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Ⅰ. Introduction

To accommodate rapidly increasing demand for da-

ta rates and massive connectivity, future wireless gen-

eration demands high spectral efficiency (SE).

Multiinput multi-output (MIMO) is a promising tech-

nique for the ever-increasing user demands in the up-

coming wireless generation. Orthogonal frequency di-

vision multiplexing (OFDM) has been used in wire-

less communications, but the thirst for higher SE is

continuing. The purpose of deploying frequency do-

main index modulation, also known as subcarrier in-

dex modulation (IM), on OFDM is to design a spectral

and energy efficient technique. Contrary to conven-

tional OFDM, OFDM-IM does not activate all the

available subcarriers; rather, it activates subcarriers

partially based on an activation pattern to transmit

supplemental information implicitly with no require-

ment of extra energy for transmission[1]. Hence, in-

formation can be conveyed in two ways; the indices

of active subcarriers and the M-ary modulation on the

active subcarriers[2]. Arbitrary grouping of subcarriers

for OFDM-IM can result in performance gain in terms

of achievable rate[3]. To achieve better error perform-

ance, lower order constellations with rotation are uti-

lized where more bits are transmitted through sub-

carrier indices[4]. However, the partial inactivation in-

herited from conventional IM leads to inefficient us-
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age of frequency resources[1-3]. To utilize frequency

resources efficiently dual mode (DM) OFDM makes

use of all the available subcarriers. In addition to the

diversity gain from the IM activation pattern

DM-OFDM takes the help of two distinguishable con-

stellation alphabets[1,5]. One mode to modulate sub-

carriers as per the activation pattern and another to

modulate the remaining subcarriers. Unlike DM-

OFDM, in generalized DM-OFDM (GDM-OFDM),

the number of subcarriers to be modulated by either

of the modes is flexible, enabling a comparatively

higher number of possible realizations. This results

in a better SE with a bit-error rate (BER) trade-off[6].

Multiple-mode OFDM-IM (MM-OFDM-IM) also uti-

lizes all the subcarriers for OFDM systems through

which multiple different constellations (or distinguish-

able modes) are transmitted to increase the SE[1,7].

Spectral efficient frequency division multiplexing

(SEFDM) is a technique that compromises the OFDM

through compression of subcarrier spacing to gain

high SE at the expense of intercarrier interference

(ICI)[8,9]. This technique is formulated from faster than

Nyquist (FTN)[10,11], where symbols are packed in a

nonorthogonal manner within the time domain; there-

by violating the orthogonality criteria of Nyquist

among the symbols[12]. Employing IM on SEFDM can

mitigate ICI and improve BER performance[13,14]. A

combination of OFDM and SEFDM with IM can fur-

ther increase the overall data rate[15]. SEFDM-IM is

also explored for MIMO channels to achieve energy

efficiency (EE) with reduced ICI[16]. Though it pro-

vides high energy efficiency, it fails to achieve an SE

higher than SEFDM because of partially inactive sub-

carriers[13,16,17]. Therefore, similar to the DM-OFDM

case mentioned above, DM-SEFDM is proposed to

use the frequency resources efficiently with the help

of differentiable distinct constellation modes[17].

Although this can achieve high SE, it is not enegry

efficient and could increase ICI due to the utilization

of all non-orthogonal subcarriers of SEFDM.

Against the aforementioned background, tri-mode

(TM) SEFDM for MIMO channels (MIMO-TM-

SEFDM) is proposed to achieve SE gain and trans-

mis-sion diversity. Unlike DM-SEFDM, subcarriers

are activated partially to be modulated by two dis-

tinguishable constellation modes, which lowers the

energy usage. With such an arrangement, the activa-

tion pattern can further carry extra information bits.

As the index information in TM-SEFDM is higher

than that of DM-SEFDM, TM makes up for the SE

despite only a fraction of subcarriers being activated.

The proposed MIMO-TM-SEFDM can mitigate ICI

and can enable a balanced trade-off between BER and

SE, while maintaining EE.

