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 ABSTRACT 
Orthogonal Time Frequency Space (OTFS) is a promising approach which is widely employed in sixth 

generation (6G) wireless network systems. Because of its superior performance in high-mobility 
environments, OTFS modulation has received a lot of attention lately. Due to OTFS modulation works in the 

delay-Doppler (DD) domain rather than the conventional time-frequency (TF) domain, it works effectively in 

such circumstances. The idea of non-orthogonal multiple access (NOMA) is integrated into OTFS as an 
important approach to improve the spectral efficiency (SE) to investigate the efficiency potential and 

performance. In this research, we study OTFS modulated NOMA system for two destination users in the high 

mobility environment. The message passing detection algorithm is utilized to examine bit error rate (BER) 
performance for both near and far users in the proposed OTFS modulated NOMA system. The BER 

simulation results demonstrate that the power allocation (PA) coefficient, delays, and Doppler effects 

significantly impact the performance of the system. It is observed that the performance of the far user did not 

drop below a particular BER level. The BER value for the 𝑈1 user is 0.1, while the BER value for the 𝑈2 user 

is nearly 0.25 at 10 dB SNR, resulting in a 2.5 times better BER performance in the 4-QAM scenario. The 

BER value is about 0.27 for the 𝑈1 user, while the BER value for the 𝑈2 user is approximately 0.33 at 10 dB 

SNR in the 16-QAM approach. It is concluded that the Doppler effect causes BER performance degradation 

for both users. 
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1. Introduction 

Non-orthogonal multiple access (NOMA) is accepted as an important multiplexing approach for new generation wireless 

networks. The concept of NOMA is to improve the spectral efficiency (SE) of fifth generation (5G) and beyond 

communication networks. NOMA provides different power levels to multiple users at the same time in the same frequency 

band. Successive interference cancellation (SIC) is carried out in NOMA to decode incoming message information at the 

receiver side. As opposed to conventional orthogonal multiple access (OMA) methods, NOMA is a methodology that can 

offer higher SE performance, lower latency and maintain user fairness. Scenarios with quality of service requirements or 

varying channel conditions are grouped together for users with low-speed mobility in studies [1]–[3]. Numerous 

communication networks, including millimeter wave networks, multi-input multiple-output networks, and visible light 

communication systems are utilized with NOMA techniques. 

Wireless communication is the area of the communication industry that is growing most rapidly. The demand for research 

beyond 5G and sixth generation (6G) is growing daily as scientists and researchers realize that new wireless 

communication techniques have to be developed for the growth of future infrastructure. Reliable communication is 

anticipated to be enabled in both time-invariant and time-variant wireless channels. It is difficult to meet the ever-

increasing needs of 6G. Traditional orthogonal frequency-division multiplexing (OFDM) modulation, which has been 

widely utilized in 5G cellular networks, is susceptible to the high Doppler effect. The 5G methodologies and specifications 

are insufficient to fulfill the demands of future applications. The objective of sixth generation mobile technology is to 

improve communication in scenarios with high-speed mobility, such as vehicle-to-everything, Internet of Things, 

unmanned aerial vehicles, and high-speed rail. Orthogonal frequency division multiplexing (OFDM) is a very popular 
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solution for 4G and 5G wireless networks. OFDM is developed specifically to avoid inter-symbol interference due to the 

channel's time dispersion. Nonetheless, because of the Doppler effect, subcarriers are no longer orthogonal and intercarrier 

interference occurs in OFDM. Therefore, this causes severe performance degradations and OFDM is no longer robust in 

high-speed mobility environments [4]. To enhance the system performance and the SE of OFDM, numerous alternative 

multicarrier waveforms have been studied, including unified filter multicarrier, filter bank multicarrier, and generalized 

frequency-division multiplexing. The aforementioned waveforms, however, have been designed for low-mobility channels 

and would significantly degrade in performance when employed in high-mobility conditions because of the negative impact 

of a strong Doppler effect. Recently, the orthogonal time-frequency-space (OTFS) waveform has been proposed as a way 

of avoiding the limitation of OFDM in time-varying channels. OTFS has the benefit of allowing time-invariant channel 

gains to be used in the delay-Doppler (DD) domain in contrast to conventional modulation techniques such as OFDM. In 

conditions of high-speed mobility, this makes signal detection and channel estimation simpler. OTFS transmits information 

symbols in the DD domain as opposed to OFDM, which delivers in the time frequency (TF) domain. By doing this, a time-

varying channel becomes time-invariant, ensuring that the frequency and time selectivity have the same effect on all 

symbols in the DD domain. 

