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Abstract—This investigation introduces an uplink frequency-
time (FT) index modulation multiple access (IMMA) (FT-
IMMA) scheme designed to augment the spectral efficiency (SE)
of conventional orthogonal frequency-division multiple access
(OFDMA). The fundamental principle of this approach involves
allocating FT resources within OFDMA to users through two-
dimensional index modulation (IM). A subset of input bits from
each user dictates the indices of subcarriers and time slots
within the FT resources of OFDMA, while the remaining bits
undergo a conventional 𝑀-ary modulation. FT-IMMA obviates
the necessity for a prior scheduling mechanism, thereby re-
ducing communication overhead. While this grant-free access
approach may potentially introduce data collisions within the
system, the collision probability of the proposed model is ob-
served to be markedly lower compared to traditional IMMA
systems. However, the two-dimensional IM approach increases the
computational complexity of conventional maximum likelihood
detection. To address this, the authors propose using orthogonal
matching pursuit, a compressive sensing technique that effectively
reduces the computational burden. Through analytical investiga-
tion and simulation results, FT-IMMA demonstrates superior
performance compared to its counterparts, showcasing notable
advantages in both bit error rate and SE.

Index Terms—Compressive sensing, index modulation, mul-
tiple access, NOMA, OFDMA, spectral efficiency, unscheduled
communications.

I. INTRODUCTION

Spectrum and energy-efficient multiple access (MA) tech-
niques are required to serve rapidly growing smart de-
vices and enormous data traffic. Previous studies divide
MA techniques into two major categories: orthogonal MA
(OMA) and non-orthogonal MA (NOMA) schemes [1].
OMA includes time/frequency/code division multiple access
(TDMA/FDMA/CDMA) techniques that allocate orthogonal
resources to multiple users. The number of users served
by OMA schemes is limited by the number of available
orthogonal resources, which results in low spectral efficiency
(SE). NOMA techniques can improve user connectivity by
providing simultaneous access to spectrum resources through
distinct power levels, constellation design, or code. The SE
was achieved at the expense of user interference, which is
more prevalent in the case of massive connectivity [2]. User
pairing and optimal power allocation in the power domain of
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NOMA and constellation design in the code domain of NOMA
constitute other challenges [1].

Recently, index modulation (IM) has been introduced to
enhance system performance, which employs a fraction of
resource entities, such as subcarriers, antennas, time slots,
channel states, etc., to convey information [3]. The active index
pattern of the resources, which was determined by input bits,
was employed as supplementary information in addition to
the conventional constellation symbols [4]–[7]. This technique
has improved energy efficiency (EE) and bit error rate (BER);
however, partial inactivation results in a loss in SE compared
with conventional techniques [8], [9]. To improve SE, more
than one transmit entity was utilized simultaneously to carry
information [10]. Another approach that was used to improve
SE involved varying the number of subcarrier activations,
where a group of subcarriers could range from having only
one active subcarrier to all subcarriers [11].

An uplink MA scheme inspired by the concept of IM was
proposed in [12], [13], termed index modulation MA (IMMA).
This technique is categorized as NOMA and operates in a
time-slotted manner, where a particular slot is assigned to
a user based on a portion of the input bit block of that
user. Therefore, it contains two information-carrying units: the
index of the active time slot and the constellation symbol. The
IMMA principle was applied in the frequency domain and
termed IM orthogonal frequency division MA (IM-OFDMA)
[14], [15]. In IM-OFDMA, the subcarrier block of OFDMA
was partitioned into chunks comprising a certain number of
subcarriers, and each chunk could serve an arbitrary number
of users. Users could modulate their data over single or
multiple subcarriers in each chunk, and active indices were
also considered a source of information. These techniques
did not require prior scheduling and therefore improved EE
[12], [14]. Data collisions between different users could occur
at the common base station because no coordination existed
among the operating users for resource selection [16], [17].
Suppose the intended users are assigned to the same resource
owing to similar index bits. In that case, a collision can
occur. Moreover, to achieve higher SE, more active subcarriers
are required, which can even worsen the collision scenario.
This will result in a waste of resource entities and spectral
inefficiency. A summary of time/frequency-domain IMMA
techniques proposed in the literature is given in Table I.

Compressive sensing (CS) has emerged as a powerful
technique for recovering sparse signals from a limited set of
linear measurements [18]. It has found widespread applica-
tions in areas such as channel estimation [19], interference
cancellation [20], and signal detection [21]. In particular, a CS-
based low-complexity decoder was introduced in [22]–[24] for
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Fig. 1: Resource allocation (OFDMA (left), FT-IMMA (right)).

spatial modulation (SM) in massive multi-input, multi-output
(MIMO) systems. CS was also utilized for uplink multiuser
signal decoding in quadrature SM MIMO systems in [25],
demonstrating its efficiency in multiuser detection (MUD)
scenarios. Additionally, partially active subcarriers facilitated
CS-based decoders to recover the sparse signal of OFDM-
IM [26]–[28]. This concept has also been extended to space-
frequency domain IM [29], space-time domain IM [30], and
space-time-frequency domain IM [31].

Common algorithms used in the CS framework include
basis pursuit (BP), least absolute shrinkage and selection
operator (LASSO), and greedy algorithms like orthogonal
matching pursuit (OMP). While BP and LASSO offer high
accuracy in recovering sparse signals, OMP provides a faster
implementation with near-optimal performance, making it
particularly suitable for real-time applications in wireless
communication systems [30]. The advantages of OMP in fast
and efficient sparse signal recovery were investigated and
highlighted in [32], positioning it as a strong candidate for
use in communication systems requiring both low complexity
and high performance. OMP was used to reduce the detection
complexity of orthogonal chirp division multiplexing in a dual-
function radar communication system [33].

Against this background, our study proposes frequency-time
(FT)-based IMMA (FT-IMMA) to improve SE and decrease
collision rates in both IMMA and IM-OFDMA. Unlike con-
ventional techniques, the proposed technique chooses subcar-
riers over specific time slots, e.g., a FT resource of classical
OFDMA, as an example is shown in Fig. 1. A resource grid
of OFDMA is partitioned into chunks, and each chunk of FT
resources is simultaneously accessible to an arbitrary number
of users. Each user’s input bits contain three portions. Two
portions are utilized to select one or more FT resources, and
the third is modulated by utilizing standard M-ary constellation
symbols. Users randomly access FT resources, which can
lead to collisions; however, the proposed system exhibits a

significantly low collision probability to reach the same SE
as its traditional IMMA counterparts. A relatively lower-
order modulation is required because more information can
be transmitted virtually via two-dimensional resource index
selection. Additionally, the process does not require any prior
scheduling of users, resulting in EE. The SE, EE, and BER
for the proposed system are examined and compared with
those of OFDMA, IMMA, and IM-OFDMA. Furthermore,
it is observed that FT-IMMA achieves performance gains
at the cost of computational complexity. Consequently, an
OMP-based suboptimal MUD is suggested, which leverages
the inherited sparsity of IM to minimize the number of
calculations.

The rest of the article is arranged as follows: Section II
discusses the system model for FT-IMMA. Sections III-A,
III-B, III-C, and III-D provide the key performance indica-
tors, including collision probability, EE, achievable data rate,
and BER bound, respectively. The theoretical and simulation
results of the proposed scheme are discussed in Section IV.
Finally, the research work is concluded with a discussion of
future challenges in Section V.