Ⅱ. System Model

The incoming D bits are factored for G groups.

A total of DAt bits are carried by this system. Since

D = dG, every single group handles d bits. These

groups are further utilized to transmit the SEFDM sig-

nal subblock of length n = . The incoming bits for

each group is d = d1 + d2, where d1 bits determine the

activation pattern of the subcarriers. Each of the sub-

carrier index is defined by , where a = {1, 2, …,

At} and g = {1, 2, …, G}. In each group, from n sub-

carriers k(= k1 + k2) are activated; where k1 and k2 car-

ry the remaining bits d2 through M1 and M2 con-

stellation, respectively. The rest of the n−k sub-

carriers are set to zero which helps to mitigate ICI

among the nonorthogonal subcarriers of SEFDM

system. The modulated symbols in the gth group are

indicated as . After organizing the bits for respective

depiction,the system has as index

bits and d2 = k1 log2M1 + k2 log2M2 as modulation bits.

Fig. 1. Block diagram for MIMO-TM-SEFDM.
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The transmission rate (bps/Hz) for the corresponding

subblock can be expressed as follows.

(1)

where n indicates the gth group’s total number of sub-

carriers and α denote bandwidth compression factor.

An example of subcarriers activation pattern of the

proposed TM-SEFDM is presented in Table 1, where

s1 and s2 are random elements of M1 and M2. The

constellations M1 and M2 are differentiable and do not

have any common points i.e., M1∩M2 = f.

Considering classical M-ary phase shift keying (PSK)

constellation for M1 and M2, a minimum distance of

detachment between the adjacent signal points of

these two modes needs to be equal or larger than least

Euclidean distance of separation (2sin( )). This is

achieved through the rotation of signal constellations

of either M1 or M2. If M1 > M2 or M1 = M2, then rota-

tion is applied to M2. For example, when M1 =

M-PSK; M2 = exp( ) ×M-PSK. In case M1 < M2,

then the mode generation is done reversibly as M2

= M-PSK and M1 = exp( ) ×M-PSK, else the two

modes can take similar points. The subcarriers’ in-

dices can be expressed as

(2)

Furthermore, the chosen indices are modulated us-

ing M-ary modulation to map d2 bits and correspond-

ing symbols are written as

(3)

where ∈M1 and M2 for k1 and k2 subcarriers,

respectively. The remainder of the subcarriers (n−k)

are set at zero value. This facilitates reduced ICI with

EE for signal transmission. The signal from the gth

group through the a th antenna is represented as

(4)

where is denoted as follows

(5)

An activation patter, known both at the transmitter

and receiver, is considered using a look-up table

(LUT) for small values of n and k. However, when

the values are higher, combinatorial number theory

is applied. These can be looked in detail from liter-

ature[1].

Groups are connected at each transmitter branch

to create a block denoted as

(6)

and it can be expanded as

Fig. 2. Examples of constellations ensuring M1∩M2 = f 
for (a) M1 = M2 = BPSK and (b) M1 = QPSK, M2 = BPSK.

Data bits Indices
TM-SEFDM
sub-blocks

0 0 0

0 0 1

0 1 0

0 1 1

1 0 0

1 0 1

1 1 0

1 1 1

1, 2

2, 1

2, 3

3, 2

3, 4

4, 3

1, 4

4, 1

[s1 , s2 , 0, 0]

[s2 , s1 , 0, 0]

[0, s1 , s2 , 0]

[0, s2 , s1 , 0]

[0, 0, s1 , s2 ]

[0, 0, s2 , s1 ]

[s1 , 0, 0, s2 ]

[s2 , 0, 0, s1 ]

Table 1. A look-up table example (k1 = 1, k = 2, n = 4,
and d1 = 3)
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(7)

Since the significant correlation between channel

coefficients among the subcarriers within a group can

be of an issue, subcarriers are spaced apart in the fre-

quency domain through interleaving to obtain distinct

fading. Interleaved arrangement of subcarriers in-

corporates frequency diversity and enhances the

Euclidean distance among the symbols that are

received. After being fed to a subcarrier-level inter-

leaver, the vector in (7) gives the following output.