The methods that are proposed currently in the literature are usually categorized as either OMA or NOMA. Because of user 

multiplexing in the DD domain, only one user can have access to a given resource block in OTFS-OMA. However, due to 

Doppler spread, users suffer from multi-user interference. This interference is eliminated by adding guard bands between 

the destination users. Nevertheless, this leads to a loss of SE [5]. As an alternative approach, OTFS-NOMA allows users to 

utilize the same resource block. This is the reason underlying the latest suggestions in the literature for power domain [6], 

[7], and code domain [8], [9] multiplexed OTFS-NOMA system models. In this study, we concentrate on the power domain 

OTFS-NOMA. This study investigates its applicability to a communication environment in which users have profiles of 

high-speed mobility. OTFS modulation is used due to its performance in scenarios with doubly selective channels. OTFS 

utilizes the DD domain by placing users' signals orthogonally. In this study, a two-user downlink OTFS-NOMA system bit 

error rate (BER) performance is presented. The message transmission (MP) detection technique, which makes use of the 

DD channel's sparseness, is used at the receiver to accomplish symbol detection. By employing a sparse factor graph-based 

Gaussian approximation of the interference terms, this method significantly decreases complexity. 

Future vehicular networks, underwater acoustic communications (UACs), non-terrestrial networks (NTN), as well as 

Millimeter-wave and Terahertz communication, all common wireless communication scenarios especially for the feasibility 

of high-speed mobility scenarios in 6G wireless networks find OTFS to be a desirable option due to its advantageous 

robustness to the Doppler effect. In addition to being resistant to time-varying channels, it also has a lower peak-to-average 

power ratio than its OFDM equivalent. Owing to its strong OFDM compatibility, OTFS is also a strong alternative for 6G 

communication systems. 

Especially, BER performances have not been widely investigated for the power-domain downlink OTFS-NOMA system. 

Motivated by this, we provide a thorough description of the OTFS-NOMA scheme for high mobility users in this 

manuscript, including its system architecture, channel model, numerical results with delays, Doppler effect, and modulation 

types. 

The study consists of the following sections. In the second section of this study, the OTFS-NOMA system scheme is 

demonstrated. In this section, the OTFS-NOMA system model, TF domain, DD domain, channel model, and general 

principles of OTFS are described. In the third section of this study, the BER performance for the proposed system model 

and numerical results are presented. Finally, the conclusion is given in Section 4.  

2. OTFS-NOMA System Model 

In the OTFS-based power domain NOMA system model, users with high-speed mobility use the same DD domain source 

with different transmission power. As seen in Figure 1, an OTFS-based downlink NOMA system model with source 𝑇, two 

destination users namely near the user and from the user, 𝑈𝑖, 𝑖 ∈ {1,2}, the number of users, 𝐾 = 2, and reflectors are 

investigated. The received signal is the sum of delayed, attenuated, and Doppler-shifted copies for the destination users. 

The delay is a function of the length of each propagation path, while the Doppler shift is a result of the relative motion of 

the receiver and reflectors for the case where the transmitter is considered stationary. 

2.1 TF Domain and DD Domain 

OTFS-NOMA uses both the TF domain and the DD domain efficiently. By sampling with time interval 𝑇 and frequency 

interval ∆𝑓, a discrete TF domain is obtained as seen in Equation 1 

𝛬𝑇𝐹 = {(𝑛𝑇, 𝑚∆𝑓), 𝑛 = 0, ⋯ , 𝑁 − 1, 𝑚 = 0, ⋯ , 𝑀 − 1}, (1) 

where 𝑁, 𝑀 >  0 [10], [11]. Accordingly, the discrete DD domain is as seen in Equation 2 
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𝛬𝐷𝐷 = {(
𝑘

𝑁𝑇
,

𝑙

𝑀∆𝑓
) , 𝑘 = 0, ⋯ , 𝑁 − 1, 𝑙 = 0, ⋯ , 𝑀 − 1}, (2) 

where 𝑁 and 𝑀 are the total number of time intervals and frequency subcarriers. 

