index modulation (IM) is a digital modulation technique, 

which uses the ON-OFF keying method to map some of the bits 

in the transmitted signal to the index of the resources, e.g., the 

index of the antenna element.  

In this paper, OFDM and OAM along with their relative 

variants based on index modulation (IM), OAM-IM and 

OFDM-IM, are studied in this research work for a single-user 

system. The performance of these techniques is compared by 

calculating the bit error rate (BER) performance under different 

cell sizes. Our primary studies show the advantages and 

disadvantages of OAM under various cell sizes and act as a 

steppingstone toward OAM implementation in the real 

network.  

II. SYSTEM MODEL 

This section will design the theoretical framework of OFDM, 

OAM, OFDM-IM, and OAM-IM with two Uniform Circular 

Arrays (UCAs) in MIMO configuration. System models for 

each technology are discussed below.  
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A. Limitations and significance of OFDM 

OFDM is a multi-carrier technique that uses orthogonal carriers 

with different frequencies [12], [13]. The orthogonality of 

frequencies helps to avoid inter-symbol interference (ISI) [14]. 

The block diagram for the OFDM-based communication 

system is shown in Fig. 1 that explains the major blocks of this 

technique. The literature about OFDM is well established and 

more details can be found in [7]-[9].   

Fig. 1. System block diagram of OFDM. 

In OFDM, M-array modulation such as M-PSK or M-QAM is 

used for improving spectral efficiency. The modulated signal 

(𝒔) is passed through the IFFT block that converts the signal 

into orthogonal overlapping sinusoids in the time domain. The 

(1) shows the output of IFFT. 

𝐹𝑛 =
1

𝑁
∑ 𝑠𝑛

𝑁−1

𝑡=1

exp (𝑗2𝜋
𝑛𝑡

𝑁
), 

(1) 

A cyclic prefix is added to the OFDM signal. It is helpful to 

remove inter-symbol interference at the receiver side. The 

OFDM signal is transmitted through the fading channel as 𝒚 =
𝑯𝑭 + 𝒏, where 𝑯 ∈ ℝ𝑵×𝑵. For 𝑁 transmitter antennas, the 

channel coefficient ℎ𝑛𝑔 is the channel gain between 𝑛𝑡ℎ

transmit antenna element of radius 𝑟𝑡𝑥 and 𝑔𝑡ℎ receive antenna 

element of radius 𝑟𝑟𝑥 as given in (2) [9]. 

ℎ𝑛𝑔 = 𝛾
𝜆

4 𝜋𝐷
 exp(−𝑗𝑘𝐷), 

(2) 

where γ is the antenna gain and 𝑘 = 2π/𝜆. 𝜆 is the wavelength 

and ′𝐷′ is the distance between UCA elements which can be 

calculated by (3) [9]. 

𝐷 = √𝑑2 + 𝑟𝑟𝑥
2 + 𝑟𝑡𝑥

2 − 2𝑟𝑟𝑥𝑟𝑡𝑥𝑐𝑜𝑠𝜑𝑛𝑔 , 
(3) 

where 𝜑𝑙𝑔 =
2𝜋(𝑛−𝑔)

𝑁
, (𝑛 is the 𝑛𝑡ℎ transmit antenna). The 

cyclic prefix is removed on the receiver side, and the signal is 

passed through the FFT block. The FFT block’s output is 

processed through the least square error technique to recover 

the information bits. OFDM has been a pivotal technique in 

communication systems, however, due to high data traffic 

OFDM based systems are unable to support a higher number of 

users without exhausting frequency bandwidth. To increase the 

spectral efficiency, OAM exploits the angular momentum of the 

EM waves which can accommodate more users within a single 

frequency band due to inherent orthogonality in OAM modes, 

unlike OFDM which depends on orthogonal frequencies. OAM 

with MIMO configuration also increases the spatial diversity of 

communication systems. OAM-based systems have 

comparatively simple transmit/receive structures which give 

OAM an advantage over OFDM.  

B. Orbital Angular Momentum (OAM) 

The OAM is a type of spatial multiplexing that exploits orbital 

properties of electromagnetic (EM) waves, which uses both 

radial and azimuthal degrees of freedom multiplexing and 

demultiplexing [3]. In OAM, multiple copies of the same signal 

are fed to all antennas but with a phase shift. After a complete 

cycle, the phase will be increased by an integer multiple of 2π. 

The OAM wave is generated by a phase rotation factor 

exp(−𝑗𝑘𝜌), where 𝑗 is the complex number, 𝑘 is the order of 

OAM-mode, and 𝜌 is the azimuthal angle such as 2π [15]. 