(8)

For each of the SEFDM subblock, an inverse fast

Fourier transform (IFFT) of size n/a is taken to gen-

erate non-orthogonal subcarriers based on the concept

of decreased subcarrier spacing. To accommodate a

larger number of subcarriers within the same band-

width, a smaller subcarrier spacing than conventional

OFDM is considered in SEFDM. This is done by

choosing a bandwidth compression factor as 0 < a <
1(a = DfT). The frequency domain’s minimum sub-

carrier spacing is denoted by Df, whereas the time do-

main’s symbol period is represented by T. However,

a is 1 for conventional OFDM system. Partial deacti-

vation of the subcarriers can lower the elevated ICI

caused by SEFDM’s subcarrier spacing, which is low-

er than the inverse of the symbol interval. Fig. 3 illus-

trates SEFDM cases for various modes of IM. The

compression of subcarriers in SEFDM compared to

OFDM is shown in the first two sub-figures, allowing

incorporation of additional subcarriers within the same

bandwidth. Then the partial activatoin of subcarriers

based on the activation pattern in SEFDM-IM is

shown in the third sub-figure. The next sub-figure

presents that in DM-SEFDM, the subcarriers out of

the activation pattern are also utilized a differentiable

constellation alphabet (drawn in red). Lastly, sub-

carriers are partially activated in TM-SEFDM and

uses two distinct constellation alphabets (differenti-

ated by black and red) which further adds to the index

bits. The integrated block of MIMO-TM-SEFDM sig-

nal can be represented as

(9)

Nonetheless, the IFFT method normalizes the

time-domain symbols to ensure that the expected total

energy equals Ns for all values of a. Then,

to mitigate inter-symbol interference (ISI) a cyclic

prefix (CP) is added at the start of the signal frame

of every transmitter branch. Transmission of the re-

sulting signal blocks is done from At antennas simulta-

neously over a MIMO channel that undergoes fre-

quency selective Rayleigh fading Hb,a = ifft{Gb,a},

where b = 1, 2, …, Ar. Here, Gb,a represents the mul-

ti-path fading channel that varies with time. It is de-

signed as a channel impulse response Gb,a = [Gb,a(1),
…, Gb,a(L)]T between the transmitting antenna a and

the receiving antenna b, where L denotes the number

of channel taps. It is considered that each element of

Gb,a is independent and identically distributed (i.i.d.)

with (0, 1/L) and CP is greater than L. It is fur-

ther assumed that during the transmission of a frame

Fig. 3. Comparative subcarrier activation of differnt
schemes.
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the wireless chan-nel remains constant.

At the receiving end, the CP is removed from the

received data blocks followed by which FFT is

applied. A deinterleaver is employed at the receiving

end to retrieve the interleaved signal from the trans-

mitting side; hence, for interleaved as well as lo-

calized arrangement of subcarriers the same level of

system complexity. Now, the signal received can be

represented as:

(10)

where yb = [yb(1) yb(2) … yb(Ns)]T is the received sig-

nal vector for the bth antenna and Hb,a∈ de-

notes wireless channel following (0, 1)

distribution. Likewise, the noise vector in (11) defined

by wb∈ is assumed to follow the (0, N0,F)

distribution, where N0,F denotes the noise variance in

frequency domain. This is associated with its time-

domain equivalent and can be represented as N0,F =

( )N0,T. Before detection, yb can be segregated as

follows.

(11)

For each group, the following representation can

be derived from (11).

(12)

where is the received sig-

nal vector at the bth antenna that complies with the

transmission vector = .

Additionally, the channel and noise vectors relating

to that can be represented as

and ,

respectively.

