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Abstract—Present orthogonal time frequency space modulation
with index modulation (OTFS-IM) techniques activate a given
number of grids in the delay-Doppler (DD) domain and employ
fixed constellation as changing them would result in ambiguous
detection. Motivated by this, we propose a novel enhanced OTFS
with index modulation (E-OTFS-IM) scheme which permits
changing the number of active grids conveying modulation sym-
bols from any constellation. The proposed E-OTFS-IM scheme
alleviates ambiguous detection by jointly mapping information to
grid activation pattern in DD domain and 2D modulation symbol-
s. We also propose an efficient encoding method for E-OTFS-IM.
In addition, an updated message passing (MP) detection suitable
for E-OTFS-IM as well as its low-complexity improvement are
developed. We derive a average bit error probability (ABEP)
upper bound for our proposed E-OTFS-IM scheme employing the
maximum likelihood detector. Additionally, we also propose an
enhanced scheme named E-OTFS-IM with in-phase/quadrature
(E-OTFS-IM-IQ) to further improve the spectral efficiency and
reliability. In E-OTFS-IM-IQ, the principle of E-OTFS-IM is
extended to in-phase and quadrature branches independently.
The efficient encoding method and MP detector for this modified
scheme is also introduced. Simulation results confirm that the
derived ABEP upper bound is tight in the high signal-to-noise
ratio region, and show that our proposed E-OTFS-IM improves
the performance of conventional OTFS and OTFS-IM. The
results also indicate the proposed E-OTFS-IM-IQ achieves better
bit error rate performance than E-OTFS-IM.

Index Terms—Orthogonal time frequency space modulation,
index modulation, spectral efficiency, in-phase/quadrature.

I. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFD-
M) modulation techniques achieve good robustness in
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time-invariant channels and have been widely used in mobile
communication systems. However, for the high mobility sce-
narios in the 5G and future mobile communication prospect-
s [1], where the channel is typically time-varying, OFDM
suffers from severe inter-carrier interference caused by high
Doppler spread, resulting in degraded performance. Therefore,
future wireless communication systems require new multi-
carrier modulation techniques for reliable transmission in high
mobility scenarios.

Recently, orthogonal time frequency space (OTFS) modu-
lation [2]-[4] was proposed that is robust to Doppler shifts
and effectively resistant to the effects of fast time-varying
channels in high-mobility scenarios. Information is transmitted
via a matrix in the delay-Doppler (DD) domain in OTFS
modulation. This ensures that each symbol transmitted within
a frame experiences a nearly identical DD domain channel.
The modulation is then extended to the time-frequency do-
main, occupying all time-frequency resources. So even if the
channel is time-frequency doubly-selective, OTFS still has the
potential for achieving full diversity [5]-[7]. Due to the block-
circulant, sparse and constant characteristics of the channel
in the DD domain [8], many low-complexity detector designs
were proposed [9]-[13]. Besides, the estimation difficulty of
time-varying channel in DD domain was proven to be much
lower than that in the time-frequency domain [14], [15].
These advantages make OTFS modulation a promising choice
for dealing with wireless communications in high mobility
scenarios.

In addition to reliability, users are demanding higher spec-
trum efficiency (SE) and energy efficiency as the requirements
of various applications continue to rise. Driven by this purpose,
the concept of index modulation (IM) was proposed and ap-
plied in various communication systems [16]-[18]. Several IM-
based OFDM schemes have been proposed in [19]-[22], where
the active subcarrier patterns convey information beyond the
modulation symbols to enhance SE without extra energy
consumption. In [23]-[25], the number of active subcarriers is
variable for achieving a higher throughput than OFDM with
IM (OFDM-IM). Specially, it is for the first time proposed in
[25] that the active subcarrier number can be combined with
subcarrier activation states to form high-dimension signal con-
stellations, achieving significant performance gains compared
with existing OFDM-IM schemes.

For improving reliability under high mobility, OTFS with
IM (OTFS-IM) was recently proposed in [26]. Concretely, the



OTFS-IM scheme transmits additional information via grid
activation pattern (GAP) in the DD domain apart from the
conventional modulation symbols. The silence grids in the
DD domain can be regarded as guard symbols with improved
tolerability against high Doppler effect relative to convention-
al OTFS. Notice that OTFS-IM also exhibits overwhelming
performance advantages over OFDM-IM, since the OFDM
waveform suffers from severe inter-carrier interference due to
the time variation of the high-mobility channel. To achieve a
better trade-off between reliability and SE, OTFS with dual-
mode IM (OTFS-DM-IM) [27] was proposed, where two
separate sets of selected and unselected grids are modulated by
two distinguishable constellation alphabets. By extending IM
independently to the I- and Q- domains, OTFS with in-phase
and quadrature IM (OTFS-I/Q-IM) was proposed in [28]. OTF-
S with improved IM (OTFS-IIM) was proposed to enhance the
bit error rate (BER) performance by transmitting each index
twice [29]. Considering the Doppler spread caused by the off-
grid Doppler shifts, Doppler-IM with OTFS (DoIM-OTFS)
that activates a block of Doppler resource bins was proposed in
[30]. The diversity and peak-to-average power ratio of OTFS-
IM were investigated in [32]. IM is also available for OTFS
based uplink multiple access (MA) in [33], aiming to provide
OTFS-MA with more flexible resource utilization and serve
more users. OTFS-IMMA activates a subset of available DD
resources through IM to allow multiple users to share the same
DD resources.

Due to the more complex signal structure of OTFS-IM,
detection design for OTFS-IM also deserves attention, as
detections for OTFS cannot be employed directly. Minimum
mean squared error (MMSE) equalizer was adopted to de-
tect the symbol bits and index bits in [26]-[29], while the
high complexity of MMSE due to matrix inverse operator
is intractable in practice. In order to achieve a compromise
between reliability and complexity, the customized message-
passing (MP) detector for DoIM-OTFS was proposed in [30]
as well. A multi-layer MP detection for DoIM-OTFS was also
proposed in [31], which with faster convergence and higher ac-
curacy by introducing additional pattern nodes. A symbol-by-
symbol aided expectation propagation (SS-EP) detector was
designed for OTFS-IM in [34] as well as its low complexity
improvement. Performing MP detection by treating each IM
symbol as a whole vector, the vector-by-vector-aided MP (VV-
MP) detector was proposed in [35].