Notation: The following notations are consistently employed
throughout this article: Boldface lowercase letters signify
vectors, while boldface uppercase letters denote matrices. The
symbol 𝑠𝑢𝑓𝑡 represents the data symbol from the 𝑢𝑡ℎ user,
mapped onto the 𝑓 𝑡ℎ subcarrier and 𝑡𝑡ℎ time slot. The matrix
𝐒𝑢𝑓𝑡 signifies the symbol matrix mapped across multiple active
resources. The transpose operation is denoted by (⋅)𝑇 . On the
receiving end, the estimated vectors are indicated by (⋅̂).

II. SYSTEM MODEL

The block representation of the FT-IMMA transmitter is
shown in Fig. 2. Consider a system with a total bandwidth of 𝐵
divided into 𝐹𝑠 orthogonal subcarriers across 𝑇𝑠 independent
time slots. In this case, 𝐹𝑠𝑇𝑠 time-frequency resources exist.
𝐹𝑠 is further partitioned into 𝐺𝐹 = 𝐹𝑠∕𝐹 chunks, where 𝐹 is
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the length of a chunk spread across 𝑇 = 𝑇𝑠∕𝐺𝑇 time slots and
𝐺𝑇 denotes the number of chunks of 𝑇𝑠. In Fig. 1, 𝑇 = 4 and
𝐹 = 4 make a two-dimensional grid of 𝐹𝑇 = 16 resources.
The number of such resource grids is represented by 𝐺 =
𝐹𝑠𝑇𝑠
𝐹𝑇 . Each FT grid can serve 𝑈 users, and the system can

accommodate 𝐺𝑈 users. For simplicity, the system model is
explained only for a single resource grid, and the model can
be readily expanded to include 𝐺 grids. In a grid, each user
can modulate data over single or multiple FT resources; for
simplicity, it is assumed that all users activate the same number
of FT resources, e.g., two resources are activated by each user
in Fig. 1.

The incoming data of each user is divided into three parts:
𝑏1, 𝑏2, and 𝑏3, which represent the frequency index, time index,
and constellation bits, respectively. An example of a predefined
index mapping table (IMT) is shown in Table II. Notably,

𝑏1 can be paired with 𝑏2 in four alternative methods in each
cell. This provides an extra degree of freedom compared with
IMMA and IM-OFDMA. 𝑏1 is utilized to select 𝑓 subcarriers
from 𝐹 subcarriers, whereas 𝑏2 is utilized to select 𝑡 time slots
from 𝑇 slots. It allows the user to select 𝐾 ‘FT resources’ to
map 𝑏3 bits by utilizing the conventional 𝑀-ary constellation.
The transmitted bit block of the 𝑢𝑡ℎ user is expressed as 𝑏 =
𝑏1 + 𝑏2 + 𝑏3 and is expanded as follows:

𝑏 =

⌊

log2

(

𝐹
𝑓

)⌋

+

⌊

log2

(

𝑇
𝑡

)⌋

+𝐾 log2(𝑀),

where 𝐾 =

⎧

⎪

⎨

⎪

⎩

𝑓, if 𝑓 ≥ 𝑡

𝑡, if 𝑡 ≥ 𝑓

(1)

where 𝑀 is the modulation order adopted by the user. In this
scenario, if 𝑓 = 2 and 𝑡 = 1, two different frequency resources

TABLE I: Summary of Time Domain and Frequency Domain IMMA Schemes
Scheme IM Type Features

Uplink IMMA
[12], [34], [35] One-dimensional An IM concept was introduced for uplink multiple access scenarios to allow a substantial

number of users to simultaneously occupy a limited number of time slots. Each user endeavors
to access a single time slot by utilizing a portion of transmission data. This method can transmit
𝑏 = ⌊log2 (𝑇 )⌋ + log2(𝑀) bits per user.

Uplink IM-
OFDMA [14] One-dimensional A generalized form of frequency domain IMMA has been introduced, enabling users to occupy

multiple frequency channels concurrently to enhance SE. The number of bits transmitted per

user in IM-OFDMA is calculated as 𝑏 =
⌊

log2

(

𝐹
𝑓

)⌋

+ log2(𝑀).

Quadrature
uplink IMMA
[15]

One-dimensional The first two portions of each user’s bits were employed to select a time slot for the
independent transmission of the in-phase and quadrature components of the constellation
symbol, respectively. The third portion was used to transmit the M-ary symbol. The number of
transmitted bits for a user is given by 𝑏 =

⌊

log2
(

𝑇 2)⌋ + log2(𝑀).
Low-complexity
uplink IMMA
[13]

One-dimensional A low-complexity detector based on the log-likelihood ratio was suggested, approaching optimal
ML detection. Its SE aligns with that of classical IMMA.

CNN-Based up-
link IM-OFDMA
[36]

One-dimensional A detector employing a convolutional neural network was applied to conventional IM-OFDMA
utilizing transmitted signals and channel state information as input. This approach has reduced
the computational complexity of the ML detector, albeit with a marginal decline in BER.

Precoded uplink
IMMA [16] One-dimensional A three-step precoding process encompassing channel pre-equalization, power scaling, and

phase adjustment, has been implemented to better distinguish the combined received signal
from the users. The principal outcome of this research was BER improvement, whereas SE is
the same as conventional IMMA.

An overview of
uplink/downlink
IMMA for 6G
[17]

One-dimensional This research has outlined the fundamental principles of IMMA across spatial, temporal,
frequency, code, and power domains. In addition, it has investigated the potential applications
of IMMA technology in vehicular networks, reconfigurable intelligent surface-aided networks,
cooperative networks, and secure networks.

Uplink IM-
OFDMA [37]–
[40]

One-dimensional These articles showcase that IM-OFDMA exhibits superior performance in terms of BER than
traditional OFDMA in the presence of carrier frequency offset, transmitter/receiver in-phase,
and quadrature imbalance.

Downlink IM-
NOMA [41] One-dimensional In contrast to classical downlink NOMA, it has offered an SE gain for a two-user scenario.

Each user allocates a portion of bits to randomly select a power level from a set of 𝑃 power
levels. For each user, it can transmit 𝑏 = ⌊log2 (𝑃 )⌋ + log2(𝑀) bits.

Downlink
NOMA-SM
[42]

One-dimensional This study explored how NOMA with spatial modulation (NOMA-SM) can offer an SE gain in
a multi-user scenario. Each user allocates a portion of its bits to randomly select a transmitting
antenna, and the base station transmits a superimposed SM signal to all users. For each user,
the achievable number of bits is given by 𝑏 = ⌊log2(𝑁𝑡)⌋ + log2(𝑀), where 𝑁𝑡 denotes the
total number of antennas at the transmitter.
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Fig. 2: Transmitter block diagram for FT-IMMA

will be active within the same time slot. If 𝑓 = 1 and 𝑡 = 2,
the same frequency resource will be active across two different
time slots. Conversely, if 𝑓 = 2 and 𝑡 = 2, two different
frequency resources will be active, each in a different time
slot.