For time-varying and frequency-selective channels,

single-tap equalization is utilized in MIMO-OFDM

system. However, with MIMO-SEFDM, as the band-

width compression causes self-produced ICI it is diffi-

cult to apply. The channel state information (CSI) is

supposed to be ideally derived through the trans-

mission of pilots prior to data transmission. The ML

based estimation of signal symbols for gth group can

be expressed as follows:

(13)

To detect the index pattern and constellation sym-

bol, a joint search for all of the transmitting antennas

is conducted. Since each subblock is encoded in-

dependently, the signals are estimated subblock by

subblock. The decoder searches for all possible com-

binations of index and symbols; therefore, complexity

depends on the size of the LUT, which depends upon

M and k. Hence, the order of complexity for the pro-

posed MIMO-TM-SEFDM can be expressed as O
( ). On the contrary, for MIMO-DM-SEFDM, the

order of complexity is O( ), which is higher than

MIMO-TM-SEFDM. Practical channel conditions can

be explored by considering the effect of channel esti-

mation errors by substituting with (least

squares method estimation) in (13). Here,

and is the estimationerror that has no de-

pendency on .

Ⅲ. Performance Evaluation

3.1 Theoretical Bit Error Probability
In a case where is transmitted and then the re-

ceiver erroneously decodes it as , can result in deci-

sion errors on the M-ary constellation symbols as well

as the active sub-carrier indices. The conditional pair-

wise error probability (PEP) for a single block is
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(14)

where , and S =

. An approximate expression of

Q-function is

generally acquired as an exponenetial expression
[18]. For the proposed MIMO-

TM-SEFDM, analysis based on John W. Craig’s for-

mula is deployed[19]. The unconditional PEP is ach-

ieved by taking mean of the instantaneous channel

states as follows:

(15)

where In is an identity matrix, ,

, and . Thus, the analytical bit

error probability can be expressed as

(16)

where d = d1 + d2 is explained in the proposed system

model above, = 2d , represent the number of prob-

able realizations for the given user, and Z is

the number of bits that are in error (bits in that

differs from ).

3.2 Spectral Efficiency
The data rates of MIMO-TM-SEFDM,

MIMO-DM- SEFDM, MIMO-SEFDM-IM, and

MIMO-SEFDM can be derived as follows:

(17)

(18)

(19)

(20)

where M1 and M2 are the modulation order in MIMO-

TM-SEFDM; and are the modulation order in

MIMO-DM-SEFDM. M and are the modulation

sizes in MIMO-SEFDM-IM and MIMO-SEFDM,

respectively. The total number of data bits that can

be transmitted per group with respect to the number

of activated subcarriers is presented in Fig. 4. The

following are the parameters in Fig. 4 for each group

of subcarriers (n = 4 subcarriers in one group).

SEFDM: = BPSK modulation with all n subcarriers;

SEFDM-IM: k active subcarriers in each group, M =

BPSK modulation with the k active subcarriers; 

DM-SEFDM: k chosen subcarriers based on the index

modulation pattern, = BPSK modulation with k
subcarriers, while = BPSK modulation with n−k
subcarriers; TM-SEFDM: k active subcarriers in each

group, M1 = BPSK modulation with k1 activated sub-

carriers and M2 = BPSK modulation with k2(= k−k1)

Fig. 4. Comparison of data rate per group.
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activated subcarriers; the compression factor a = 0.8
for all the schemes. The proposed MIMO-TM-

SEFDM is observed to achieve a higher data rate per

group compared to the conventional MIMO-SEFDM

and MIMO-SEFDM-IM. Moreover, the same data rate

as MIMO- DM-SEFDM can be achieved at k = 3 by

the proposed scheme while being energy efficient due

to the partial activation of subcarriers. This is possible

as the index bits with TM-SEFDM are higher than

with DM-SEFDM.

3.3 Energy Efficiency
The EE of the proposed MIMO-TM-SEFDM in

comparison with MIMO-DM-SEFDM can be calcu-

lated follows.

where x is the normalized energy. Considering fixed

values of a(= 0.85), n(= 4), and k(= 2) the EE can be

measured using the above expression. When =

= 2 in DM-SEFDM, approximately 7 bits are trans-

mitted per group of subcarriers. To achieve the same

SE, TM-SEFDM with k1 = k2 = 1 can use M1 = 4 and

M2 = 2. Hence, the EE in this case, =−25%.

