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Abstract—Orthogonal time frequency space (OTFS) modu-
lation has been proved to have better bit error rate (BER)
performance over orthogonal frequency division multiplexing
(OFDM) under high-mobility conditions. In this letter, a new
transmission scheme, called OTFS with dual-mode index modu-
lation (OTFS-DM-IM), is proposed to balance the transmission
reliability and spectral efficiency. Moreover, a modified log-
likelihood ratio (LLR) detector based on the minimum Hamming
distance is designed for demodulation. Then, the theoretical BER
analysis of the proposed OTFS-DM-IM is presented. Simulation
results highlight the performance advantage of OTFS-DM-IM
over classical OTFS and the existing OTFS systems based on
index modulation (OTFS-IM), and also confirm the superiority
of the modified LLR detector compared to maximum likelihood
detector and conventional LLR detector.

Index Terms—OTFS, dual-mode index modulation, OTFS-DM-
IM, modified log-likelihood ratio detector.

I. INTRODUCTION

RELIABLE communication in high-mobility scenarios
has been receiving tremendous attention in the fifth

generation (5G) and future mobile communication systems.
Although orthogonal frequency division multiplexing (OFDM)
modulation technique currently adopted in the fourth genera-
tion (4G) systems performs well in time-invariant frequency
selective channels, it is susceptible to time-varying cases
with high Doppler spread due to severe inter-carrier
interference (ICI).

Recently, an emerging multicarrier modulation tech-
nique, called orthogonal time frequency space (OTFS),
was proposed to cope with time-varying scenarios [1].
The main premise behind OTFS is to convert the time-
varying channel into a two-dimensional (2D) quasi-time-
invariant channel in the delay-Doppler domain. Accordingly,
all information symbols can be multiplexed in the delay-
Doppler domain and spread over the time-frequency
domain. Therefore, full diversity can be achieved and

Manuscript received December 31, 2020; accepted January 19, 2021. Date
of publication January 25, 2021; date of current version May 10, 2021. This
work was supported in part by the National Key Research and Development
Program of China under Grant 2020YFB1807900; in part by the Postdoctoral
Science Foundation of China under Grant 2020M670332; and in part by the
National Natural Science Foundation of China under Grant 61471037. The
associate editor coordinating the review of this article and approving it for
publication was J. Coon. (Corresponding author: Dongxuan He.)

Hang Zhao, Ziqi Kang, and Hua Wang are with the School of
Information and Electronics, Beijing Institute of Technology, Beijing 100081,
China (e-mail: 3120180847@bit.edu.cn; ziqikang@bit.edu.cn; wanghua@bit.
edu.cn).

Dongxuan He is with the Beijing National Research Center for Information
Science and Technology, Department of Electronic Engineering, Tsinghua
University, Beijing 100084, China (e-mail: dongxuan_he@tsinghua.edu.cn).

Digital Object Identifier 10.1109/LWC.2021.3053981

exploited, leading to superior performance gains compared to
OFDM [2], [3].

In 5G cellular networks, the explosively growing demand
of data services puts forward higher requirements for spectral
efficiency (SE). Following this trend, the novel concept of
index modulation (IM) has been extended to OFDM in recent
years. Several OFDM based index modulation schemes were
proposed in [4]–[6], where subcarrier indices are regarded as
a source of information to enhance the SE. Yet in afore-
mentioned studies, only a portion of subcarriers is activated,
inevitably resulting in the waste of precious spectral resource.
To overcome this shortcoming, a dual-mode index modulation
aided OFDM (DM-OFDM-CPA) was developed, where all
subcarriers are activated and modulated by two different con-
stellation alphabets to make full use of spectral resources [7],
[8]. To further increase the achievable rate, space-time shift
keying was introduced into OFDM-based index modula-
tion [9], [10]. However, such methodologies mainly focus on
the design of transmission over time-invariant channels but
do not work robustly over time-varying channels, thus lim-
iting its implementation to dynamic scenarios. To tackle this
problem, an index modulation based OTFS system (OTFS-IM)
was proposed, where indices information is transmitted by the
combination of active and silent grids in the delay-Doppler
domain [11]. Nevertheless, OTFS-IM only performs well in
low order modulation, where throughput loss may happen due
to the slice of inactive grids.