However, the existing OTFS-IM schemes use separate map-
ping, which divides the information bits into two parts that are
mapped to an GAP and conventional modulation symbols, re-
spectively. Because of this, they must fix the number of active
grids in DD domain and the cardinality of the constellation.
Changing the number of active grids and the cardinality of
the constellation causes a variable length of information bits,
resulting in ambiguous detection at the receiver and making
resource scheduling and allocation difficult. The proposed
scheme solves the above problems and without imposing
any artificial constraints. The contributions of this paper are
summarized as follows:

e« We propose a novel transmission scheme termed en-

hanced OTFS with index modulation (E-OTFS-IM) where

the number of active grids transmitting modulation sym-
bols from any cardinality of constellations is allowed to
be changed. The proposed E-OTFS-IM scheme avoids
the ambiguous detection by transmitting a constant length
of information bits through joint-mapping. We design a
computationally efficient encoding method for this joint-
mapping suited for the practical case of larger parameters.
We also modified the MP detector to adapt it to the
proposed E-OTFS-IM. And a max-sum (MS) based MP
detector is proposed to further reduce the detection com-
plexity. By deriving an upper bound on the asymptotic
average bit error probability (ABEP) with the optimal
maximum likelihood (ML) detector, we determine the
diversity and coding gain of the E-OTFS-IM.

o We further propose E-OTFS-IM with in-phase/quadrature
(E-OTFS-IM-IQ) scheme with better reliability and high-
er transmission rate than E-OTFS-IM. By extending the
principles of E-OTFS-IM to I- and Q- branches indepen-
dently, another degree of freedom can be added to the
system for improving SE and resource utilisation in the
DD domain. We also propose the corresponding compu-
tationally efficient encoding method and the updated MP
detector for E-OTFS-IM-IQ.

o Simulation results confirm that the derived upper bound
for ABEP is tight in the high signal-to-noise ratio (S-
NR) region, and show that E-OTFS-IM improves the
BER performance of conventional OTFS and OTFS-
IM. Furthermore, E-OTFS-IM-IQ achieves better BER
performance than E-OTFS-IM at the same SE.

The rest of this paper is organized as follows. The system
model of conventional OTFS-IM is reviewed in Section II.
Ambiguous detection caused by variable active grids is ex-
pounded in Section III. In Section IV, we propose the E-OTFS-
IM scheme and its low-complexity detection. The analysis of
BER performance is presented in Section V. In Section VI,
the E-OTFS-IM-IQ scheme and its low-complexity detectors
are proposed. The simulation results and comparisons of BER
performance are presented in Section VII. This paper is ended
with conclusions in Section VIII.

Notations: Matrices and vectors are denoted by upper- and
lower- case boldface letters, respectively. (Z) represents the
number of combinations to take k elements from n different
elements. ® is the Kronecker product. [-] and |-] denote ceil
function and floor function operations, respectively. (-)7 and
() stand for transpose and Hermitian transpose, respectively.
The probability of an event is denoted by Pr(-). The operator
E[] represents expectation. The Euclidean norm is denoted by
| - || and the O-norm is donated by || - ||o- Q(-) represents the
Gaussian @-function. F stands for N-point discrete Fourier
transform (DFT) matrix.

II. REVIEW OF CONVENTIONAL OTFS-IM SCHEME

Consider an OTFS-IM system with M subcarriers and N
symbols, where the subcarrier spacing and symbol duration
are Af and T, respectively. A 2D phase shift keying (PSK)/
quadrature amplitude modulation (QAM) constellation S is
adopted. A total of B incoming bits are divided into G groups,
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Fig. 1. Block diagram of OTFS-IM by separate mapping.

each of which contains b = B/G bits. Each group of b
information bits is mapped to an OTFS sub-block of size
n = MN/G in the DD domain. In each sub-block, there
are M’ grids along the delay dimension and N’ grids along
the Doppler dimension, so the size n of each sub-block can
also be calculated as n = M’N’. Each sub-block consists
of an M’ x N’ signal matrix. Let k be the fixed number of
active grids in each sub-block. Thus, there are (}}) GAPs. k
modulation symbols from the constellation S are carried by
the active grid indices of a chosen GAP, and “0”s are carried
by the inactive grid indices. The conventional information bits
to a sub-block realization mapping is referred to as separate
mapping. Information bits in the OTFS-IM scheme mapped to
one sub-block are divided into two parts as shown in Fig. 1.
The first Uog2 (Z)J bits are mapped to GAPs, and the second
klog,(|S|) bits are mapped to modulation symbols from a 2D
constellation S. The SE of OTFS-IM is

o= ([rosa(7) |+ momatsn) . v

The fixed number of active grids limits the potential of
OTFS-IM. We will expound the phenomenon of ambiguous
detection that occurs as a result of conventional separate
mapping with variable active grids in a sub-block in the next
section.

M =

III. AMBIGUOUS DETECTION IN OTFS-IM SYSTEM WITH
VARIABLE ACTIVE GRIDS

Let k1,....,kr (0 < k1 < ... < kr < n) denote the numbers
of active grids allowed in any OTFS sub-block and R is the
total number of cases of the variable active grids. For example,
in the case of n = 4, R = 2, k1 = 1 and ko = 3, the number of
activated grids in a sub-block of size four can be one or three.
i.e., the activation ratio of grids in the sub-block can be varied.
This suggests that different grid activation ratios can be applied
to different sub-blocks. Let us consider the case of separate
mapping wherein b = by + bs bits are mapped to a sub-block.
Here, b; and by denote the number of bits mapped to the GAP
and the symbols from constellation S, respectively. The total

number of GAPs is 3217, (1), thus by = Pogz i (;?)J7

which is constant for choosing a single pattern for transmission

from the possible GAPs. The number of bits mapped to the
symbols from constellation S is by = k;log,(|S]), where k;,
1 =1,..., R, is the number of active grids in any sub-block.
Now, k; varies for each sub-block, which also varies the total
number of b for each group. This creates ambiguous detection
at the receiver, as the receiver might detect wrong number of
bits.

Consider an example with n = 4, R = 2, k; = 1 and
ko = 3. All the GAPs are shown as

1 0 0 0 1 1 1 0
0 1 0 0 1 1 0 1
Ol 710 (1] [O|1[ (O] (1| |1
0 0 0 1 0 1 1 1

In each GAP, “1” means that the grid is active and “0”
means that the grid is inactive. The total number of GAPs
is (‘11) + (3) = 8, and log,(8) = 3 bits are mapped to the
GAPs. However, the number of symbols from constellation
S in each sub-block changes with different number of active
grids, resulting in one or three symbols. Because the receiver
lacks this knowledge, the incorrect number of symbols might
be detected. As a result, the total amount of bits in a frame
might be incorrectly detected.

Ambiguous detection can be avoided by imposing artificial
restriction, such as fixing the total number of active grids
in an OTFS transmission block and therefore the number of
transmitted symbols in a transmission block. Ambiguity in
detection can be resolved by detecting a fixed number of
transmitted symbols in the entire OTFS transmission block.
Considering that this approach requires detection based on
the entire OTFS transmission block, the inability to detect
symbols and indices for each sub-block individually may lead
to a high detection complexity. This is the biggest drawback
of this approach.

It is also possible to use constellations with different car-
dinalities for variable active grids resulting in a constant b,
, similar to the approach in [36]. However, the cardinalities
of these constellations must meet certain conditions, which
makes certain constellations not applicable for all k;s. Still, it
is possible that constellations with huge cardinalities have to
be used, which severely degrades the BER of OTFS-IM. For
example, for constellations Sy, Sz and Ss corresponding to
k1 =1, ke = 3 and k3 = 5, respectively, their cardinalities
must satisfy |S;| = 21%%, |Sy| = 257 and |S3| = 2%* for fixed
by, where z € Z7.