Different OAM-modes are orthogonal with each other due to 

phase shifts. With UCAs, it is easy to construct OAM mode by 

using discrete Fourier transform (DFT) for multiplexing [16]. 

The OAM wave can be demultiplexed by using inverse discrete 

Fourier transform (IDFT). Fig. 2 shows the block diagram of 

the communication system using OAM. The system consists of 

the ‘β’ number of bits and 𝑁 antenna elements. The bits are 

modulated by using PSK or QAM with modulation order 𝑀 and 

𝑠 is the modulated signal. To create an OAM beam, the 

modulated signal is multiplied with the DFT matrix as:  

𝑥̂𝑛 =
1

√𝑁
𝑠𝑛 exp (−𝑗2π

𝑛

𝑁
), (4) 

where 𝑛 ∈ {0,1 ⋯ 𝑁 − 1},  shows the index of element of the 

antenna, which is being fed with the information signal. For the 

transmission, Eqns (5) show the allocation of power 𝑝 to the 

signal 𝑥̂.  

𝑥𝑛 = 𝑥̂n𝑝𝑛, (5) 

𝑝𝑛 = √

𝑃𝑡
𝛿𝑛

⁄

1
𝛿1

+
1
𝛿2

+ ⋯
1

𝛿𝑁−1

(6) 

where 𝛿𝑖 are the eigenvalues of channel 𝑯 and 𝑃𝑡 is total 

transmission power. The signal 𝒙 is passed through the fading 

channel 𝑯, using the channel defined in (2). Equations (4) to (6)

can be written in vector form as follows:  

𝒙 = 𝑾𝒔, 
𝒙 = 𝒙𝑷, 

𝒚 = 𝑯𝒙 + 𝒏, (7) 

where 𝒔 ∈ ℂ𝑁×1 is the modulated signal, 𝑾 ∈ ℂ𝑁×𝑁is the 

discrete Fourier transform matrix, 𝑷 = diag(𝑝0𝑝1 ⋯ 𝑝𝑁) is the 

power matrix allocated to each symbol, 𝒏 ∈ ℝ𝑁×1 is the white 

Gaussian noise, 𝒙 is the signal after the DFT, 𝒙 is the signal 

with power allocation and 𝒚 ∈ ℂ𝑵×𝟏 is the signal to be 

transmitted. Equation (8) shows the demultiplexing of received 

signal 𝒚 using inverse Fourier transform. 

𝑦𝑟 =
1

√𝑁
∑ 𝑦𝑡

𝑁−1

𝑡=1

exp (𝑗2𝜋
𝑝𝑟

𝑁
), 

(8) 

where 𝑦𝑡 is the 𝑡𝑡ℎ element of transmitted signal passed through 

fading channel and 𝑦𝑟 is the 𝑟𝑡ℎ element of the received signal,  

𝑟 = 0,1, ⋯ , 𝑁 − 1. The information bits are recovered using 

the least square error technique.  

C. OFDM with Index Modulation (IM) 

The OFDM-based communication system is discussed in II.A. 

IM with OFDM introduces the mode activation fashion in the 



 

frequency domain by selecting a certain number of OFDM 

subcarriers at a time and mapping the extra information in the 

indexes of these activated subcarriers [17]. It helps to reduce 

the bandwidth usage and power consumption like spatial 

multiplexing, 

Fig. 2. System block diagram of OAM. 

however, in OFDM-IM, the number of antennas does not limit 

the implementation of IM. The block diagram of OFDM-IM 

based communication system is shown in Fig. 3.  

Fig. 3. System block diagram of OFDM-IM Transmitter 

The β bits are separated into 𝐺 subblocks. Each subblock 

contains 𝑝 bits, 𝑝 = 𝑁/𝐺, where 𝑁 is the number of 

subcarriers. These 𝑝 bits are subdivided into 𝑝1 bits required 

for modulation and 𝑝2 used for mode selection. Out of these 𝑁
subcarriers, only 𝑁𝑎 activated subcarriers are used for data 

transmission. The information about these activated subcarriers 

is stored in ℳ𝑖 = {𝑖1, 𝑙2, ⋯ 𝑙𝑁𝑎
}, where the 𝑖𝑡ℎ combination of 

activated modes based on mode selection bits. Equation (9)

shows the spectral efficiency of OFDM-IM. 

β = 𝐺𝑁𝑎 log2 𝑀 + ⌊log2 (
𝑁
𝑁𝑎

)⌋ 𝐺. 
(9) 

The modulated signal in each subblock is mapped to 

𝑁𝑎 subcarriers and other subcarriers are forced to be zero. The 

output of each subblock is converted to the serial mode and 

passed through fading channel 𝐻. The transmitted signal 𝒙  can 

be expressed as follows: 

𝒙 = [𝒙(𝟏), 𝒙(𝟐) ⋯ 𝒙(𝑵)], (10) 

where elements of 𝒙 represent each of G subblocks which can 

be written as follows. 