In this letter, we exploit the potential of OTFS with dual-
mode index modulation (OTFS-DM-IM) to facilitate transmis-
sion in high-mobility scenarios. The main contributions of
this correspondence are summarized as follows: 1) A new
scheme called OTFS-DM-IM is proposed to achieve a bet-
ter trade-off between the transmission reliability and SE in
time-varying channels. 2) A minimum Hamming distance
based modified log-likelihood ratio (LLR) detector is investi-
gated to realize the detection of our proposed OTFS-DM-IM.
3) Based on pairwise error probability (PEP), the upper
bound of BER for OTFS-DM-IM is mathematically derived.
Simulation results validate the superiority of OTFS-DM-IM
and reveal the promising performance of the modified LLR
detector.

Notation: We let x, x, and X represent scalar, vector, and
matrix, respectively. The transpose and conjugate transpose of
a matrix are denoted as (·)T and (·)H. The integer floor func-
tion, the Dirac delta function, and the sign function are denoted
as �·�, δ(·), and sgn(·), respectively. Circulant matrix with the
first column of x is referred to circ{x}, and diagonal matrix
with the elements of x is defined as diag{x}. ⊗ is Kronecker
product operator. IN denotes the identity matrix of size N × N,
and FM represents the M-point discrete Fourier transform
(DFT) matrix. Finally, Ex{·} denotes the expectation operation
with respect to x.
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Fig. 1. Block diagram of the OTFS-DM-IM system.

TABLE I
A LOOK-UP TABLE FOR L = 4, K = 2 AND p1 = 2

II. SYSTEM MODEL

We consider an OTFS-DM-IM system with M subcarriers
and N symbols, where subcarrier spacing and symbol duration
are Δf and T, respectively.

The block diagram of OTFS-DM-IM is depicted in Fig. 1.
We assume a point-to-point scenario with a total of c bits for
transmission. These c bits are split into G groups with p bits
in each group. Each group of p bits is then divided into p1 bits
and p2 bits, separately referred as index bits and information
bits, to generate an OTFS subblock of length L = NM/G,
where NM is the size of an OTFS frame. As shown in Fig. 1,
the first p1 bits are invoked by the index selector to determine
the constellation alphabets of the remaining p2 bits, i.e., MA
and MB with sizes of MA and MB , respectively. Providing
that K grids of the subblock are modulated with MA and the
other (L − K) grids are modulated with MB , p1 and p2 can
be calculated as p1 = �log2(CK

L )� and p2 = K log2(MA) +
(L−K ) log2(MB ) with CK

L being the binomial coefficient. By
means of the Gray-coded pairwise index mapping exemplified
in Table I, the g-th subblock can be expressed as [12]

xg = [x g (1), . . . , x g (ζ), . . . , x g (L)]T, 1 ≤ g ≤ G , (1)

where x g (ζ) ∈ {MA,MB}. Afterwards, all the subblocks
are passed through the OTFS Block Generator to generate the
delay-Doppler signal X ∈ C

M×N .
Next, the practical OFDM-based OTFS structure is imple-

mented [13]. The signal X is first converted to the time-
frequency domain via the inverse symplectic Fourier transform
(ISFFT), and then, the Heisenberg transform along with the
pulse-shaping waveform gtx(t) is adopted to yield a 2D

transmitted signal S = GtxFH
M (FM XFH

N ) = GtxXFH
N .1 By

column-wise vectorization of S ∈ C
M×N , a one-dimensional

(1D) transmitted signal s ∈ C
MN×1 can be obtained. To avoid

inter-symbol interference (ISI) between OTFS blocks, a cyclic
prefix (CP) is appended to the front of s before transmission.