IV. THE PROPOSED E-OTFS-IM SCHEME

We now propose the E-OTFS-IM scheme to enhance the
OTFS-IM by varying the number of active grids in each OTFS
sub-block avoiding ambiguous detection without imposing any
artificial constraints. Furthermore, these active grids can carry
modulation symbols from any constellation without restriction.

A. Implementation of E-OTFS-IM

In E-OTFS-IM, the allowed numbers of active grids in a
sub-block with n grids are ky,ko,....kr (0 < k1 < ko <
... < kr <n). The 2D constellation S; is used for the GAPs
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Fig. 2. Block diagram of E-OTFS-IM by joint mapping.

with k; active grids for ¢ = 1, ..., R. Denote the GAP with k;
active grids as a = [ay, ag, ...,a,])T € {0,1}™*L, ||la]o = ki,
where a; = 1 if the j-th grid is active, and a; = 0, otherwise.
Furthermore, the vector form of the g-th sub-block in the DD
domain by combining the chosen GAP and symbols can be
denoted as

) 2
where 29 € {0,S;} for g = 1,..,G and j = 1,...,n. The
GAP for x9 can be presented by a? = [a{, a, ...,a?]T with

1, ifz?¢es;
a,g fr— ’ J v 3
7 {0, i 27 = 0. ©)

T
x9 = [2f,29,...,29]

Let X be the set of possible sub-block realizations. The
total number of possible GAPs is Zil (/). The number of
sub-block realizations associated with one GAP with k; active

grids is |S;|*:. Thus, the total number of all possible sub-block

realizations is "
~/n
=3 (1 )is

i=1

ki, 4)

Even with variable active grids and modulation symbols from
any constellation, the total number of possible sub-block
realizations |X| is a constant. Therefore, we can jointly map
information bits of constant length b to a sub-block such that

b= [logy|X|] = {bgz [Z (Z) |Sz|le ; &)

i=1
resulting in an SE of

Gb 1

=N T L

The required sub-block is chosen from a mapping table. The
mapping table activates the grids, and chooses the symbols
carried by the activated grids based on the information bits of
length b, denoted b, transmitted by the sub-block as shown
in Fig. 2. This alleviates the problem of ambiguous detection,
as E-OTFS-IM achieves bijective mapping between constant-
length information bits and sub-block realizations. We provide
an example of E-OTFS-IM for illustration withn = 8, k; = 2,

log,| 1] . (6)

TABLE 1
MAPPING TABLE OF E-OTFS-IM WITH n =8, k; = 2,
ko = 3, 4QAM FOR &; AND BPSK FOR S;

Z Information Bits Sub-block

0 000000000 [—% + 2 V2 ?i,O,o,o,o,o,o]T
1 000000001 [—? NREVEFRE @i,o,o,o,o,o,o]T
2 000000010 [—72 + 24, M2 4 @i,o,o,o,o,o,o]T
447 110111111 [0,0,0,0,0,0,gféi,gfgzrﬂ
448 111000000 [-1,-1,-1,0,0,0,0,0]
449 111000001 [-1,-1,1,0,0,0,0,0]"
450 111000010 [-1,1,-1,0,0,0,0,0]
510 111111110 [1,0,0,1,—1,0,0,0]T
511 111111111 [1,0,0,1,1,0,0,0]

ko = 3, 4QAM for S; and BPSK for S,. This means that
for a sub-block consisting of 8 grids, two of the eight grids
may carry 4QAM symbols or three of the eight grids may
carry BPSK symbols. In this case, there are totally |X'| = 896
possible sub-block realizations from (4), leading to totally 9
bits transmitted through a sub-block (b = 9) and 512 allowed
sub-block realizations for transmission. The corresponding
mapping table is given in TABLE I. From TABLE I, the sub-
block can be directly obtained by certain information bits.

By mapping all G sub-blocks, the OTFS block creator
generates a DD domain symbol X pp whose vectorized form
is

x = vec(Xpp) = [ml,xg,...,xMN]T. @)

The transmitted symbols in the DD domain are then converted
to the time-frequency domain by the Inverse Symplectic Fouri-
er transform (ISFFT) operation. Then through the Heisenberg
transform and the pulse-shaping waveform g (t), the transmit
signal in the time domain can be presented by

Xt = GuFYy; (FyXppFy) = GuXppFy.  (8)

We assume that the sampling interval is T/M and Gix =
diag [gtx(o)vgtx(T/M)7"'7gtx((M_ 1)T/M)] € CMXM
represents the filter operating at the transmitter. Vectorising
X in column-wise yields a one-dimensional vector xp €
CMNX1 " which is transmitted over a time-varying channel
after the addition of a cyclic prefix (CP).

After removing the CP, the received vector in the time
domain can be presented by

r=Hrxt +n, &)

where n ~ CN (0, Ny) is the additive Gaussian noise. The



channel matrix in the time domain is given by [8]

P
HT = Z hiHLiA’ii+€i’ (10)
i=1
where the forward cyclic-shift —matrix II
circﬁ[O,l,O,...,O]}}N“} € CMNxMN A

diag [1,exp(—27j/MN), ...,exp(—27j (M N — 1) /M N)]
and P is the number of propagation paths. The channel
gain, delay and Doppler taps of the i-th path are defined as
hi, 7, = #Af and v; = % respectively, where ¢; and
k; represent integer delay and Doppler taps and ¢; denotes
the fractional Doppler. The received vector r € CMN*1 jg
rearranged into R € CM*N_ The Wigner transform with
the pulse-shaping waveform g, (7) is then applied to R,
followed by the Symplectic Fourier transform (SFFT). The
received signal in the DD domain can be presented by

Y = F{, (Fy;GR)Fy = G RFy. (11)

Here, G, = diag [grx(0)7ng(T/M)7 ey ng((M - 1)T/M)] €
CMXM represents the filter operating at the receiver. By
vectorising the Y in column-wise, organising (8), (9), and
(11) yields

y = (Fn ® Gu) Hr (FF @ Gix) x + (Fy @ Gyx)

" a2
= Hx 4+ w.

The joint maximum a posteriori detection rule for estimating
the transmitted signals is given by

x= argmax Pr(x|y,H), (13)

x€{0 US‘}Mle

where § = %, S,

B. Efficient Encoding Method

Explicitly, utilizing a mapping table is quite straightforward,
and the ambiguity in detection can be avoided due to constant-
length information bits by jointly considering GAPs and 2D
modulation symbols. For large values of n, R, k;s and |S;|s,
the size of mapping table will become prohibitively large.
Implementation of an encoding map by a mapping table with
very large size is impractical. To address this issue, we propose
a more efficient E-OTFS-IM mapping method.