𝒙 = [𝒔𝟏, 𝒔𝟐, ⋯ 𝒔𝑵𝒂
]. (11) 

The subblock signal 𝒙  contains non-zero constellation symbols 

and zero values. The transmitted bits are recovered by using the 

maximum likelihood detector. First, indexes of subcarriers 

carrying information bits with respect to activation mode 

combination should be detected [9]. The detection of 

subcarriers with information bits can be identified using (12)

and (13). 

𝜉𝑢
𝑖 =

|𝑦𝑟𝑢
|

2

𝜎𝑛
2

+ ln ( ∑ 𝑒𝑥𝑝 (−
1

𝜎𝑛
2

|𝑦𝑟𝑢
− 𝑔𝑢d|

2
)

𝑑∈𝑆𝑒𝑗θ𝑖

) , 
(12) 

𝜉𝑖 = ∑ 𝜉𝑢

⌈
𝑘𝑁𝑎

𝑁
⌉
,

𝑢∈ℳ𝑖
(13) 

where 𝑦𝑟 is the received signal after demultiplexing OAM. The 

possible 𝑖𝑡ℎ combination can be detected by calculating the 

LLR sum of each mode combination.  

𝑖̂ = arg max
𝑖

𝜉𝑖 (14) 

The symbols can be detected as follows: 

𝑑̂𝑢 = argmin|𝑦𝑟𝑢
− 𝑔𝑢𝑑|, 𝑢 ∈ ℳ𝑖̂ (15) 

D. OAM with Index Modulation (IM) 

In subsection II.B, the OAM based communication system is 

discussed. To increase the spectral efficiency and reduce the 

power requirement, index modulation is used in addition to 

OAM. The active OAM modes are used to transmit additional 

bits. The total number of activated modes is equal to the number 

of transmit antennas donated as 𝑁. It is assumed that same 

number of transmit, and receiver antennas are used. The number 

of activated modes is 𝑁𝑎, where 𝑁𝑎 ∈ [1,2, ⋯ 𝑁] and 𝑢 is 

desired activated mode [9]. The activated mode equal to 𝑁 that 

all OAM modes are used for transmission is known as OAM 

based mode division multiplexing (MDM). The spectral 

efficiency of the OAM-IM can be calculated as follows: 

β = Na log2 𝑀 + ⌊log2 (
𝑁
𝑁𝑎

)⌋, 
(16) 

where 𝑀 is the modulation order. The block diagram of OAM-

IM based communication system is shown in Fig. 4. 

Fig. 4. System block diagram of OAM-IM 

The Na log2 𝑀 bits are used for modulation and ⌊log2 (
𝑁
𝑁𝑎

)⌋ 

bits are used for mode selection. The signal applied to 𝑛𝑡ℎ the 

antenna element is given as follows: 

𝑥𝑛
𝑢 =

1

√𝑁
𝑝𝑢𝑠𝑢 exp (−𝑗2π

𝑛𝑢

𝑁
), 

(17) 

where 𝑝𝑢 is the power allocated to the mode 𝑢, 𝑠𝑢is the 

𝑢𝑡ℎelement of the modulated signal. The vector 𝒔 contains 

complex constellation symbols and some zeros, the indexes of 

non-zero elements is stored in 𝓜. With OAM-IM, the antenna 

element 𝑛 is fed by the linear superposition of the signal of 



 

different activated modes [18]. The signal to be transmitted can 

be written as follows: 

𝑥𝑛 = ∑ 𝑥𝑛
𝑢

𝑢=ℳ𝑖

=
1

√𝑁
𝑝𝑢𝑠𝑢 exp (−𝑗2π

𝑛𝑢

𝑁
), 

(18) 

𝑝𝑛 = √

𝑃𝑡
𝛿𝑛

⁄

1
𝛿1

+
1
𝛿2

+ ⋯
1

𝛿𝑁−1

(19) 

Equation (17) and (18) can be written in vector form as follows: 

𝒙 = 𝑾𝑷𝒔, (20) 

where 𝑾 ∈ ℂ𝑁×1 is discrete Fourier transform matrix and 𝑷 is 

the power allocation matrix. The vector 𝒔 ∈ ℂ𝑵×𝟏  contains 

complex constellation symbols 𝑑 ∈ 𝑆𝑒𝑗θ𝑖 and some zeros, the 

indexes of non-zero elements is stored in ℳ𝑖. Vector 𝒔 is 

represented by: 

𝒔 = [0 𝑑10 𝑑2 ⋯ 0 𝑑𝑁𝑎], (21) 