The signal s is then transmitted over the time-varying
channel with channel impulse response h(τ, ν), which is
characterized by delay τ and Doppler shift ν, given by [3]

h(τ, ν) =
P∑

i=1

hiδ(τ − τi )δ(ν − νi ), (2)

where P is the number of propagation paths, hi , τi and νi
represent the channel gain, delay and Doppler shift for the i-
th path, respectively. Accordingly, the delay and Doppler taps
for the i-th path is defined as τi = li

MΔf and νi = ki
NT , where

li and ki are assumed to be integers.
After removing CP at the receiver, the received signal r can

be rearranged as a matrix R ∈ C
M×N . Then, the Wigner

transform with the pulse-shaping waveform grx(t) and the
symplectic finite Fourier transform (SFFT) are successively
applied to get symbols Y = FH

M (FM GrxR)FN in the delay-
Doppler domain. By vectorizing Y, the signal y ∈ C

MN×1 is
obtained, which can be grouped as

yg = [y(g−1)L+1, . . . , y(g−1)L+ζ , . . . , y(g−1)L+L]T

= [yg (1), . . . , yg (ζ), . . . , yg (L)]T, 1 ≤ g ≤ G . (3)

To eliminate ISI, channel estimation and equalization are
adopted, where symbols in the g-th subblock turn to be
ỹg = [ỹg (1), . . . , ỹg (ζ), . . . , ỹg (L)]T. Finally, ỹg is sent to
the detector to demodulate the index bits and information bits,
which will be discussed in detail in Section III.

III. DETECTORS FOR OTFS-DM-IM

A. ML Detector

For an ML detector, all possible subblock realizations are
considered by searching for all possible index patterns Ψ
with its corresponding symbol combinations SΨ, which is
mathematically formulated as

{
Ψ̂ , Ŝ

Ψ̂

}
= arg min

Ψ∈Ψ,SΨ∈SΨ

L∑

ζ=1

|ỹg (ζ) − SΨ (ζ)|2, (4)

where {Ψ̂ , Ŝ
Ψ̂
} represent the estimated index pattern and sym-

bol constellation, and SΨ (ζ) denotes the ζ-th symbol in one
legitimate symbol alphabet.

B. LLR Detector

Since the index pattern of the grid in the delay-Doppler
domain is either 1 or 0, the logarithm of the ratio between the
a posteriori probabilities of the grid modulated with MA and
that modulated with MB can be utilized to identify the index
pattern of the grid, which is formulated as

γg (ζ) = ln

(∑MA
j=1 P(x g (ζ) = SA(j )|ỹg (ζ))

∑MB
j=1 P(x g (ζ) = SB (j )|ỹg (ζ))

)
, (5)

1Gtx can be calculated as diag{gtx(0), gtx(T/M ), . . . , gtx((M −
1)T/M )}. For rectangular waveforms, Gtx reduces to the identity matrix
IM .
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with SA(j ) ∈ MA, SB (j ) ∈ MB . From (5), a positive γg (ζ)
implies that the grid is more likely to be an MA−ary symbol.
Therefore, the signs of γg (ζ) in the g-th subblock, calculated
as γ̄ g = [sgn(γg (1)), . . . , sgn(γg (ζ)), . . . , sgn(γg (L))]T ,
can be viewed as the estimated index pattern, and subse-
quently, can be utilized to demodulate index bits.

However, the direct calculation of LLR values ignores the
priori information of legitimate index patterns, probably lead-
ing to an illegitimate γ̄ g , which cannot be found in the given
look-up table. Thereby, some measures need to be taken to
address the occurrence of illegitimate index patterns.

1) Conventional LLR Detector: To tackle this problem, the
conventional LLR detector directly decides the constellation
alphabet of the grid, i.e., MA or MB , according to the largest
K LLR values [8]. To this end, the index bits can be recovered
based on the given look-up table, and symbols of each grid
can be demodulated by

x̂g (ζ) =

{
arg minSA(j )∈MA

|ỹg (ζ) − SA(j )|2, γ̄g (ζ) = 1,

arg minSB (j )∈MB
|ỹg (ζ) − SB (j )|2, γ̄g (ζ) = 0.