The following encoding procedure maps the information bits
b with constant length b to sub-block.

1) Convert b to a decimal number Z, Z € [0,2° —1].
Determine the indication parameter r according to

1, Ze o, (2)sM - 1]

2, Ze|(M)ISF, (7)IS| 1
L relwiseiese ]

R7 VRS |:(k}:;1)|SR*1|kR7172b_li|
Determine the number of symbol bits by = k, log, |S;|
and the number of GAP bits is by = b — by. Denote the
first b; bits and the remainder by bits of b as by and bs,
respectively.

I
I
i I
b blt% R Zc |
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I
‘ |
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Fig. 3. Block diagram of the proposed efficient encoding method for the g-th
sub-block.

2) For r = 1, set the compensation value Z. = 0. For r #
1, convert (," )|S,—1|"~* to the binary sequence b’ of
length b and convert the first b; bits of b’ to the decimal
number Z..

) Convert by to the decimal number Z; and subtract Z. from
Z7. The difference Z; — Z, is fed into the index selector to
obtain the indices of active grids through the combinatorial
method in [19]. The GAP is then obtained from the indices
of active grids.

4) Select k, constellation points independently from the con-
stellation S,. according to bs.

5) Construct the sub-block x9 = [z, ...,
the GAP and symbols.

The above procedure is illustrated by a block diagram in Fig.
3. The module in the dashed line in Fig. 2 can be directly
replaced by the module in Fig. 3.

Remark: The index selector requires the input to be contin-
uous integers starting from zero. This method is implemented
by mapping an all-zero sequence representing 0 to an all-
one sequence representing 2° — 1 into sub-block realizations
in the order of active grid numbers k; to kg. As a result,
7 = 1 must meet the input requirement of index selector. For
1 =1,2,..., R—1, the sub-block realizations with k; 1 active
grids begins to be mapped only when all ( ;L) |S;|** sub-block
realizations with k; active grids have been mapped, which
leads to the input of index selector for k;;; active grids to
start at Z.. This corresponds to the cases of r = 2,3,..., R.
Therefore, Z. needs to be subtracted from Z; in order to meet
the input requirement of the index selector.

We also take n = 8, k1 = 2 and ko = 3 with 4QAM for
S1 and BPSK for Sy to demonstrate how this method works.
There are 512 allowed sub-block realizations for transmission,
thus b = 9 bits can be transmitted by a sub-block. Without
losing generality, we take g-th sub-block to illustrate.

Convert b to decimal number Z. According to (14), the
interval [0, 511] where Z is located is divided by (knl) S|k =
(5)4% = 448 into two sub-intervals [0,447] and [448, 511].

If Z € [0,447], this means that two 4QAM symbols are
selected and two of the eight grids are activated to carry these
two 4QAM symbols. In this case, r = 1, by = 2log,(4) = 4
and by = 9—4 = 5. The first 5 bits and the remainder 4 bits of
b are considered as b; and bs, respectively. The compensation

291" by combining




value is Z, = 0. Convert by to Z; and feed Z1 — Z. = Z; into
the index selector to obtain the the indices of active grids and
the GAP a9. The two selected 4QAM symbols s9 = [s1, s2]7,
s1, 89 € &1 are obtained according to bs. Then, construct the
sub-block x9 by combining aJ and s9.

If Z € [448,511], this means that three BPSK symbols
are selected and three grids are activated from the eight grids
to carry these three BPSK symbols. In this case, r = 2,
by = 3logy(2) = 3 and by = 9 — 3 = 6. The first 6 bits
and the remainder 3 bits of b are considered as b; and bo,
respectively. Convert (" )[S,—1[F—1 = (;1)[Si|" = 448
to the 9-pit binary sequence b’ = [111000000]. Then convert
the first six bits of b’, [111000], to decimal as Z. = 56. This
means that the input of index selector for ky = 3 starts from
56, which does not satisfy the input requirements of the index
selector. So in this case, after by is converted into decimal
Z1, Z. = 56 needs to be subtracted from Z;. The indices
of active grids is obtain from Z; — Z, via the index selector
and the GAP a“ is also obtained. The three BPSK symbols
s9 = [s1, 52, 83]T, 51, 52, 53 € Sy are obtained from by. Then,
construct the sub-block x9 by combining a¥ and s9.

Here is a concrete instance. Assuming the incoming infor-
mation bits b = [111111110] with Z = 510, we have r = 2,
b = 3 and by = 6. The compensation value is Z, = 56.
Covert the first six bits by = [111111] to Z; = 63 and input
Z1 — Z, = 63 — 56 = 7 into the index selector to obtain
the indices of active grids {1,3,4}. According to {1, 3,4},
the GAP a’ = [1,0,0,1,1,0,0,0]7 is obtained. Map the
remaining three bits by = [110] to obtain three BPSK symbols

9 = [1,1,—1]T. Activate the first, fourth and fifth grids of
the g-th OTFS sub-block to carry 1, 1, and —1 respectively,
and construct the sub-block x9 = [1,0,0,1,—1,0,0,0]7. ®

C. Updated MP Detection

MP algorithm is a practical choice to trade off between
the reliability and detection complexity. In this subsection, the
updated MP algorithm for E-OTFS-IM is developed.

H is a sparse matrix and only L elements out of M N are
non-zero in each row and column of H. Let Z(d) and J(c)
denote the sets of indexes with non-zero elements in the d-th
row and c-th column, respectively. The system can be modeled
as a sparsely-connected factor graph. In this factor graph, each
observation node y[d] is connected to the set of L variable
nodes {z[c|,c € Z(d)}. Similarly, each variable node x[c] is
connected to the set of L observation nodes {y[d],d € J(c)}.
For the updated MP algorithm, its steps in the ¢-th iteration
are described as follows.

(®) ()2

1) The mean p,, . and variance (o d, 1)? of the interference term

5((1’1): are passed as messages from y[d] to {z[c],c € Z(d)}.
C(lti can be approximated as a Gaussian random variable,

which is given by

Y= alH

e€Z(c),e#c

[d, e] + wld]. (15)

The mean and variance of ft(it(): are given by

W= Y Y @ (o
e€Z(c),e#cze{SU0}
and
@iy = 3 ST Pl V(@) |Hd, e]af
e€Z(d),e#c \ze{SU0}
2
— Z p(t 1) H[d,e]x + o2
ze{SU0}
(17)

The variable node z[c] calculates the probability according
to

® :
yld] — pq — Hld, cJz

(i)

2) The message from variable nodes z[c] to observation node
{yld],d € J(c)} can be calculated by

PO e I Pr(yle] | «ld]
e€J(c),e#d

((;Z(x) xexp | —

(18)

=z, H)

(t) 19)

_ H e,c()

(t)
e€J (c),e#d ZZEE{SUO} C ( )

With a damping factor A € (0, 1], the practical message
from z[c] to y[d] is

p@) = A pl V(@)

3) Calculate the convergence indicator 7(*) as
| MN

v 2! (
e=1

where () is indicator function, and

(t)

ee()
H @

cc () 2azefSuo} See(T)

A (@) + (1-A) - (20)

max
ze{SU0}

pP(z) >1— e>, 1)

P (@) =

(22)

If v > =1 then update the probability vector of
symbols as p. = pct) forc=1,2,...., M N.