 

 

Figure 1 OTFS-based power domain NOMA System Model 

 

2.2 Channel Model 

In a multi-user mobility communication network where the transmitter communicates with 𝐾 users, 𝜏 delay, 𝜐 Doppler 

shift, ℎ𝑖(𝜏, 𝜐) indicates the channel response for 1 ≤ 𝑖 ≤ 𝐾, in the DD domain. OTFS facilitates channel estimation and 

signal detection by using the wireless channel sparsity in the DD domain. As a result, it is considered that there are a few 

propagation paths between transmitter and receiver. As seen in Equation 3, the channel impulse response is defined in a DD 

domain as 

ℎ𝑖(𝜏, 𝜐) = ∑ ℎ𝑖,𝑝𝛿(𝜏 − 𝜏𝑖,𝑝)𝛿(𝜐 − 𝜐𝑖,𝑝)

𝑃𝑖

𝑝=1

, (3) 

where 𝑃𝑖  is the number of propagation paths between the transmitter and user i, ℎ𝑖,𝑝 is the independent and uniformly 

distributed (i.i.d) complex Gaussian channel gain, 𝜏𝑖,𝑝 is the delay in the propagation path, 𝜐𝑖,𝑝 is the Doppler shift in the 

propagation path and δ indicates the Dirac delta function. Each user has a total power of 1, where the channel gain 

ℎ𝑖,𝑝~ 𝐶 𝑁 (0,
1

𝑃𝑖
).  

1

𝑀∆𝑓
  and  

1

𝑁𝑇
   are delay and Doppler resolution of OTFS, respectively. 

2.3 General Principles of OTFS 

OTFS general modulation/demodulation block diagram is given as seen in Figure 2. 𝑥[𝑘, 𝑙] information bits are transmitted 

as 𝑀 ×  𝑁 QAM symbols. The inverse symplectic fast Fourier transform (ISFFT) is then applied to convert the DD domain 

signal 𝑥[𝑘, 𝑙] into the TF domain signal 𝑋[𝑛, 𝑚]. After applying the Heisenberg transformation to the 𝑥[𝑛, 𝑚] matrix, the 

𝑠(𝑡) signal is obtained and transmitted to the communication channel. At the receiver, the Wigner transform is first applied 

to the time domain signal 𝑟(𝑡) to obtain the TF domain signal 𝑌[𝑛, 𝑚]. In the demodulation part, a symplectic fast Fourier 

transform (SFFT) is employed to obtain the DD domain signal 𝑦[𝑘, 𝑙]. Finally, the signals are detected by applying the MP 

detection method [12]. This algorithm performs detection based on the SIC principle and alternates the decision outputs 

iteratively [13].  
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Figure 2 OTFS General Modulation/Demodulation Block Diagram 

 

The symbols 𝑥𝑖[𝑘, 𝑙] in the DD domain for the i-th mobile user transmitted by the OTFS transmitter can be formulated as 

the signal 𝑋𝑖[𝑛, 𝑚] in the TF domain as seen in Equation 4  

 

𝑋𝑖[𝑛, 𝑚] =
1

√𝑁𝑀
∑ ∑ 𝑥𝑖[𝑘, 𝑙]𝑒𝑗2𝜋(

𝑛𝑘
𝑁

−
𝑚𝑙
𝑀

)
,

𝑀−1

𝑙=0

𝑁−1

𝑘=0

 (4) 

where 𝑥𝑖[𝑘, 𝑙] represents the matrix for the i-th user and 𝑛 = 0, ⋯ , 𝑁 − 1, 𝑚 = 0, ⋯ , 𝑀 − 1 [11]. Then, a continuous time 

signal is created by applying the Heisenberg transform to the TF signal matrix 𝑋𝑖[𝑛, 𝑚]. The i-th NOMA user's signal is as 

seen in Equation 5 

𝑠𝑖(𝑡) = ∑ ∑ (√𝜉𝑖𝛼𝑖𝑋𝑖[𝑛, 𝑚]𝑔𝑡𝑥(𝑡 − 𝑛𝑇)𝑒𝑗2𝜋𝑚∆𝑓(𝑡−𝑛𝑇)

𝑀−1

𝑚=0

𝑁−1

𝑛=0

, (5) 

where 𝜉𝑖 is the transmission power of i-th user, 𝑇 = 1 ∆𝑓⁄  is the symbol duration, 𝑔𝑡𝑥(𝑡) is the transmit pulse shaping 

waveform while 𝛼𝑖 indicates the power allocation coefficient for destination users and ∑ 𝛼𝑖
𝐾
𝑖=0 = 1. For the far user, high 

priority is given due to the quality-of-service requirement, 𝛼2 > 𝛼1. The signal 𝑠𝑖(𝑡) is transmitted over a channel ℎ𝑖(𝜏, 𝜐) 

with a channel impulse response, resulting in the signal 𝑟𝑖(𝑡) as seen in Equation 6 