It is possible to select 𝐾 resources from the FT grid directly,
rather than choosing frequency (𝑓 ) and time (𝑡) resources
separately. While selecting 𝐾 resources allows for the trans-
mission of more index bits, it can also increase complexity
due to the larger number of possible combinations of active
resources. As an example, consider an OFDM grid with a total
of 16 FT (4 × 4 grid) resources. If a user selects 3 active
resources, 9 bits can be transmitted via index modulation.
On the other hand, if the resources are selected separately
using

⌊

log2
(𝐹
𝑓

)

⌋

+
⌊

log2
(𝑇
𝑡

)

⌋

, for 𝐹 = 4 and 𝑇 = 4,
activating 𝑓 = 3 frequency and 𝑡 = 3 time resources can
transmit 4 index bits in total, which drastically reduces the
search space from 29 to 24. This smaller search space reduces
the complexity of the detection process at the receiver. The
detailed complexity analysis is provided in Section II-A. To
maintain a balance between SE and computational complexity,
the authors recommend using separate selections of frequency
and time resources. Additionally, separate selection allows for
unequal choices of 𝑓 and 𝑡, providing a means to control
both frequency and time selectivity while adjusting the size
of the index bits. For instance, an IMT can be designed to
activate different subcarriers in the same time slot, or different
time slots for the same subcarrier, depending on the desired

TABLE II: IM Example (𝑈 = 4, 𝐹 = 4, 𝑇 = 4, 𝐾 = 1).

Users 𝑏1 Subcarrier Index 𝑏2 Time Index
𝑈1 00 𝑓1 00 𝑡1
𝑈2 01 𝑓2 01 𝑡2
𝑈3 10 𝑓3 10 𝑡3
𝑈4 11 𝑓4 11 𝑡4

performance characteristics.
In the proposed scenario, the total number of transmitted

bits per grid is specified as 𝛽 = 𝑈𝑏. Consider the 𝑢𝑡ℎ user
with six bits: 𝑏1 = 00, 𝑏2 = 01, and 𝑏3 = 11, which select
the 𝑓1 ∈ 𝐹 subcarrier at the 𝑡2 ∈ 𝑇 time slot according
to Table II. Thus an 𝐹 × 𝑇 transmission matrix will have
a non-zero element indicating the QAM symbol (1 − 𝑗) at
the ▪12 position. In general, if 𝐾 resources are selected, for
instance, 𝑏1 activates 𝑓1, 𝑓2,⋯ , 𝑓𝐾 subcarriers and 𝑏2 selects
𝑡1, 𝑡2,⋯ , 𝑡𝐾 time slots. Then, the transmission matrix for the
𝑢𝑡ℎ user is expressed as follows:

𝐗𝑢 =

⎡

⎢

⎢

⎢

⎢

⎣

0 𝑠𝑢12 ⋯ 0
0 0 0 𝑠𝑢2𝑇
𝑠𝑢𝑓𝑡 ⋮ ⋱ ⋮
𝑠𝑢𝐹1 0 0 𝑠𝑢𝐹𝑇

⎤

⎥

⎥

⎥

⎥

⎦

, (2)

where 𝐗𝑢 has dimensions of 𝐹×𝑇 and constellation symbol 𝑠𝑢𝑓𝑡
is mapped over 𝑓 𝑡ℎ ∈ 𝐹 row and 𝑡𝑡ℎ ∈ 𝑇 column. The overall
transmission power of each user is normalized and distributed
equally among the active FT resources. After this mapping,
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each user’s signal is processed through an inverse fast Fourier
transform (IFFT), and a cyclic prefix (CP) of length 𝐶𝑝 is
appended. The matrix of each user is received by the base
station (BS) via a frequency-selective Rayleigh fading channel,
denoted by 𝐇𝑢 = 𝐼𝐹𝐹𝑇 {𝐉𝑢} with dimensions 𝑇 × 𝐹 where
𝐉𝑢 ∼  (0, 1∕𝐿) denotes the 𝐿-tap fading channel in the
time domain. During the transmission of a data block, the
channel is regarded as unaltered and 𝐶𝑝 > 𝐿. The channel
is assumed to be independent and identically distributed and
follows the distribution  (0, 1). Following the CP removal
and fast Fourier transform operation at the BS, the received
signal model is as follows:

𝐘 =
𝑈
∑

𝑢=1
𝐗𝑢 ⊙𝐇𝑢 +𝐖𝑢 , (3)

where 𝐘 represents the received matrix containing the infor-
mation for all users and ⊙ denotes the element-wise product.
For each user, 𝐖𝑢 ∼ 

(

0, 𝜎2
)

is the additive white
Gaussian noise with zero mean and variance 𝜎2. The signal
received at an FT resource is expressed as 𝑦𝑓𝑡,

𝑦𝑢𝑓𝑡 =
𝑈
∑

𝑢=1
ℎ𝑢𝑓𝑡𝑠

𝑢
𝑓𝑡 +𝑤𝑢

𝑓𝑡 , (4)

where ℎ𝑢𝑓𝑡 represents the channel gain at the 𝑓𝑡 resource
between the 𝑢𝑡ℎ user and BS.

In grant-free MA scenarios, users transmit signals without
predetermined or scheduled resource allocations. The objective
is to effectively segregate the amalgamated data received at
the BS and attribute each signal to its corresponding user.
This facilitates successful communication in situations where
users transmit without prior coordination or the presence of
reference signals. The BS adapts the blind minimum mean
square estimation (MMSE) to the observed received signal
[43]. Given the MMSE estimate, it applies maximum like-
lihood detection under the assumption of perfect channel
estimation. The goal is to jointly decode the index information
and corresponding transmitted symbols. Mathematically, it is
expressed as follows:

< 𝐟 , 𝐭, 𝐗̂𝑢 >= argmin
𝒇 ,𝒕,𝐗𝑖∈

‖

‖

𝐘𝑢 − 𝐗𝑖 ⊙𝐇𝑢
‖

‖

2 ,∀𝑖 = 1,⋯ , 2𝛽 , (5)

where 𝐟 = {1, 2,⋯ , 𝑓} and 𝐭 = {1, 2,⋯ , 𝑡} denote active FT
resource indices, ‖ ⋅ ‖2 represents the Frobenius norm, and 
contains all possible transmission matrices with 2𝛽 = 2𝑈𝑏.

A. Complexity
The complexity of the proposed scheme is higher than IM-

OFDMA and IMMA because it decodes both time and fre-
quency indices to demodulate constellation symbols over the
active resources. The complexity is computed by calculating
the number of real multiplications required in the detection
process. An IMT is required at the receiver to evaluate all
possible combinations of active resources and determine the
maximum likelihood (ML) detection. This IMT contains all
potential activation patterns corresponding to the time and
frequency index bits, which are crucial for decoding and

achieving the ML solution. The complexity order for the
proposed scheme is given as follows:

𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 𝑂𝑟𝑑𝑒𝑟 = 
(

2𝑖𝑛𝑑𝑒𝑥 𝑏𝑖𝑡𝑠 ×𝑀𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠)

= 
(

2(𝑏1+𝑏2) ×𝑀𝐾) (6)

According to [12], [14], the SE of IM-OFDMA is given by
𝑏 =

⌊

log2
(𝐹
𝑓

)

⌋

+ 𝑓 × log2(𝑀). Consequently, its complexity
is relatively low compared to the proposed scheme, due to the
smaller number of index bits involved. The complexity order
for IM-OFDMA is given as 

(

2𝑏1 ×𝑀𝑓). The complexity of
IMMA is similarly defined, with the key distinction that time
slots are used in place of frequency subcarriers.

In contrast, FT-IMMA introduces the additional complexity
of detecting more index bits. While ML detection provides
optimal performance, it is computationally expensive due to
the exhaustive search over all possible index combinations.
Therefore, a sub-optimal solution, such as the CS-MUD algo-
rithm, is suggested for FT-IMMA. CS-MUD is based on OMP,
a greedy algorithm widely used for sparse signal estimation.

B. Low Complexity Detection Using OMP
OMP is a representative method in the greedy algorithm

family [44]. It is well suited to estimate sparse signals.
Typically, the number of active users is much smaller than the
number of all potential users in the system. Additionally, each
user’s transmission signal has zeros that IM has inherited; as a
result, the MUD problem in the proposed scenario is naturally
a sparse signal recovery problem.