4) Repeat the above steps till v(!) = 1 or the maximum
number of iterations, t,,.:, 1S reached.

Once the stopping criteria are satisfied, we next calculate
the log likelihood ratio (LLR) of each grid according to

2 Pe(T)
Ae) = In=2e"— = »MN. (23)
(© pc(0)
The processed LLR values are calculated as
A = [Ho(A(1)), Ho(A(2), .. Ho(A(MN))]*
o T (24)
= [AT, AL, .. AE]
where A, = [Ho(Ag(1)), Ho(Ag(2)), ..., Ho(Ay(n))]” is used
.. 1, >0
for GAP estimation for g-th sub-block. Hy(x) = 0. z<0



is the Heaviside step function. Determine the Hamming dis-
tance between Xg and each legitimate GAP, and find the
set of possible legitimate GAPs associated with the smallest
Hamming distance d,;,, denoted A. If dp,, = 0, 5\9 is the
estimated legitimate GAP. If dn;, > 1, reverse the element
with the smallest LLR magnitude in A, to reduce the minimum
Hamming distance until dpy, = 1. If dpyy = 1, find the
positions in j\g which is different from GAPs in A4 and
reverse the element with the smallest LLR magnitude to get the
estimation of GAP. Finally, determine the modulation symbols

over these active grids as

[c] = argmaxpc(z), c€A, (25)

zeS

where A is the set of active grids. Thereafter, the reverse
procedure of the encoding procedure mentioned in the last
subsection is implemented sub-block by sub-block to obtain
an estimate of the transmitted information bits.

The computational complexity of the U-MP detection for
E-OTFS-IM scheme in each iteration is dominated by (16),
(17), (20), (21) and (25). To sum up, the U-MP detection has

a complexity order O (tmaIMNL (’S‘ + 1))

D. Max-sum Based Updated MP Detection

Obviously, a large number of division operations are re-
quired to compute p. 4 in each iteration, which introduces a
significant complexity. In this subsection, MS based updated
MP (MS-U-MP) detection is proposed to achieve a reduction
in division operations by MS approximation strategy [37],
which alleviates the complexity of the implementation, but
with some performance loss.

We calculate the MAP rule (13) by the following approxi-
mation:

Z[c] =argmax Pr (z[] = z|y, H)
ze{SU0}
=argmax Pr (z) Pr (y|z[c] = 2, H)

ze{Suo}
H Pr
deJ (c)

(26)

~ arg max p.(z =z, H) .

ze{SuU0}

The interference term is still approximated by a Gaussian
random variable, the same as the expression in (15). The mean
and variance of the interference in the ¢-th iteration are given
in (16) and (17), respectively.

The variable node z[c] first computes the LLR as

(t-1)

~(t) DPe (Z‘) Heej(c),wéd Pr( [e] | q;[c] — iL‘,H)
ac‘,d(x) :log (t—1)
Pc (S) Heej(c)ﬁ#d Pr(y[e] | x[c] = s, H)
(t—1)
De (2) Pr(y[e} ‘ [C] =z, H
=log + og
gt_l)(s) eEJ%):,e;éd Pl‘(y[e] | l’[C] =S, H)
(t—1) ()
De x ee(T
=log— 1)( ) + Z og (t)( )'
c (S) e€J(c),e#d Ce,c(s)

Here, s € Su O}. Then, the message from variable nodes
x[c] to observation node {y[d],d € J(c)} can be calculated

by
exp (a)(x))
~(t :
er{éuo} exp (aié(@)
By taking logarithms on both sides of (28) and re-

placing >, (500 €XP (&Etzl(m)) with the dominant term

@) =

(28)

( ﬁﬂl( ))), we can obtain

exp [ max
zeSU0
IC )Nexp< O@) — max (&l ))> (29)
z€SU0

To compensate for the loss due to approximation while
maintaining a similar computational complexity, we use here
the normalised MS, which gives a better approximation by
multiplying (29) by a positive scaling factor p less than 1.
In addition to extensive simulation, p can be selected by
interpolation method [37] or deep neural network method [38].
With a damping factor A € (0, 1], the practical message from

x[c] to y[d] is
p{(@) =
The posterior LLR for each transmitting symbol is given as
o (@) Meeg o Prvle] | 2ld = = H)
& () = log ,
(s) [Leeg (o) Pr(yle] | z[c] = s, H)

and the posterior probability is given as
e (3)
> re{guoy EXP (agt)(x))

The convergence indicator is also calculated by (21). The
criterion for convergence and the subsequent process are the
same as those in Section IV-C.

A-p® - plh(@) + (1=4) - pl (@), (30)

(t—1

PP (z) = (32)

The U-MP detection calculates the probability according
to (19) and (22), which require M N L division operations
per iteration. The proposed MS-U-MP detection achieves an
effective reduction in computational complexity by eliminating
a large number of division operations. Compared to the
original U-MP detection, MS-U-MP detection can achieve less
performance loss by adding a small number of multiplications,
which puts only a small pressure on the complexity.

V. PERFORMANCE ANALYSIS

In this section, we derive an ABEP upper bound of E-OTFS-
IM for the ML detector. Substitute the channel representation
in (10) into the input-output relationship in (12) and rewrite
the input-output relationship as [6]

P
Y= hi(Fy ®Gr) A% (F @ G) x + W
=1
= ®(x)h +w,
(33)
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Fig. 4. Comparison of ABEP and simulation results of E-OTFS-IM.

where h = [hq, ..., hp]T, and ® is expressed as
x
@(X) = E‘l ‘ e ‘ EP
— —
MNxMN MNxXMN x PMN3X4P
with 2, = (Fy ® Gy TT“ A%+ (FY ® Gy, ). For the

above system, the conditional pairwise error probability (PEP)
for misjudging the transmitted x as X can be expressed as

®(x — %)h|?

pre 5 1) = @ [ 12U
(35

B h#¥(x —x)h

a 2N, ’
where ¥(x — %) = ®7(x — X)®(x — %X). Denote y =
H N

%ﬁ;x)h, according to the exponential approximation

Q(z) ~ %e‘é + fe —32° [39], the PEP can be derived as

1 1 _»
P ~E, —e 53X ).
r(x = X) <12 —|—4e 3 )

Since ¥(x — X) is a non-negative definite Hermitian matrix,
there exists a unitary matrix U and an eigenvalue matrix
A = diag (A, ..., A\p) satisfying ¥(x — x) = UHAU.