𝑟𝑖(𝑡) = ∬ ℎ𝑖(𝜏, 𝜐)𝑠𝑖(𝑡 − 𝜏)𝑒𝑗2𝜋𝜐(𝑡−𝜏)𝑑𝜏𝑑𝜐 + 𝑤𝑖(𝑡), (6) 

where 𝑤𝑖(𝑡) indicates the complex additive white Gaussian noise (AWGN) and 𝜎𝑖
2 is the variance. The received signal 

𝑟𝑖(𝑡) is sampled with period 𝑇𝑠 (𝑡 = 𝑞𝑇𝑠, 𝑞 = 0, … , 𝑁𝑀 − 1) and received discrete signal samples are as seen in Equation 7  

𝑟𝑖[𝑞] = ∑ ℎ𝑖[𝑞, 𝑙]

𝐿−1

𝑙=0

𝑠𝑖[𝑞 − 𝑙] + 𝑤𝑖[𝑛], (7) 

where ℎ𝑖[𝑞, 𝑙] is the channel impulse response of the i-th user. Here, 𝑞 is the instant time and 𝑙 is the delay. The discrete-

time signal for the i-th user is received within a matrix as 𝒓𝒊 = 𝑯𝒊𝑠 + 𝒘𝑖 where 𝒘𝒊 is 𝑀𝑁 × 1 complex AWGN vector and 

𝑯𝒊 is the 𝑀𝑁 × 𝑀𝑁 channel matrix of i-th user generated from the impulse responses. At the receiver, the following cross-

ambiguity function is first calculated in a matched filter as seen in Equation 8 

𝑌𝑖(𝑡, 𝑓) = ∫ 𝑔𝑟𝑥
∗ (𝑡′ − 𝑡)𝑟𝑖(𝑡′)𝑒−𝑗2𝜋𝑓(𝑡′−𝑡)𝑑𝑡′, (8) 

where 𝑔𝑟𝑥
∗ (𝑡) represents the received waveform. As seen in Equation 9, it is possible to acquire the output of the matched 

filter by sampling  𝑌(𝑡, 𝑓) as 

𝑌𝑖[𝑛, 𝑚] = 𝑌𝑖(𝑡, 𝑓)|𝑡=𝑛𝑇,𝑓=𝑚∆𝑓 . (9) 

Equations 8 and 9 denote the Wigner transformation. Then, SFFT is applied to 𝑌𝑖[𝑛, 𝑚] samples and the symbols 𝑦𝑖[𝑘, 𝑙] 
are obtained in the DD domain as 
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𝑦𝑖[𝑘, 𝑙] =
1

√𝑁𝑀
∑ ∑ 𝑌𝑖[𝑛, 𝑚]𝑒−𝑗2𝜋(

𝑛𝑘
𝑁

−
𝑚𝑙
𝑀

)

𝑀−1

𝑚=0

𝑁−1

𝑛=0

. (10) 

Here, we assume the orthogonality between transmitted and received pulses. The received signal is modeled as seen in 

Equation 11 

𝑌𝑖[𝑛, 𝑚] = 𝐻𝑖[𝑛, 𝑚]𝑋𝑖[𝑛, 𝑚] + 𝑊𝑖[𝑛, 𝑚], (11) 

  

where 𝑊𝑖[𝑛, 𝑚] represents AWGN in the TF domain and 𝐻𝑖(𝑛, 𝑚) = ∬ ℎ𝑖(𝜏, 𝜐)𝑒𝑗2𝜋𝑣𝑛𝑇𝑒−𝑗2𝜋(𝑣+𝑚∆𝑓)𝜏𝑑𝜏𝑑𝜐. Ultimately, the 

transmitted signal will be recovered as �̂�[𝑘, 𝑙] by signal detection and demodulation [14].  

3. Numerical Results 

The BER performance of the power domain downlink OTFS-NOMA simulation results under Rayleigh fading distribution 

with 4-QAM/16-QAM modulation is presented in this section. The PA coefficient is assumed to be 0.85 for the far user and 

0.15 for the near user. The simulation parameters are listed as seen in Table 1. The BER performance is based on the 

assumption that the destination users move at a maximum speed of 380.7 km/h. Here, the number of propagation paths is 

taken as 𝑃𝑖 = 4 and the DD grid size is 𝑀 = 32, 𝑁 = 32.  