The OMP algorithm takes as input the received signal, the
channel matrix, and the sparsity level 𝑆. The sparsity level
corresponds to the number of active users, and the BS can
estimate it by analyzing the received pilot signals from the
users who are transmitting in a given time frame.

In standard OMP, a measurement matrix is typically used
to transform the original signal into a lower-dimensional rep-
resentation. However, in a communication system, the channel
matrix replaces the measurement matrix, as it models the
transformation undergone by the sparse transmitted signal
during communication. Although the channel matrix does not
perform dimensionality reduction, it still provides the neces-
sary information about how the transmitted signal propagates
through the channel.

The OMP algorithm begins by initializing the residual signal
to the received signal. The residual represents the difference
between the received signal and the current estimate of the
sparse signal. Initially, the algorithm starts with an empty
support set (Γ𝑢), which will track the indices of the active
resources (subcarriers and time slots) used by the active users.

OMP operates iteratively, where in each iteration, it iden-
tifies the column of the channel matrix 𝐇𝑢 that is most
correlated with the current residual 𝐑. This step helps identify
the indices of the non-zero elements (active resources). The
identified indices are added to the support set Γ𝑢, and the
residual is updated by subtracting the signal projection onto
the selected columns of 𝐇𝑢.

The algorithm continues iterating until either all active
users are detected or the residual becomes sufficiently small,
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Algorithm 1 OMP Detection for FT-IMMA
1: Input: Received signal 𝐘, Channel matrix 𝐇𝑢, Sparsity

level 𝑆
2: Output: Estimated sparse signal 𝐗̂𝑢
3: Initialization:
4: Set residual 𝐑 = 𝐘
5: Set support set Γ𝑢 = ∅ ⊳ Support set to track selected

indices
6: Set iteration counter 𝑖 = 1
7: while 𝑖 ≤ 𝑆 do
8: Find index of column in 𝐇𝑢 most correlated with

residual:
𝑗 = argmax

𝑘
|

|

|

𝐇𝑢(∶, 𝑘)𝐻𝐑||
|

9: Update support set: Γ𝑢 = Γ𝑢 ∪ {𝑗}
10: Solve least squares problem to estimate sparse signal:

𝐗̂Γ𝑢 = 𝐇†
𝑢,Γ𝑢

𝐘

11: Update residual:

𝐑 = 𝐘 −𝐇𝑢,Γ𝑢𝐗̂Γ𝑢

12: Increment iteration counter: 𝑖 = 𝑖 + 1
13: end while
14: Return estimated sparse signal 𝐗̂𝑢

indicating that the estimated signal has converged. Finally, the
reconstructed signal 𝐗̂𝑢 is computed by solving a least-squares
problem, which reveals the active part of the FT grid used by
the active users. This process is summarized mathematically
in Algorithm 1.

OMP iteratively selects the best-matching columns from
the sensing matrix to approximate the signal, significantly
reducing the need to evaluate all possible combinations. The
complexity of OMP in the FT-IMMA detection process can
be expressed as:

Complexity Order = 
(

𝑆 × sensing × Iterations
)

(7)

Here, 𝑆 denotes the sparsity level, sensing specifies the
sensing parameter (the number of measurements or rows in
the sensing matrix, typically a fraction of the original signal
length), and the number of iterations generally matches 𝑆.
This complexity is often significantly lower than that of ML,
especially when sensing is considerably reduced relative to the
original signal dimensions. However, the accuracy of OMP
depends on selecting an optimal sensing value and may suffer
in very low SNR conditions compared to ML. In Algorithm
1, sensing is determined by the number of rows in 𝐘 and
𝐇𝑢, establishing the level of dimensionality reduction. This
parameter is pre-selected before detection to strike a balance
between computational efficiency and detection accuracy.

III. KEY PERFORMANCE INDICATORS

A. Collision Probability
The probability that a user will occupy a certain resource

block is 𝜌 = 𝐾
𝐹×𝑇 if

(

𝐹
𝑓

)

and
(

𝑇
𝑡

)

have values equal to

a power of two when all possible index combinations will be
used. In contrast, 𝜌 is slightly impacted because some index
combinations are dropped based on the IM notion. Eliminating
certain combinations is an NP-hard index selection problem
involving combinatorial optimization. However, in this article,
the authors stick to 𝜌 by assuming the number of index
combinations equal to a power of two. The resource allocation
depends on the incoming bit stream of users, multiple users
may access the same resource simultaneously. The probability
of 𝑢 users out of 𝑈 having identical bits and attempting
to occupy the same resource is computed as follows (the
number of users in the same FT resource follows a Binomial
distribution)

𝑃𝑢 (𝑢 ≥ 2) =
𝑈
∑

𝑢=2

(

𝑈
𝑢

)

(𝜌)𝑢 (1 − 𝜌)𝑈−𝑢 . (8)

This expression is further simplified as follows:

𝑃𝑢 = 1 −
(

1 − 𝐾
𝐹 × 𝑇

)𝑈 (

1 + 𝑈 ×𝐾
(𝐹 × 𝑇 ) −𝐾

)

. (9)

The likelihood of collision depends on 𝑈 , 𝐹 , 𝑇 , and 𝐾 . For
fixed values of 𝐹 and 𝑇 , increasing 𝑈 or 𝐾 will result in more
collisions. Conversely, for fixed 𝑈 and 𝐾 , increasing 𝐹 and
𝑇 will improve the performance by lowering the number of
collisions.

B. Energy Efficiency

The EE of the 𝑢𝑡ℎ user of FT-IMMA compared to IM-
OFDMA and OFDMA can be calculated as follows:

𝜖 =
𝐾 log2(𝑀) − 𝐹 log2(𝑀̂)

𝐹 log2(𝑀̂)
=

{

𝐾 log2(𝑀)
𝐹 log2(𝑀̂)

− 1

}

(10)

where 𝐾 is the number of active FT resources in FT-IMMA
and 𝐹 represents the total subcarriers in OFDMA. To transmit
12 bits, FT-IMMA requires 𝐹 = 4, 𝑇 = 4, 𝑓 = 𝑡 = 𝐾 = 2, and
𝑀 = 16. On the other hand, OFDMA needs 𝐹 = 4 and 𝑀̂ = 8
to deliver the same amount of bits. In this case, the FT-IMMA
can save 33.34% energy compared to OFDMA. Similarly, to
compare IM-OFDMA with the proposed scenario, 𝐹 in (10)
can be replaced with 𝑓 , i.e., the active number of subcarriers
in IM-OFDMA. To achieve the same SE, it employs 𝑓 = 2 and
𝑀̂ = 32 which requires 20% more energy compared to FT-
IMMA. The higher EE of FT-IMMA is because of additional
bits that are being transmitted via two-dimensional indices.