(6)

2) Modified LLR Detector: Nevertheless, the performance
of conventional LLR detector is poor under a high noise con-
dition since grids with the largest K LLR values may still
not correspond to one of the legitimate index patterns in the
look-up table. Hereby, we propose a new modified algorithm
based on the minimum Hamming distance to improve the
detection performance as well as reducing the implementation
complexity. The details are as follows.

Step 1: According to (5), calculate the LLR value of each
grid in the subblock, and then, decide the corresponding signs
to obtain initial estimated index pattern γ̄ g .

Step 2: Determine the Hamming distance between γ̄ g and
each legitimate index pattern, and find the possible legiti-
mate index pattern alphabet J associated with the minimum
Hamming distance dmin . In particular, the possible value
of dmin is related to the subblock size L, i.e., dmin ∈
{0, . . . ,L/2}.

Step 3: Based on the value of dmin , the following three
cases are demonstrated to identify the corresponding legitimate
index pattern:

a) If dmin = 0, which means γ̄ g is a legitimate index
pattern, directly go to Step 4.

b) If dmin = 1, determine the position where the element
of possible legitimate index patterns in J is different from
that in γ̄ g and reverse the element in γ̄ g with the smaller
LLR magnitude to match one of the legitimate index patterns.
Then, go to Step 4.

c) If dmin > 1, reverse the element with the smallest LLR
magnitude in γ̄ g to reduce the minimum Hamming distance
until dmin = 1. Then, go to Step 3.b.

Step 4: Demodulate the index bits based on the look-up
table, and recover the information bits by the correspond-
ing constellation demappers or give the soft output of bit
likelihood ratio for further channel decoding.

Example: Based on Table I, we suppose the index bits [0,0]
with index pattern [1 0 1 0] are transmitted. At the receiver, γ g

is calculated as [6.01,−0.85,−1.17,−5.15]T and γ̄ g can be
decided as [1 0 0 0] using Step 1. Next, the possible legitimate
index pattern alphabet J = {[1 0 1 0], [1 0 0 1]} with dmin = 1
can be obtained according to Step 2. Following Step 3.b, since

|γg (3)| = 1.17 < |γg (4)| = 5.15, the third element in γ̄ g is
reversed, and thus, γ̄ g is corrected to [1 0 1 0]. Finally, recover
the index bits and information bits through Step 4.

IV. PERFORMANCE AND COMPLEXITY ANALYSIS

A. Analysis of SE

It is indicated that the SE of our proposed OTFS-DM-IM is
determined by both the index bits nindex and the information
bits ninfo. Hence, it can be calculated as η = (nindex +
ninfo)/(NT )/(MΔf ) = (�log2(CK

L )�+K log2(MA) + (L−
K ) log2(MB ))/L. 2

As a result, the SE gain of ((L − K ) log2(MB ))/L can be
achieved by our proposed OTFS-DM-IM compared to OTFS-
IM with MA-ary QAM modulation [11]. For instance, when
L = 4, K = 2, MA = 8, and MB = 4, the SE growth is up
to 50%.

B. Analysis of BER

Based on PEP, the theoretical BER performance of OTFS-
DM-IM with ML detection can be obtained. Specifically,
according to Section II, the input-output relation of OTFS-
DM-IM can be simplified as [13]

y = (FN ⊗ Grx)H(FH
N ⊗ Gtx)x + w, (7)

where w is zero mean additive noise with CN (0,N0IMN ),
and H ∈ C

MN×MN is the channel matrix, given by H =∑P
i=1 hiΠ

li Δki , where Π = circ{[0, 1, . . . , 0]HMN×1} is a cir-
cular delay matrix, and Δ = diag{z0, z1, . . . , zMN−1} with

z = e
j2π
MN is a diagonal Doppler matrix.