 

Table 1 Simulation Parameters 

 
 

The carrier frequency offset is represented as 𝑓𝐷 = 𝑣  𝑓𝑐 𝑐⁄ , where 𝑓𝑐 is the carrier frequency, 𝑐 is the speed of the light and 

𝑣 is the speed of the movement between the transceivers [15]. As seen in Table 2, it is considered that the maximum 

Doppler is set to 1410 Hz, and velocity is set to 380.7 km/h at a carrier frequency of 4 GHz. The maximum multi-path 

delay is set to 8.4 𝜇𝑠 [16].  

 

Table 2 Delay and Doppler Models 

 
 

As seen in Figures 3 and 4 demonstrate the BER values derived from the MP detection algorithm based on the signal-to-

noise ratio (SNR). Figure 3 demonstrates the BER performance analysis that varies with SNR for both destination users. In 

this figure, we assume that the modulation type is 4-QAM and OTFS frame size is 𝑀 = 32, 𝑁 = 32. It is observed that the 

performance of the far user did not drop below a particular BER level as expected. It is assumed that the far user recognizes 

the interference caused by the near user as noise and is unable to decode. It is seen that the BER value for the 𝑈1 user is 0.1, 

while the BER value for the 𝑈2 user is nearly 0.25 at 10 dB SNR, resulting in 2.5 times better BER performance. 

Furthermore, the improvement in BER in 𝑈1 is better than in 𝑈2 as SNR increases. 
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Figure 3 BER Evaluation for the OTFS-NOMA (4-QAM, 𝑀 = 32, 𝑁 = 32) 

 

Figure 4 examines the BER performance for the OTFS-NOMA for both near and far users varying with SNR under 16-

QAM modulation and OTFS frame size of 𝑀 = 32, 𝑁 = 32. It is observed that the Doppler effect causes the BER 

performance of both users to become poorer. It is apparent that the BER value is nearly 0.27 for the 𝑈1 user, while the BER 

value for the 𝑈2 user is approximately 0.33 at 10 dB SNR, resulting in a better BER performance. Thus, the improvement 

in BER in 𝑈1 is better than in 𝑈2 as SNR increases. Simulation results with 16-QAM show worse results than the BER 

performance obtained with 4-QAM. This is a conclusion that can be drawn from both figures. This result has also been 

observed in a similar study documented in the literature [17]. 
 

 

Figure 4 BER Evaluation for the OTFS-NOMA (16-QAM, 𝑀 = 32, 𝑁 = 32) 

4. Conclusions 

In this work, the BER performance is analyzed for the power-domain downlink OTFS-NOMA system model with high-

speed mobility. In the BER simulation results, PA coefficient, delays, and Doppler effects caused by the velocity 

parameters of the users in motion are taken into consideration. In the proposed OTFS-NOMA system, the message passing 

detection algorithm is utilized to analyze the BER performance for destination users. It is observed that reflections and 

delays from users at higher velocities reduce the system performance. It is noted that the far user's performance did not 

deteriorate below a specific BER threshold. In the 4-QAM situation, the BER performance is 2.5 times higher for the 𝑈1  

user (BER value = 0.1) than for the 𝑈2 user (BER value = approximately 0.25 at 10 dB SNR). In the 16-QAM technique, 
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the BER value for the 𝑈1 user is around 0.27, while the BER value for the 𝑈2 user is roughly 0.33 at 10 dB SNR. It is 

observed that both users' BER performance degrades due to the Doppler effect. 

 

Although we investigated the BER performance for OTFS modulated NOMA system for two destination users in the high 

mobility environment, it is possible to extend the provided analysis to more generalized results for the enabling 

technologies in 6G wireless networks, such as unmanned aerial vehicles (UAVs) [18-21], reflecting intelligent surfaces 

(IRS), non-terrestrial networks, and integrated sensing and communications (ISAC). Integrating these enabling 

technologies for OTFS-based NOMA will be a promising way to enhance the functionality of our future study. Besides, 

cognitive radio [22-23] architecture will be a different solution scenario. Secondary user signal detection algorithms to 

increase the spectral efficiency [24] for high-speed mobile environments may be another topic of our study. In addition, 

reliability, secrecy performance analysis, and channel estimation schemes are planned to work on OTFS modulated NOMA 

systems. 
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