C. Achieveable Data Rate

This subsection dissects the intricacies of data rate com-
ponents, denoted as 𝐶1, 𝐶2, and 𝐶3, each contributing to the
overall information conveyed through the activation of time
and frequency indices, coupled with constellation symbols.
The achievable data rate of FT-IMMA can be derived by
maximizing the mutual information (MI) 𝐼 over the probability
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distribution functions (PDF) of indices and constellation sym-
bols. Therefore, the MI for a user in the system is expressed
as follows:

𝐶 =E
[

max
𝑝𝑠

{

𝐼
(

𝐒𝑢𝑓𝑡;𝐘
𝑢
𝑓𝑡 ∣ 𝐟 , 𝐭,𝐇

𝑢
𝑓𝑡

)}

]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐶1

+ 𝐼
(

𝐟 ;𝐘𝑢
𝑓𝑡 ∣ 𝐇

𝑢
𝑓𝑡

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐶2

+ 𝐼
(

𝐭;𝐘𝑢
𝑓𝑡 ∣ 𝐇

𝑢
𝑓𝑡

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐶3

(11)
where 𝐒𝑢𝑓𝑡, 𝐘

𝑢
𝑓𝑡, and 𝐇𝑢

𝑓𝑡 represent the modulated signal over
the active 𝐟 , 𝐭 resources, the received signal, and the channel
matrix of 𝑢𝑡ℎ user, respectively. As the data rate calculation for
each user follows a similar method, for brevity, the superscript
𝑢 and subscript 𝑓𝑡 will be omitted in the subsequent descrip-
tions. Furthermore, 𝑝𝑠 denotes the PDF of the constellation
symbol 𝑠 that maximizes 𝐶1. It is assumed that this choice of
𝑝𝑠 also maximizes both 𝐶2 and 𝐶3 which represent the portion
of information transmitted through frequency and time index
activations. 𝐶1 that maximizes the MI between constellation
symbols and received signal is expanded as below

𝐶1 =E
[

max
𝑝𝑠

{𝐼 (𝐒;𝐘 ∣ 𝐟 , 𝐭,𝐇)}
]

=E
[

max
𝑝𝑠

{ (𝐘)} − (𝐘 ∣ 𝐒,𝐇)
] (12)

where  indicates the entropy. By maximizing the entropies,
𝐶1 is analytically solvable for Gaussian random variables with
perfect channel state information (CSI). The first part of (12)
is expanded as follows:

(𝐘) = −∫

∞

−∞
𝑝𝐘(𝐘) log2 𝑝𝐘(𝐘) 𝑑𝐘 = log2(𝜋𝑒𝜎2𝑦 ) (13)

where the PDF of 𝐘, a complex Gaussian random vari-
able, is expressed as 𝑝𝐘(𝐘) = 1

√

𝜋𝜎2𝑦
𝑒−(𝑥−𝜇)

2∕𝜎2𝑦 with mean

𝜇, variance 𝜎2𝑦 . It follows the distribution 
(

𝜇, 𝜎2𝑦
)

and
𝜎2𝑦 = 𝐸

{

‖𝐘‖2
}

. Similarly, the second part,  (𝐘 ∣ 𝐒,𝐇) in
(12), simplifies to  (𝐖 ∣ 𝐒) because of the known CSI at the
receiver, where 𝐒 and 𝐖 are independent. It can be solved as
follows:

 (𝐘 ∣ 𝐒,𝐇) =  (𝐖) = log2
(

𝜋𝑒𝜎2𝑤
)

(14)

where 𝜎2𝑤 represents noise power. Now, substituting (13) and
(14) in (12) gives the following expression:

𝐶1 =
𝐹
∑

𝑖=1
log2

(

1 + 𝜌 |
|

ℎ𝑖||
2
)

(15)

The conditional MI 𝐶2 in (11) can be defined in terms of
joint and marginal probabilities as given below

𝐶2 =
∑

𝐟
∫𝐘

𝑝(𝐟 ,𝐘∣𝐇)(𝐟 ,𝐘 ∣ 𝐇) log2

( 𝑝(𝐟 ,𝐘∣𝐇)(𝐟 ,𝐘 ∣ 𝐇)
𝑝𝐟 ∣𝐇(𝐟 ∣ 𝐇)𝑝𝐘∣𝐇(𝐘 ∣ 𝐇)

)

𝑑𝐘

(16)

where,

𝑝𝐘∣𝐟 ,𝐇(𝐘 ∣ 𝐟 ,𝐇) =
𝑝(𝐟 ,𝐘∣𝐻)(𝐟 ,𝐘 ∣ 𝐻)

𝑝𝐟 ∣𝐻 (𝐟 ∣ 𝐻)
(17)

By substituting (17) in (16), it takes the following form:

𝐶2 =
∑

𝐟
∫𝐘

𝑝𝐟 (𝐟 )𝑝𝐘∣𝐟 ,𝐇(𝐘 ∣ 𝐟 ,𝐇) log2

(𝑝𝐘∣𝐟 ,𝐇(𝐘 ∣ 𝐟 ,𝐇)
𝑝𝐘∣𝐇(𝐘 ∣ 𝐇)

)

𝑑𝐘

𝐶2 = E𝐟

{

∫𝐘
𝑝𝐘∣𝐟 ,𝐇(𝐘 ∣ 𝐟 ,𝐇) log2

(𝑝𝐘∣𝐟 ,𝐇(𝐘 ∣ 𝐟 ,𝐇)
𝑝𝐘∣𝐇(𝐘 ∣ 𝐇)

)

𝑑𝐘
}

(18)
The expectation operator E𝐟 indicates the average over all
possible values of 𝐟 based on the probability distribution 𝑝𝐟 (𝐟 ).

𝐶2 = E𝐟

{

∫𝑌
𝑝𝐘|𝐟 ,𝐇(𝐘|𝐟 ,𝐇) log2

(

𝑝𝐘|𝐟 ,𝐇(𝐘|𝐟 ,𝐇)
)

𝑑𝐘
}

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
(𝐘∣𝐒,𝐇)

−E𝐟

{

∫𝐘
𝑝𝐘|𝐟 ,𝐇(𝐘|𝐟 ,𝐇) log2

(

𝑝𝐘|𝐇(𝐘|𝐇)
)

𝑑𝐘
}

(19)
where

𝑝𝐘|𝐟 ,𝐇(𝐘|𝐟 = 𝑓𝑗 ,𝐇) = 1
(𝜋𝜎2𝑤)𝐹

×
∏

𝑖∈𝑓𝑗

1
1 + 𝜌|𝐻𝑖|

2𝐹∕(𝐹 − 𝑓 )

×𝑒
− 1

𝜎2𝑤

|𝑌𝑖|2

1+𝜌|𝐻𝑖|2𝐹∕(𝐹−𝑓 ) ×
∏

𝑖∈𝑓 𝑗

𝑒
− |𝑌𝑖|2

𝜎2𝑤

(20)
and

𝑝𝐘∣𝐇(𝐘 ∣ 𝐇) =
(𝐹 ,𝑓 )
∑

𝑗=1
Pr

(

𝐟 = 𝑓𝑗
)

𝑝𝐘|𝐟 ,𝐇(𝐘|𝐟 = 𝑓𝑗 ,𝐇)

= 1
(𝐹 , 𝑓 )(𝜋𝜎2𝑤)𝐹

(𝐹 ,𝑓 )
∑

𝑗=1

∏

𝑖∈𝑓𝑗

1
1 + 𝜌|𝐻𝑖|

2𝐹∕(𝐹 − 𝑓 )

× 𝑒
− 1

𝜎2𝑤

|𝑌𝑖|2

1+𝜌|𝐻𝑖|2𝐹∕(𝐹−𝑓 ) ×
∏

𝑖∈𝑓 𝑗

𝑒
− |𝑌𝑖|2

𝜎2𝑤 . (21)

Furthermore,  (𝐘 ∣ 𝐒,𝐇) = log2
(

𝜋𝑒𝜎2𝑤
)

from (14). The
closed-form expression for (19) is not available and therefore
can be written as below:

𝐶2 = − log2
(

𝜋𝑒𝜎2𝑤
)

− E𝐟

{

log2
(

1 + 𝜌 |
|

ℎ𝑖||
2
)}

− E𝐟
{

E𝐘∣𝐟 ,𝐇
{

log2
(

𝑝𝐘∣𝐇(𝐘 ∣ 𝐇)
)}}

.
(22)

The solution for 𝐶3 follows a similar approach as 𝐶2 in (22).
The maximization of (11) depends on the distribution of 𝐟 and
𝐭 indices as well as the signal constellation.