However, for fixed values of a, n, and k, com-

paratively larger M1 and/or M2 are required for large

values of and/or to gain the same SE. This

declines the EE gain of TM-SEFDM. For example,

when = 32 and = 4 in DM-SEFDM, M1 = 32

and M2 = 64 in TM-SEFDM, resulting in ≈ -8.33%.

Ⅳ. Result Discussion

The performance of the proposed MIMO-TM-

OFDM is investigated and compared with other index

modulated SEFDM schemes under frequency-se-

lective Rayleigh fading channel. In simulations, the

number of subcarriers Ns, the CP length, and the

length of channel fading coefficients L are set to 64,

16, and 10, respectively. For each of the schemes, a

total of 16 groups are considered; therefore, each

group consists of 4 subcarriers.

In Fig. 5, the BER performance of the proposed

system is compared against the existing MIMO-DM-

SEFDM and MIMO-SEFDM-IM to achieve a data

rate of 6 bits per group. Different subcarrier com-

pression is required for TM, IM, and DM to achieve

the same data rate per group. The legend is interpreted

as: TM: (4, 2, 1, BPSK) → n = 4, k = 2, k1 = 1, M1

= M2 = BPSK; DM: (4, 2, BPSK)→n = 4, k = 2, M1

= M2 = BPSK; IM: (4, 2, BPSK)→n = 4, k = 2, M =

BPSK. For each of the schemes, cases with and with-

out interleaved subcarrier grouping are considered. In

both cases, the BER performance of MIMO-TM-

SEFDM is almost the same as that of MIMO-DM-

SEFDM and better than that of MIMO-SEFDM-IM.

Also, every scheme performs better with interleaved

grouping than with regular subcarrier grouping. A

gain of 2 dB is observed for TM with interleaving

at BER 1.25 × 10-4 compared to that with local

grouping. Frequency diversity and the Euclidean dis-

tance enhancement among the received symbols

through interleaving contribute to the performance

gain. Additionally the numerical BER of the proposed

scheme is validated through the theoretical BER

analysis. With n, k, and M parameters fixed, as

MIMO-DM-SEFDM utilizes all the subcarriers, the

Fig. 5. BER comparison of the proposed MIMO-TM-
SEFDM with MIMO-SEFDM-IM and MIMO-DM-SEFDM
(MIMO order 2 × 2).
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same data rate is achieved without compressing the

subcarrier spacing. Whereas, a low compression of

subcarriers (17%) is needed for MIMO-TM-SEFDM

due to the partial activation of the subcarriers.

However, the same error performance is observed for

MIMO-TM-SEFDM as for MIMO-DM-SEFDM,

while MIMO-TM-SEFDM is energy efficient. Fig. 6

illustrates the error performance of MIMO-TM-

SEFDM with varying configurations to achieve the

same data rate per group of 10 bits. In cases where

3 subcarriers are activated in a group, it is observed

that variation of the values of k1, M1, and M2 results

in a similar BER curve. On the contrary, for the cases

with 2 active subcarriers, 3 dB gain is achieved with

lower modulation (M1 = M2 = QPSK) and more com-

pression (30%) over the one with higher modulation

(M1 = 8-PSK, M2 = QPSK) and less compression

(20%) to reach BER of 5.1 × 10-5. Hence, a com-

paratively lower order of modulation with correspond-

ingly less compression can be preferred for the pro-

posed scheme.

Ⅴ. Conclusions

In this paper, MIMO-TM-SEFDM is proposed to

improve the BER performance and SE of existing in-

dex modulated SEFDM schemes. Only a portion of

subcarriers in each SEFDM group are modulated by

two distinctly identifiable constellation modes, which

add extra information on top of the index pattern

through the subcarrier indices. This ensures EE with

a balance between SE and BER. The proposed

MIMO-TM-OFDM surpasses conventional MIMO-

SEFDM-IM and matches MIMO-DM-SEFDM in

terms of SE and BER.
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