Thus, x can be rewritten as x = 5 11\,0 Z ’h

r = rank (¥(x — X)), Ass are the non- zer0~elgenvalues of
W¥(x — x), and hy is the g-th element in h = Uh with

hy ~ CN (0,1/P). The moment generating function of y is

T -1
_ H 1— )\qS
INoP)

q=1

M\X

(36)

, where

M, (s) (37

By substituting (37) into (29), we can obtain the expression
of PEP as

Lol
Pr(x—>x)z12H<l+4NZP) +- H(
q=1

3NOP>
(38)

According to the union boundary technique, the ABEP can be
upper bounded by

1 N -
P, < BoB ;Ze(x, x)Pr(x — %),

where B indicates the total number of bits transmitted in an
OTFS frame, and e(x, %) is the Hamming distance between
binary sequences associated with x and x.

Furthermore, for high SNRs, (38) can be expressed as

ST =" VI N ISR U
Pr(x —» %)~ — < ) +4(£[1<3N0P>

12 4N, P
q=1
r 1/r -r
1 1
— A
12 (H q) 4N, P

g=1

r 1/r 1
(H A") 3N, P
(40)

qg=1
We observe that the order of diversity of the E-OTFS-IM sys-
tem is determined by 7, which is G4 = %ninA : r. The coding
X—X

1/r
gain of the E-OTFS-IM system is G, = v(rnir{ : (H;Zl )\q> .

In Fig.4, we compare the BER curves detected by the ML
detector and the curves for the derived ABEP upper bound.
The parameters are M = 4, N = 4 and subcarrier spacing
Af=3.75 kHz. The velocity of mobile user is set to 253
km/h. The parameters of the considered two systems are (1)
P =2 G=4k =1, kg = 3, 4QAM and BPSK for
S; and S,, respectively; and 2) P = 4, G = 2, ky = 2,
ko = 4, BPSK for &; and S;. The two considered systems
have the same SE of 1.25 bps/Hz. It can be seen that the
theoretical bounds get closer to the simulation results as the
SNR increases, and match the simulation results well at high
SNR. This verifies the validity of the derived upper bound. It
can also be observed that larger diversity can be used to obtain
better BER performance with the increase of the number of
independent multipath P.

(39)

—r

VI. THE PROPOSED E-OTFS-IM-IQ SCHEME

In E-OTFS-IM, the 2D modulation symbols in each sub-
block is transmitted jointly via I- and Q-branches. Alternative-
ly, decoupling the I- and Q-branches can add another degree
of freedom to the system and thus make a faster increase in
SE. In this section, we extend the principles of E-OTFS-IM
to I- and Q-branches independently and propose the E-OTFS-
IM-I1Q scheme.

A. Implementation of E-OTFS-IM-1Q

For convenience of illustration, we follow a similar notation
to Section IV. We apply two pulse amplitude modulation
(PAM) constellations S; and S; standing for the real and imagi-

—1nary parts of an amplitude-phase constellation S;, respectively.

The allowed numbers of active grids in a sub-block with n
grids for I/Q branches are kq, ko, ...,k (0 < k1 < ks < ... <
kr < n). Denote the GAP with k; active grids for the I-branch



as a = [ay,...,an|T € {0,1}"*%, ||a|lo = ki, where a; = 1 if
the j-th grid is active for the I-branch, and @; = 0, otherwise.
Furthermore, the vector form of the g-th sub-block in the DD
domain for the I-branch can be denoted as

; (41)
where 7 € {0,8;} for g = 1,...,G and j = 1,...,n. The

_ g - —g1T
x9 = [zY,29,...,79]

GAP for x9 can be presented by a% = [a{,a, ...,a%]” with
. _g 74
a? = 1 ?f ?IJ €Si (42)
J 0, ifzf,=0.

The Q-branch is modulated in a similar manner. The vector
form of the g-th sub-block in the DD domain for the Q-branch
is denoted as

g

<9 — (79 79 59
X9 =[2],%5,..,T

}T

; (43)
where 77 € {0,S8;} for g = 1,..,G and j = 1,....,n.
Afterwards, the two sub-blocks for the I- and Q- branches
are combined to obtain the vector form of the g-th sub-block
x9 £ [29,..29]T = %9 + jx9. Let X7 and Xy be the sets
of possible sub-block realizations for I- and Q- branches,
respectively. The total number of possible GAPs for I/Q branch
is Y (1)- Thus, the total number of all possible sub-block
realizations for the I-branch is
R

=3 (i)

i=1

ki (44)

Similarly, the total number of all possible sub-block realiza-
tions for the Q-branch is

R
n Sk
Xl =3 ()1

i=1

(45)

After obtaining the sub-block realizations for both of the
I- and Q- branches, the total number of possible sub-block
realizations for transmission can be calculated as |X;]| - |Xg|.
Therefore, we can jointly map information bits of constant
length |log, (|X7] - |[Xgl])] to a sub-block, and the SE of E-
OTFS-IM-IQ is thus

1
Mme-1q = [logy (|X1] - [ Xgl)] -

For clarity, we provide an example of E-OTFS-IM-IQ with
R=2k =1, ko =2 and n = 4,8 in Table II. It can
be observed that for the same modulation order, the SE of E-
OTFS-IM-IQ can even reach twice the SE of E-OTFS-IM. It
is clear that E-OTFS-IM-IQ with lower order constellations is
able to achieve the same SE as E-OTFS-IM with higher order
constellations. This suggests that E-OTFS-IM-IQ may achieve
better BER performance than E-OTFS-IM.

(46)

B. Efficient Encoding Method

The mapping of the b bits to a sub-block can also be
implemented by either a mapping table or a designed efficient
encoding method for E-OTFS-IM-IQ. In this subsection, we
propose a computationally effective E-OTFS-IM-IQ encoding
method, which maps the information bits b of constant length
b to sub-block, as described below:

TABLE II
SE COMPARISON FOR E-OTFS-IM-IQ AND E-OTFS-IM
WITH R=2, k1 =1, ka =2 and n =4,8

n Constellations SE
4 I:[2PAM, 2PAM] Q:[2PAM, 2PAM] 2.5
4 [BPSK, BPSK] 1.25
4 [16QAM,16QAM] 2.5
8 L:[2PAM, 2PAM] Q:[2PAM, 2PAM] 1.75
8 [BPSK, BPSK] 0.875
8 [32QAM,32QAM] 1.75

1) Convert b to a decimal number Z, Z € [O, 2b 1].
2) Calculate the parameters according to the following formu-

la 7
zl_{

WQ'J Zg=mod (Z,|Xgl).  @7)

3) Convert Z; to a binary sequence b of length [log, (|X7])],

and convert Zq to a binary sequence b of length
Mog, (| Xo])].

4) Map b and b according to the method in Section IV-B to
construct X and X, respectively. The complex sub-block for
transmission is X = X + jX.

We take n = 4, k1 = 1, ky = 3, the 2PAM constellation
{1,—1} for S; ,S,, S: and S, to demonstrate the mapping
method. We assume the information bits as b = [1010101101].
Without losing generality, we take g-th sub-block to illustrate.
We have |X;| = 40, |Xg| = 40, [log, (|X7])] = 6, and
[log, (|%])] = 6.