D. BER Bound
Suppose 𝐗𝑐 is transmitted and incorrectly detected as 𝐗𝑑 .

In that case, the conditional pairwise error probability (PEP)
is expressed by utilizing the Q-function

Pr
(

𝐗𝑐 ←←→ 𝐗𝑑 ∣ 𝐇
)

= 𝑄
(
√ 𝜂

2𝑁0,𝐹

)

, (23)
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where 𝜂 = ‖𝐇𝚲‖2𝐹 and 𝚲 = 𝐗𝑐 − 𝐗𝑑 . Thus, 𝜂 =
∑𝑁

𝑛=1 ‖
∑𝑈

𝑢=1 ℎ𝑛𝑢Λ𝑢𝑛‖
2 where Λ𝑢𝑛, when 𝑁 is assumed as total

FT resources, and an element of 𝚲 is mapped over the 𝑛𝑡ℎ
resource block for the 𝑢𝑡ℎ user.
𝜂 is assumed to follow an Erlang distribution. This distribu-

tion was initially developed to assess the number of simultane-
ous phone calls [45]. This is suitable for the proposed scenario,
in which multiple users may attempt to simultaneously access
the same resource. Let 𝑅 be a nonzero block and 𝑅 ≤ 𝑁
where 𝑅 is an exponential random variable (RV) with a
mean 𝜇𝑛 =

∑𝑈
𝑢=1 ‖Λ𝑢𝑛‖

2. Out of 𝑅, 𝑆 ≤ 𝑅 distinct means
represented by 𝜇1, 𝜇2,⋯ , 𝜇𝑆 exist. The number of RVs with
similar means 𝜇𝑠, 1 ≤ 𝑠 ≤ 𝑆, is 𝑚𝑠, which implies that
𝑚1 + 𝑚2 +⋯ + 𝑚𝑆 = 𝑅. The PDF of 𝜂 is expressed as [45]

𝑓𝜂(𝜂) =
𝑆
∑

𝑠=1
𝜆𝑚𝑠
𝑠 𝑒−𝜂𝜆𝑠

𝑚𝑠
∑

𝑤=1
𝐴
(−1)𝑚𝑠−𝑤

(𝑤 − 1)!
𝜂𝑤−1. (24)

The number 𝑚𝑠 reflects how many users have similar behavior
in terms of accessing a particular resource, while 𝜆𝑠 = 1∕𝜇𝑠
denotes the arrival rate. 𝜆𝑚𝑠

𝑠 indicates the combined effect of
users that show similar behavior. In uplink random access,
multiple users can attempt to access the same resources. 𝑒−𝜆𝑠𝜂
represents the attempts that could not result in success due to
collisions. 𝑤 denotes the number of users that contribute to
the interference power. The term 𝐴 is expressed as follows:

𝐴 =
∑

𝑏1+⋯+𝑏𝑆=𝑚𝑠−𝑤
𝑏𝑠=0

𝑆
∏

𝑞=1
𝑞≠𝑠

(

𝑚𝑞 + 𝑏𝑞 − 1
𝑏𝑞

) 𝜆𝑚𝑞
𝑞

(

𝜆𝑞 − 𝜆𝑠
)𝑚𝑞+𝑏𝑞

. (25)

The factor 𝐴 represents the combinatorial ways in which
users can interfere with each other while accessing the same
resources. When 𝑆 = 1, 𝐴 = 0 if 𝑚𝑠 − 𝑤 > 0; otherwise,
𝐴 = 1. Here 𝐴 = 0 means that there are remaining users
that cannot be distributed, indicating unresolved collisions.
Whereas 𝐴 = 1 accounts for a configuration with no unre-
solved collisions. This simplifies the PEP calculations because
the unresolved collisions are excluded. Therefore, the PEP is
obtained by integrating (23) over 𝑓𝜂(𝜂):

P
(

𝐗𝑐 ←←→ 𝐗𝑑
)

= ∫

+∞

−∞
Pr

(

𝐗𝑐 ←←→ 𝐗𝑑 ∣ 𝐇
)

𝑓𝜂(𝜂)𝑑𝜂. (26)

By utilizing Craig’s formula 𝑄
(

√ 𝜂
2𝑁0,𝐹

)

=

1
𝜋 ∫ 𝜋

0 exp
(

− 𝜂
4𝑁0,𝐹 sin2 𝜃

)

d𝜃 to circumvent the approximation
of the Q-function, (26) can be represented as follows:

P
(

𝐗𝑐 ←←→ 𝐗𝑑
)

= 1
𝜋

𝑆
∑

𝑠=1
𝜆𝑚𝑠
𝑠

𝑚𝑠
∑

𝑤=1
𝐴
(−1)𝑚𝑠−𝑤

(𝑤 − 1)!
×

∫

𝜋∕2

0 ∫

∞

0
exp

(

−
𝜂

4𝑁0,𝐹 sin2 𝜃

)

𝑒−𝜂𝜆𝑠𝜂𝑤−1 ⋅ 𝑑𝜂𝑑𝜃.

(27)

According to [46], the inner integral over 𝜂 is approximated
as follows

P
(

𝐗𝑐 → 𝐗𝑑
)

= 1
𝜋

𝑆
∑

𝑠=1
𝜆𝑚𝑠
𝑠

𝑚𝑠
∑

𝑤=1
𝐴(−1)𝑚𝑠−𝑤

(

1
𝜆𝑠

)𝑤

× ∫

𝜋
2

0

⎛

⎜

⎜

⎝

sin2 𝜃
sin2 𝜃 + 1

4𝑁0,𝐹 𝜆𝑠

⎞

⎟

⎟

⎠

𝑤

𝑑𝜃.

(28)

The integral over 𝜃 can be solved as below [47],

P
(

𝐗𝑐 → 𝐗𝑑
)

=
𝑆
∑

𝑠=1
𝜆𝑚𝑠
𝑠

𝑚𝑠
∑

𝑤=1
𝐴(−1)𝑚𝑠−𝑤

(

𝜒
𝜆𝑠

)𝑤 𝑤−1
∑

𝑖=0

(

𝑤 − 1 + 𝑖
𝑖

)

(1 − 𝜒)𝑖,

(29)

where 𝜒 = 1
2

(

1 − 1
√

(1+4𝑁0,𝐹 𝜆𝑠)

)

. The average BER is

expressed as follows:

BER = 1
𝑏2𝑏

2𝑏
∑

𝑐=1

2𝑏
∑

𝑑=1
P
(

𝐗𝑐 − 𝐗𝑑
)

𝛾
(

𝐗𝑐 ,𝐗𝑑
)

, (30)

where 𝛾
(

𝐗𝑐 ,𝐗𝑑
)

denotes the hamming distance between 𝐗𝑐
and 𝐗𝑑 .

IV. RESULTS AND DISCUSSION

This section discusses the results of FT-IMMA in terms
of SE, collision probability, and BER. The performance is
evaluated against traditional benchmarks including OFDMA,
IM-OFDMA, and IMMA. This analysis assumes that the
transmitter and receiver are perfectly synced and channel
state information is known at the receiver. Additionally, while
describing each outcome, the pertinent simulation settings are
provided.