The received signal in (7) can be rewritten as [14]

y =

P∑

i=1

hi (FN ⊗ Grx)Πli Δki (FH
N ⊗ Gtx)x + w = Φ(x)h + w,

(8)

where h = [h1, h2, . . . , hP ]T is a P × 1 vector with element
hi ∼ CN (0, 1/P), and Φ(x) is an MN × P concatenated
matrix, given by

Φ(x) = [ Ξ1︸︷︷︸
MN×MN

x︸︷︷︸
MN×1

| · · · | ΞP︸︷︷︸
MN×MN

x︸︷︷︸
MN×1

], (9)

with Ξi � (FN ⊗ Grx)Πli Δki (FH
N ⊗ Gtx).

Subsequently, the conditional PEP (CPEP) for OTFS-DM-
IM, which is defined as the probability of deciding x̂ when x
is transmitted over a channel h, can be given by [15]

Pr(x̂|x,h) = P

(
‖y − Φ(x̂)h‖2 < ‖y − Φ(x)h‖2|x,h

)

= Q

(√
δ

2N0

)
, (10)

where Q(·) is the Gaussian Q-function and

δ = ‖[Φ(x̂) − Φ(x)]h‖2 = hHΓh, (11)

with Γ = (Φ(x̂) − Φ(x))H(Φ(x̂) − Φ(x)). Here, Γ can be
decomposed as UΛUH for it is a Hermitian matrix, where U

2Specifically, CP is not considered during the calculation of SE since the
impact of CP is the same in all schemes.
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TABLE II
DELAY PROFILE WITH P = 5 FOR SIMULATION

is unitary and Λ = diag{λ1, . . . , λP} with λi being the i-th
eigenvalue of Γ. Thus, (11) can be simplified as

δ = h̃HΓh̃ =
r∑

l=1

λl |h̃l |2, (12)

where h̃ = UHhH with h̃l ∼ CN (0, 1/P), and r denotes
the rank of Γ. Substituting (12) into (10), the corresponding
unconditional PEP (UPEP) can be calculated as

Pr(x̂|x) = Eh[Pr(x̂|x,h)]

= Eh

⎡

⎣Q

⎛

⎝
√∑r

l=1 λl |h̃l |2
2N0

⎞

⎠

⎤

⎦. (13)

In light of the Chernoff bound, the upper bound on the average
bit error probability (ABEP) can be written as [15]

Pe =
1

cnx

∑

x

∑

x̂�=x

Pr(x̂|x)e(x̂, x) (14)

≤ 1
cnx

∑

x

∑

x̂�=x

e(x̂, x)
r∏

l=1

1

1 + λl
4N0P

, (15)

where nx is the number of the possible realizations of x,
and e(x̂, x) represents the number of bit errors for the
corresponding pairwise error events.

C. Analysis of Detector Complexity

In terms of computational complexity, the ML detector is
on the order of O(2p1MK

A M L−K
B ) for each subblock, which

increases exponentially with the subblock size L and mod-
ulation orders MA, MB . On the contrary, the computational
complexity of LLR-based detectors is O(L(MA+MB )), which
is much lower than that of the ML detector. Moreover, the
conventional LLR detector introduces additional search com-
plexity of O(L2) for comparison of LLR values, while the
search complexity of the modified detector is reduced to O(L)
by only processing the illegitimate index pattern and convert-
ing the comparison of specific LLR values to the calculation of
Hamming distance between γ̄ g and legitimate index patterns.

V. SIMULATION RESULTS

We consider a channel with P = 5 propagation paths, where
the delay profile is defined in Table II [16], and the Doppler
profile is given by νi = νmax cos(θi ) with νmax being the
maximum Doppler shift and θi ∼ U [ − π, π] [3]. In all sim-
ulations, νmax is set to be 1850 Hz for the UE speed of 500
km/h and carrier frequency of 4 GHz. In particular, perfect
channel estimation is assumed, and the Gray-coded pairwise
index mapping with L = 4, K = 2 shown in Table I is adopted.
Moreover, the SEs with corresponding constellation alpha-
bets are included in Table III, where the optimal amplitude
ratio between two constellations is considered in dual-mode
schemes to guarantee the optimal performance.