First of all, b is converted to a decimal number Z = 685.
The decimal number representing the sub-block informa-
tion for the I-branch is calculated as Z; = |Z/|Xg|| =
|685/40| = 17, and the decimal number representing the
sub-block information of the Q-component is calculated as
Zg =mod (Z,|Xg|) = mod (685, 40) = 5.

Next, Z; =17and Zg =5 are converted to the 6-bit binary
sequences b = [010001] and b = [000101], respectively.

Then, b is used to construct X. Since Z; = 17, we have
r = 2 and the compensation value Z. = 1. Convert the first
three bits [010] to Z; = 2 and use Z; — Z. = 1 to obtain the
GAP for I-branch a% = [1,1,0,1]7. The last three bits [001]

are modulated to three 2PAM symbols 59 = [—1, —1,1]7. The
constructed sub-block for I-branch is %9 = [-1,—1,0,1]7.
Similarly, b is used to construct X. Since Zq = 5, we have
r = 1 and the compensation value Z. = 0. The first five

bits [00010] are used to obtain the GAP for Q-branch a =
[0,0,1,0]7 and the last bit [1] is modulated to 89 = [1]7T.
The constructed sub-block for Q-branch is %9 = [0,0,1,0]7.
The complex sub-block for transmission is x9 = x9 4 jx9 =
[—1,-1,j,1]7. O]



TABLE III
SIMULATION PARAMETERS

Parameters Value
Carrier frequency (GHz) 4
Subcarier spacing (kHz) 15
Number of paths (P) 4
Size of a frame (M ,N) (32,32)
User equipment speed (km/h) 506

C. Updated MP Detection

The updated MP algorithm for E-OTFS-IM-IQ can be
performed in a similar manner to that for E-OTFS-IM. The
received signal in (12) can be rewritten in the real valued

field as
{ R(y) } _ { R(H) —S(H) } { R(x) % { R(w) ]
3(y) S(H)  R(H) S(x) I(w) |’
———
Yy’ H’ x/ w’
(48)
where y/ c R2MNX1, H/ c R2]WN><2]WN’ X/ c R2MN><1 and

w’ € R2MN X1 Qubsequently, the procedures in Section IV-C
can be implemented similarly. We omit the process for the
sake of brevity. After obtaining the estimates of the real and
imaginary parts of the received signal, the reverse procedure
of the encoding procedure is implemented sub-block by sub-
block. ZI and ZQ for each sub-block can be obtained, and A
is calculated from Z = Z; - |Xg| + Zq. Finally, convert Z to
binary to get an estimate of the transmitted information bits.

VII. SIMULATION RESULTS

In this section, computer simulations of the proposed E-
OTFS-IM and E-OTFS-IM-IQ are carried out under the as-
sumption of perfect channel estimation. The simulation pa-
rameters for are shown in Table III. The Doppler parameters
are given as v; = Viaq €08(0;), Where vp,q, is the maximum
Doppler shift corresponding to the user equipment speed and
0; ~ U[—m, x| [10]. The maximum delay is Tpmaz = 7o

MAf:

We set A = 0.4, ¢ = 0.01, and the maximum iteration number
tTTL(L.'L' = 20.

The abbreviation “E-OTFS-IM  (n, {ki,...,kgr},

[S1,....Sr])” denotes the E-OTFS-IM scheme with sub-
block length n, the R allowed numbers of active grids and the
R adopted constellations. “E-OTFS-IM-IQ (n, {k1,...,kr},
[S1,...SR], [51,...,53])” denotes the E-OTFS-IM-IQ scheme
with sub-block length n, the R allowed numbers of active
grids and the PAM constellations for I- and Q- branches.
“OTFS-IM (n, k, S)” denotes the OTFS-IM scheme with sub-
block length n, k active grids and the adopted constellation.

From Fig. 5, it can be observed that “OTFS-IM (4, 3,
BPSK)” can transmit 5 bits per sub-block with the SE of 1.25
bps/Hz. E-OTFS-IM can flexibly increase the bits transmitted
per sub-block by adjusting active grids and adopted constel-
lations. It can also be observed that “E-OTFS-IM (4, {1, 2,
3}, [BPSK BPSK, BPSK])” can transmit 6 bits per sub-block
for the SE of 1.5 bps/Hz, achieving a 20% improvement in
SE compared with “OTFS-IM (4, 3, BPSK)”. In the low SNR
region, due to the protection of more silent grids, the BER
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Fig. 5. BER performance comparison of E-OTFS-IM, OTFS-IM and conven-
tional OTFS with n = 4 and BPSK.

performance of “E-OTFS-IM (4, {1, 2, 3}, [BPSK BPSK,
BPSK])” is better. In high SNR region, since the systems are
almost immune to GAP detection errors, their performance
is almost the same. Compared to “OTFS, BPSK”, “E-OTFS-
IM (4, {1, 2, 3}, [BPSK, BPSK, BPSK])” achieves a 50%
improvement in SE and a 0.75 dB performance gain at the
BER of 1073, In addition, “E-OTFS-IM (4, {1, 2}, [BPSK,
BPSK])” achieves a 0.7 dB performance gain compared with
“OTFS-IM (4, 3, BPSK)” at the BER of 1073. Since the
average number of active grids per sub-block of “E-OTFS-
IM (4, {1, 2}, [BPSK, BPSK])” is 1.75 less than 3, it is
more resilient against the Doppler effect. Compared to “OTFS,
BPSK”, “E-OTFS-IM (4, {1, 2}, [BPSK, BPSK])” achieves
a 1.5 dB performance gain at the BER of 1072 and a 25%
improvement in SE as well. It can also be seen that the
proposed MS-U-MP detection approaches the U-MP detection
with an acceptable loss of performance. Specifically, the BER
performance gap between U-MP and MS-U-MP is about 0.5
dB at a BER of 1073,

We can observe from Fig.(6a) that, for the same SE of 2
bps/Hz, “E-OTFS-IM (4, {1, 3}, [4QAM, 4QAM])” achieves
0.6dB and 2.2dB performance gain over “OTFS-IM (4, 3,
4QAM)” and “OTFS, 4QAM” at the BER of 102, respec-
tively. The inactive grids in DD domain can be regarded
as guard symbols resulting in better performance, and the
increasing number of inactive grids in DD domain can improve
the tolerability against Doppler effect. The average number of
active grids per sub-block of “E-OTFS-IM (4, {1, 3}, [4QAM,
4QAM])” is less than 3, which makes the “E-OTFS-IM (4,
{1, 3}, [4QAM, 4QAM])” have better performance. We can
observe from Fig.6b that “E-OTFS-IM (8, {1, 3}, [4QAM,
4QAM])” with the SE of 1.375 bps/Hz outperforms “OTFS-
IM (8, 5, BPSK)” with the SE of 1.25 bps/Hz. The average
number of active grids per sub-block is 2.96875, which is
much smaller than 5, leading to more inactive grids in DD
domain. Even if 4QAM is adopted, the BER performance
is better. “E-OTFS-IM (8, {3, 5}, [4QAM, BPSK])” with
the SE of 1.5bps/Hz outperforms “OTFS-IM (8, 5, BPSK)”,
and a noticeable performance gain appears in the region of
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Fig. 6. BER performance comparison of E-OTFS-IM, OTFS-
IM and conventional OTFS with (a) n = 4; (b) n = 8.
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Fig. 7. BER performance comparison for E-OTFS-IM with different config-
urations.