1) Spectral Efficiency: Fig. 3a presents a comparison of
SE per user between IM-OFDMA and FT-IMMA under the
condition where only a single resource (denoted as the 𝐾 𝑡ℎ

resource) is active for a user, as described in [14] for IM-
OFDMA. This setup represents a specific case of FT-IMMA
known as single-symbol FT-IMMA (SFT-IMMA). In SFT-
IMMA, a single resource 𝐾 𝑡ℎ is used to transmit the con-
stellation symbol, while the position of the 𝐾 𝑡ℎ resource
determines the number of index bits. In the case of FT-IMMA,
the maximum achievable number of index bits is given by
⌊

log2

(

𝐹
𝐹∕2

)⌋

+
⌊

log2

(

𝑇
𝑇 ∕2

)⌋

, which occurs when a

user selects the 𝐹
2 th frequency and 𝑇

2 th time slot, thereby
transmitting the maximum number of index bits. The SE grows
initially, peaks in the middle, and subsequently declines. It is

minimum when
(

8
8

)

= 1, which is the standard OFDMA
scenario. An investigation of SE for various modulation orders
revealed that, at 𝑀 = 2, FT-IMMA could achieve higher SE
compared with IM-OFDMA and OFDMA at 𝑀 = 16.

The SE per user for multiple active resources carrying dif-
ferent constellation symbols is shown in Fig. 3b. A maximum
of 8 resources can be assigned to a user, which represents
the typical OFDMA scenario. FT-IMMA has a higher SE
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Fig. 3: (a) SE per user for multiple active resources (𝑓 = 𝑡), transmitting the same constellation symbol (a scenario of SFT-
IMMA). (b) SE per user for multiple active resources (𝑓 = 𝑡), transmitting different constellation symbols.
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Fig. 4: (a) SE per user for 𝑓 ≠ 𝑡 and 𝑀 = 2. (b) Mutual Information Comparison (The parameters listed as {𝐹 , 𝑇 , 𝑓 , 𝑡,𝑀}
and {𝐹 , 𝑓 ,𝑀} represent FT-IMMA (1st column) and IM-OFDMA (2nd column), respectively).

compared with other techniques in each scenario due to
implicitly embedded information via two-dimensional resource
index selection. Notably, IMMA provides the same SE as
IM-OFDMA; however, time slots are considered rather than
frequency slots.

The MI performance of FT-IMMA compared to IM-
OFDMA over a Rayleigh fading channel is depicted in Fig. 4b.
The figure illustrates the maximum number of transmitted bits
per channel use for various configurations, with parameters
listed as 𝐹 , 𝑇 , 𝑓 , 𝑡,𝑀 for FT-IMMA and 𝐹 , 𝑓 ,𝑀 for IM-
OFDMA. Additionally, the plot includes the Shannon capacity
curve, representing the theoretical upper bound, achieved when
the system operates with zero mean and unit variance. It incor-
porates the singular value decomposition method to accurately
capture optimal capacity values. This sets the fundamental

limit for MI at a given SNR.
For the proposed FT-IMMA scheme, it is evident that MI

approaches the channel capacity as the number of active
FT resources increases, or as a higher constellation size is
employed. The figure shows that the gap between MI and
capacity diminishes with more active resources. For instance,
when three FT resources are active, the MI is significantly
higher compared to the case where only one FT resource is
active in the 8 × 8 FT grid.

The more active subcarriers or time slots that FT-IMMA
utilizes, the higher the MI. This trend is demonstrated in
comparisons such as (8, 8, 3, 2, 2) (3 active subcarriers, 2 active
time slots, BPSK) versus (8, 8, 2, 1, 2) (2 active subcarriers, 1
active time slot, BPSK). In scenarios like (8, 8, 2, 1, 2), the
MI performance of FT-IMMA is comparable to that of IM-
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Fig. 5: Comparison of various cases to achieve the same
mutual information.

OFDMA (16, 1, 64), but the latter requires a greater number
of total subcarriers and a higher modulation order to achieve
similar MI levels.

The difference between configurations such as (8, 8, 3, 3, 2)
and (8, 8, 3, 2, 2) highlights the additional information attached
to the indices when more 𝑓 or 𝑡 resources are activated, despite
using the same amount of overall active FT resources (as
described in Section II, Equation (1)). This increased use of
index resources directly translates into higher MI, showcasing
the efficiency of FT-IMMA in leveraging both frequency and
time domains for enhanced SE.

Furthermore, FT-IMMA can transmit 6, 8, and 15 bits
with parameters {4, 4, 1, 1, 4}, {8, 8, 1, 1, 4}, and {8, 8, 3, 2, 4},
respectively. The difference between {8, 8, 3, 3, 2} and
{8, 8, 3, 2, 2} is more information attached to indices despite
the same utilized resources. The proposed technique with
{4, 4, 1, 1, 4}, {8, 8, 1, 1, 4} can transmit 33.3%, 37.5%, and
28.6% more bits than IM-OFDMA with parameters {4, 1, 4},
{8, 1, 4}, and {16, 1, 64}, respectively.

Fig. 5 shows a scenario where different configurations of
FT-IMMA are used to achieve the same MI, assuming no
collision occurs between active resources. The key observation
is that increasing the number of active FT resources while
maintaining the same overall MI can reduce the modulation
order, which leads to performance improvements in low-SNR
regions.

For example, in the case of a 16×16 FT grid, moving from
a single active FT resource to two active FT resources allows
the modulation size to decrease from 𝑀 = 64 to BPSK. This
reduction in modulation size mitigates the negative impact of
noise, enhancing the performance in lower SNR scenarios. A
similar trend is observed in the 4×4 FT grid, where the system
with two active FT resources demonstrates better robustness
in low SNR compared to the system with a higher modulation

order but a single active FT resource.
2) Collision Probability: A comparison of the probability

of collision among simultaneous users of FT-IMMA and IM-
OFDMA is shown in Fig. 6a. The collision rate increases
with the number of users in the system. This decreases when
the number of resources exceeds the number of users. This
worsens in the opposite scenario, in which more users occupy
fewer available resources. In the case of an OFDMA scenario
in which 4 users can be served by 16 resources as shown
in Fig. 1, each user is assigned four 4 resources, each of
which can carry the symbol with 𝑀 = 4. Each user can
send 8 bits in this manner. On the other hand, each user can
transmit 10 bits in IM-OFDMA with the same parameters;
however, only 2 of the 16 subcarriers are active per user. For
4 users, 8 subcarriers are utilized, and the remaining 8 are
deactivated. More active subcarriers are required to further
improve SE, which exacerbates collisions. In contrast, only
one active subcarrier can transmit 10 bits in the FT-IMMA.
Compared with the case of IM-OFDMA, the probability of a
collision decreases because 2D index selection offers an extra
degree of freedom in FT-IMMA.

Fig. 6b illustrates the collision probability as a function of
the number of active resources for varying user counts. As the
number of active resources or users increases, the probability
of collisions also rises. In FT-IMMA, this increase follows a
linear trend, suggesting a more controlled growth in collisions.
In contrast, IM-OFDMA exhibits an exponential rise in colli-
sion probability, quickly approaching the maximum collision
threshold as the number of active resources increases. This
demonstrates that FT-IMMA is more resilient to collisions in
scenarios with a higher density of active users compared to
IM-OFDMA.

3) Bit Error Rate Analysis: The BER performance of FT-
IMMA is generally better than that of IM-OFDMA because
FT-IMMA requires a smaller constellation size to achieve
the same SE. Additionally, FT-IMMA outperforms classical
OFDMA in terms of BER since it needs fewer active re-
sources than OFDMA to reach the same SE. The BER results
presented are averaged over multiple iterations, with users
transmitting random bits.