The signal 𝒙 is passed through the fading channel 𝐻 defined in 

(2). On the receiver side, the received signal is de-multiplexed 

by using inverse discrete Fourier transform matrix as follows 

[9], [11]: 

𝒚 = 𝑯𝒙 + 𝒏,
𝑾𝑯𝒚 = 𝑾𝑯𝑯𝒙 + 𝑾𝑯𝒏,
𝒚𝒓 = 𝑾𝑯𝑯𝑾𝑷𝒔 + 𝑾𝑯𝒏, 

𝒚𝒓 = 𝚲𝑷𝒔 + 𝑾𝑯𝒏,
𝒚𝒓 = 𝑮𝒔 + 𝑾𝑯𝒏, 

(22) 

where 𝒚𝒓 is the received signal and  𝚲  is a diagonal matrix 

defined as 𝚲 = 𝑑𝑖𝑎𝑔(eig(𝑯)). The maximum likelihood 

detector is used based on LLR calculations to identify the 

indexes of activated modes and recover the transmitted bits as 

given in (12)-(15).  

III. SIMULATION RESULTS 

For comparison purposes, the techniques mentioned above are 

implemented in MATLAB for a single user with different cell 

distances. For the sake of consistency, the order of modulation, 

the number of the transmit and the receive antennas, and the 

number of activated modes are kept the same in each of these 

simulated techniques. The simulation parameters are given in 

The elements of 𝓜 show the activated mode in space and 

frequency domain. The bit error rate (BER) of OAM and 

OFDM for different cell distances are shown in Fig. 5. It is 

important to mention that all four techniques are compared 

using a similar number of activated . The mode combination 

matrix for 4 x 4 antenna configuration with two activated modes 

is given in (23). 
TABLE  I                                                                                             

Simulation Parameters. 

Parameter  Value 

Operating frequency 10 GHz 
Wavelength 0.03m 

Antenna radius 0.6 m 

Antenna configuration 4 x 4 
Average transmission Power 1 W 

Activated modes 2 

Cell distances 100 m, (5000m) 5 Km, (1000m) 
10 Km 

𝓜 = [

0 1
2 3
0
1

2
3

] 
(23) 

The elements of 𝓜 show the activated mode in space and 

frequency domain. The bit error rate (BER) of OAM and 

OFDM for different cell distances are shown in Fig. 5. It is 

important to mention that all four techniques are compared 

using a similar number of activated modes. 

Fig. 5. BER of OFDM versus BER of OAM for different cell 

distances.  

Comparing the BER of OAM and OFDM shows that the 

distance impacts the BER of various techniques significantly. 

Fig. 5 shows that the OAM performed better for small SNR 

values for all ranges of distance. However, OFDM and OAM 

performed approximately equal for higher values of SNR for all 

values of cell distances. It is important to discuss that LLR in 

OAM performed better as compared to the least square method 

in OFDM, which highlights the significance of simpler 

transmit/receiver design in OAM based systems. Moreover, the 

use of different rotation angles (θ2) for different OAM modes 

in M-PSK can also increase the performance of the OAM 

system. For the sake of simplicity, a rotation angle equal to zero 

is considered in this simulation.  

The BER of OAM-IM and OFDM-IM is shown in Fig. 6. The 

comparison of BER of OAM-IM and OFDM-IM shows that 

both techniques performed approximately equal for short-range 

distances such as 100 m and 5 Km. However, for long-distance, 

such as 10 Km, the BER graph shows considerable difference 

in both techniques. For long-distance scenarios, OAM-IM 

performed better for low SNR values, however, OFDM-IM 

performed slightly better for high SNR values in this scenario. 

This shows that OAM based techniques have a trade-off 

between spectral efficiency and BER performance. This trade-

off can be balanced by using a higher number of OAM modes 

which will increase the complexity of the system design.  



 

IV. CONCLUSIONS 

We have investigated the orthogonal frequency division 

multiplexing (OFDM) and orbital angular momentum 

multiplexing (OAM) along with their relative variants based on 

index modulation (IM), OAM-IM and OFDM-IM, in this 

research work for a single-user system. The simulation results 

have shown that OFDM based communication system performs 

better for high signal-to-noise ratio (SNR) values while OAM 

based systems better for low SNR values. The addition of IM 

with OAM and OFDM increases the system’s efficiency and 

reduces the difference for short-range communication. Based 

on the results, it can be concluded that OAM has significantly 

more spectral efficiency than OFDM and IM improves the 

spectral efficiency as well as BER.  Based on this work, the 

future work aims to design communication systems for multi-

users using these techniques.   

Fig. 6. BER of OFDM-IM versus BER of OAM-IM for different cell 

distances.  
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