SNR > 6 dB. The sub-blocks with three active grids and
4QAM provide better BER performance. The variable number
of active grids in the E-OTFS-IM leads to a larger number of
sub-block realizations with a large Euclidean distance. From
the above observations, it can be concluded that by subtly
adjusting the active grids and adopted constellations, both SE
and BER performance can be improved.

To further observe the effect of variable active grids and
different constellations on performance, in Fig.7, we compare
the BER performance of E-OTFS-IM with n = 8. It can be ob-
served that as SNR increases, “E-OTFS-IM (8, {3, 5}, [BPSK,
BPSK])” exhibits the worst performance of all systems. This
can be explained that the sub-blocks with five active girds and
BPSK are predominant for “E-OTFS-IM (8, {3, 5}, [BPSK,
BPSK])” (1600 of total 2048 possible sun-block realizations),
while the sub-blocks with three active grids and 4QAM are
predominant for the other four systems. Since the sub-blocks
with three active grids and 4QAM outperform significantly
the sub-blocks with five active grids and BPSK, this leads to
“E-OTFS-IM(8, {3, 5}, [BPSK, BPSK])” exhibits the worst

| —B— E-OTFS-IM(4.{1,3},[AQAM.8QAM])
—H— E-OTFS-IM-1Q(4,{1,3},[APAM,2PAM],[APAM,2PAM])

—6— E-OTFS-IM(8,{1,3},[BPSK,8QAM])
—— E—OTFS—IM—IQ(8,{1,2},[2PAM,2PAM],[2PAM,2PAM])&
0 2 4 6 8 10 12 14
SNR(dB)

Fig. 8. BER performance comparison of E-OTFS-IM and E-OTFS-IM-IQ with
different configurations.

performance. “E-OTFS-IM,(8, {1, 3}, [SQAM, 4QAM])” with
the SE of 1.375bps/Hz and “E-OTFS-IM (8, {3, 5}, [4QAM,
BPSK])” with the SE of 1.5bps/Hz achieve a close perfor-
mance. And in the high SNR region, the performance of “E-
OTFS-IM (8, {1, 3}, [8QAM, 4QAM])” is slightly inferior
to “E-OTFS-IM (8, {3, 5}, [4QAM, BPSK])”. This can be
explained that although the sub-blocks with three active grids
and 4QAM is predominant, 8QAM causes the performance
loss compared to BPSK and 4QAM. Not only that, “E-OTFS-
IM (8, {3, 5}, [4QAM, BPSK])” has a higher SE than “E-
OTFS-IM (8, {1, 3}, [8QAM, 4QAM])” and “E-OTFS-IM (8,
{3, 5}, [BPSK, BPSK])”. From the above observations, it can
be concluded that not only SE can be improved by adjusting
k;s and different constellations, but also BER performance
can be improved. “E-OTFS-IM (8, {1, 3}, [4QAM, 4QAM])”
achieves better performance than “E-OTFS-IM (8, {3, 5},
[4QAM, BPSK])” because the sub-blocks with one active
grid and 4QAM outperform the sub-blocks with five active
grids and BPSK. And “E-OTFS-IM (8, {1, 2, 3}, [4QAM,
4QAM, 4QAM])” performs better than “E-OTFS-IM (8, {1,
3}, [4QAM, 4QAM])” due to the less average number of active
grids (2.375 versus 2.5).

In Fig.8, we compare the BER performance of E-OTFS-IM
and E-OTFS-IM-IQ with different configurations. For the SE
of 2.75 bps/Hz, “E-OTFS-IM-1Q (4, {1, 3}, [4PAM, 2PAM],
[4PAM, 2PAM])” achieves a 4 dB performance gain over “E-
OTFS-IM (4, {1, 3}, [4QAM, 8QAM])” at the BER of 1073,
This is because lower-order modulations are employed in E-
OTFS-IM-IQ. In E-OTFS-IM, however, higher-order modula-
tions must be adopted to achieve the same SE. For the SE
of 1.75 bps/Hz, “E-OTFS-IM-1Q (8, {1, 2}, [2PAM, 2PAM],
[2PAM, 2PAM])” achieves a 3 dB performance gain over
“E-OTFS-IM (8, {1, 3}, [BPSK, 8QAM])” at the BER of
10~3. This can be interpreted as that E-OTFS-IM-IQ not only
employs lower-order modulations, but also activates fewer
grids than E-OTFS-IM, which improves the BER performance.
The results in Fig.5 show that E-OTFS-IM-IQ achieves a
significant BER performance improvement compared to E-



OTFS-IM and E-OTFS-IM-IQ can employ lower-order signal
constellations and/or activate fewer grids to achieve the same
SE as E-OTFS-IM. Due to the presence of a large number
of sub-blocks with low-order constellations, E-OTFS-IM-1Q
achieves a larger Euclidean distance than E-OTFS-IM, result-
ing a better performance.

VIII. CONCLUSION

In this paper, we proposed the E-OTFS-IM scheme by
permitting the number of active grids conveying modulation
symbols from any constellation to be changed. The proposed
E-OTFS-IM resolves the ambiguous detection by transmitting
a constant length of information bits via joint mapping. We
also proposed an efficient encoding method for E-OTFS-
IM. In addition, we updated the MP detector with LLR
criterion for our proposed E-OTFS-IM, and proposed its low-
complexity improvement with MS approximation strategy for
E-OTFS-IM. We derived an ABEP upper bound for the E-
OTFS-IM system, which is verified to be tight in high SNR
region by simulation. We further proposed E-OTFS-IM-IQ to
improve the SE and the error performance of E-OTFS-IM,
where E-OTFS-IM-IQ applies the principle of E-OTFS-IM
independently to the I- and Q-branches for more possible sub-
block realizations. Likewise, we provided the corresponding
efficient encoding method and the updated MP detector for
E-OTFS-IM-IQ. Simulation results showed that E-OTFS-IM
outperforms conventional OTFS and OTFS-IM under the same
transmission rate, and E-OTFS-IM-IQ achieves better BER
performance than E-OTFS-IM.

In the future, first, variational Bayes algorithm and ex-
pectation propagation algorithm for the proposed schemes
can be utilized to further reduce complexity and improve
detection accuracy. Second, bit-wise detection for IM aided
OTFS deserves further research.
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