The BER of the proposed scheme is compared with its
classical counterparts at the same SE by adjusting various
parameters such as 𝑓 , 𝑡, and 𝑀 . FT-IMMA outperformed
conventional IMMA and OFDMA in terms of the BER while
transmitting 5 bits in each case with 𝐹 = 4 and 𝑇 = 4, as
shown in Fig. 7a. A single active resource of the FT-IMMA
requires 𝑀 = 2 to achieve an SE similar to that of the IMMA
with 𝑀 = 8. Therefore, it gains approximately 6 dB to achieve
a BER of ∼ 5 × 10−05.

Due to the high computational complexity of ML detection,
which exhaustively searches all possible combinations in the
predefined IMT (see Section II-A), OMP is utilized to reduce
the MUD complexity by leveraging the inherent sparsity
of FT-IMMA. The performance of OMP relies on factors
such as sparsity level, measurement matrix, and threshold
settings, which collectively help to accurately reconstruct the
transmitted signal with minimal information loss. As shown
in Fig. 7a, ML outperforms OMP in low-SNR regions, where
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Fig. 6: (a) Collision probability of FT-IMMA and IM-OFDMA (The legends 𝐹 and 𝐹𝑇 represent IM-OFDMA and FT-IMMA,
respectively.). (b) Collision probability for varying numbers of users with increasing active resources from an 𝐹 × 𝑇 grid.
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Fig. 7: (a) BER performance at 1.25 bps/Hz. (b) BER performance at 3 bps/Hz.

the higher noise levels make it challenging for OMP to detect
the sparse signal accurately. However, as SNR increases, the
performance of OMP approaches that of ML, as reduced
channel noise allows OMP to recover the transmitted symbols
more precisely with fewer measurements, thereby achieving
lower BER. In this context, 70% (𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 0.7) of the
original signal dimensions are used for data acquisition, with
the channel matrix effectively acting as an analogous sensing
matrix. The threshold is set to 0.1, helping to distinguish
the actual transmitted signal from noise when decoding the
received signal.

In Fig. 7b, the BER performance of FT-IMMA is compared
with those of IM-OFDMA and OFDMA to transmit 12 bits
in each scenario. FT-IMMA activates two FT resources and
transmits symbols by utilizing 𝑀 = 16 whereas IM-OFDMA
requires 𝑀 = 32 over the two active subcarriers to send the

same number of bits. OFDMA employs 𝑀 = 8 but requires 4
FT resources per user. This results in inter-carrier interference
(ICI) enhancement and BER deterioration. In this scenario,
FT-IMMA provides nearly 3 and 8 dB gains compared with
IM-OFDMA and OFDMA, respectively, to attain a BER
of ∼ 9 × 10−04. Furthermore, the theoretical BER of the
proposed technique follows the numerical results. To reduce
the computational complexity of detection, OMP leverages a
reduced search space by utilizing only 80% (𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 0.8) of
the original signal dimensions for data recovery. As shown,
the BER performance achieved with OMP closely approaches
that of ML detection in medium to high SNR regions, demon-
strating OMP’s efficiency and accuracy in these scenarios. By
using a relatively higher sensing parameter, which captures a
greater portion of the original signal dimensions than in the
case shown in Fig. 7a, the reconstruction accuracy improves,
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Fig. 8: (a) BER performance at 4 bps/Hz. (b) BER performance at 2 bps/Hz.
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Fig. 9: (a) BER performance for unequal 𝑇 and 𝐹 resources. (b) BER performance for different numbers of users in the
FT-IMMA system transmitting 9 bits.

resulting in a lower BER.
BER comparison to transmitting 16 bits with 3 active

resources per user in IM cases is shown in Fig. 8a, whereas
the classical OFDMA employs 4 resources per user. The BER
trend is similar to that of previously discussed scenarios. A
comparison of the BER of FT-IMMA and IM-OFDMA with
single and two active resources per user is shown in Fig.
8b. Cases with two active resources require lower modulation
sizes to achieve an SE similar to scenarios with a single
active resource. FT-IMMA outperformed its counterparts in
each case. IM-OFDMA with 𝑓 = 1 fails to outperform
OFDMA because the predecessor requires 𝑀 = 64, whereas
the successor provides the same SE at 𝑀 = 4.

As shown in Fig. 8a and 8b, activating more patterns
allows for smaller constellation sizes to achieve comparable
SE. However, this also increases the search space for ML

detection, as it must evaluate all possible signal combinations,
as discussed in Section II-A. To address this, OMP is applied
to reduce the search space by using 75% (𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 0.75)
of the original signal dimensions, striking a balance between
computational complexity and BER performance. Notably,
OMP’s BER closely aligns with ML detection in high SNR
regions, benefiting from reduced data processing requirements
at the receiver.

Fig. 9a shows the BER performance of FT-IMMA when
𝐹 ≠ 𝑇 and compares it with IM-OFDMA. Also, cases with
different numbers of active users and 𝑓 ≠ 𝑡 are considered. It
is observed in the scenario that BER slightly deteriorates when
the number of active users or FT resources increases. Fig. 9b
shows the impact on BER performance with varying numbers
of active users. The system has an average 4 dB loss when
the number of users increases from 2 to 5. Additionally, the



IEEE , VOL. XX, NO. XX, OCTOBER 2024 13

comparison with a higher number of available FT resources
is depicted with the same number of users but at a lower
modulation order to transmit the same amount of bits. In that
case, BER improves due to the low probability of collision and
lower constellation size. However, it could result in overall SE
loss due to the increased number of inactive resources.

V. CONCLUSION

This article introduced an uplink FT-IMMA, leveraging a
two-dimensional resource block within conventional OFDMA
through the implementation of IM principles. The enhance-
ment in EE and SE was attributed to the effective utilization
of IM in two dimensions. Compared with OFDMA, fewer
active FT resource blocks could send more bits. The proposed
scheme was operated without a scheduling mechanism, leading
to occasional data collisions. However, collision occurrences
were observed to be lower than those associated with tradi-
tional IM-OFDMA and IMMA. Moreover, when compared to
traditional methods, the proposed FT-IMMA has attained a
comparable SE while employing a smaller modulation size,
thereby resulting in an improvement in BER. However, FT-
IMMA has higher detection complexity compared with IM-
OFDMA and IMMA. Therefore, OMP-MUD has been pro-
posed for fast and low-complexity implementation with near-
optimal performance.

A. Future Challenges
This technique is particularly well-suited for scenarios re-

quiring random access, such as multichannel ALOHA, where
multiple users access subchannels in a stochastic manner. Fu-
ture challenges include the design of low-complexity decoders
and possible solutions for collision resolution. One approach
to further reduce collisions is by utilizing the concept of
composite multi-mode OFDM from [48], where different users
transmit using varying energy coefficients and distinguishable
constellations. Another approach to reducing collisions in
future work will be to utilize the concept of uplink NOMA,
where signals from multiple users will be received at different
power levels. This will enable the recovery of collided users
through successive interference cancellation, as users with
distinct power levels can be separated and decoded efficiently.

To further enhance SE and reduce collisions, a more
generalized scheme, such as quadrature FT-IMMA, could be
considered in future work. In this approach, separate FT
resources would be allocated to transmit the in-phase (I)
and quadrature (Q) components of the signal, allowing more
data to be transmitted via index bits. This would provide a
more flexible and efficient use of resources, further improving
system performance.
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