TABLE III
CONSTELLATION ALPHABET FOR DIFFERENT SES

Fig. 2. BER performance of OTFS-DM-IM with spectral efficiency of
1.5 bps/Hz when M = 2, N = 2, and Δf = 3.75 kHz.

Firstly, the effectiveness of the derived BER upper bound of
OTFS-DM-IM generated from (14) is examined in Fig. 2 with
SE = 1.5 bps/Hz, M = 2, N = 2, and Δf = 3.75 kHz. It can
be seen that the theoretical upper bound is gradually close to
the simulation results with the increase of SNR. Particularly,
when SNR is over 35 dB, the upper bound will precisely match
the simulation points, thus validating the correctness of our
derived upper bound.

In Fig. 3, we compare the BER performance of the proposed
OTFS-DM-IM with that of OTFS-IM, DM-OFDM-CPA [8],
classical OTFS, and classical OFDM when M = 32, N = 32,
and Δf = 15 kHz. Among the comparison, minimum mean
square error (MMSE) equalization and the ML detector are
implemented in all systems. It can be seen from Fig. 3(a)
that for the SE of 1.5 bps/Hz, compared to OTFS-IM, the
proposed scheme has around 0.5 dB performance gain at
the BER of 10−5. This is because the dual-mode scheme
of BPSK/BPSK and the single-mode scheme of 4QAM
have almost the same robustness to noise and interference.
Moreover, when SE is 2.5 bps/Hz, the proposed scheme
achieves a larger performance gain compared to OTFS-IM,
namely, more than 10 dB gains at the BER of 10−3. This
can be explained by the fact that OTFS-DM-IM only needs
to employ QPSK/QPSK for reaching the SE of 2.5 bps/Hz,
while a higher order modulation (i.e., 16QAM) has to be
adopted in OTFS-IM, which is more sensitive to both noise and
interference. Notably, DM-OFDM-CPA can not achieve satis-
factory BER performance since the orthogonality of subchan-
nels is impaired due to the time variation of the high-mobility
channel.

Furthermore, in Fig. 3(b), compared to classical OTFS, the
proposed OTFS-DM-IM has a nearly 1.7 dB performance gain
at the BER of 10−3 with SE = 3 bps/Hz. This is because
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Fig. 3. BER performance of OTFS-DM-IM, OTFS-IM, DM-OFDM-
CPA, classical OTFS, and classical OFDM when M = 32, N = 32, and
Δf = 15 kHz.

Fig. 4. BER performance of ML, conventional LLR, and the modified LLR
detector in OTFS-DM-IM when M = 32, N = 32, and Δf = 15 kHz.

a higher order modulation (i.e., 8PSK) is adopted in classi-
cal OTFS to achieve the same SE as OTFS-DM-IM. When
SE increases to 4 bps/Hz, a larger performance gain can be
observed. Hereby, neither of classical OFDM and DM-OFDM-
CPA can achieve good BER performance due to the loss of
orthogonality of subchannels.

Finally, the index bit error rate (IER) and overall BER
performance of OTFS-DM-IM with different detectors, includ-
ing ML, conventional LLR, and the proposed modified LLR
detector, are illustrated in Fig. 4. It is indicated in Fig. 4(a)
that compared to the conventional LLR detector, the proposed
modified LLR detector can attain 1.3 dB SIR-gain for IER =
10−3 with SE of 3 bps/Hz, and can still achieve 1.1 dB SNR-
gain for the same IER level with SE of 4 bps/Hz. As for the
overall BER performance, it can be observed in Fig. 4(b) that
the proposed modified LLR detector outperforms the conven-
tional LLR detector in low and medium SNR regimes due to its
higher detection accuracy of index bits. Although these two
detectors have similar BER performance under high SNRs,
the modified LLR detector imposes a lower search complex-
ity. In addition, the modified LLR detector can achieve almost
the same BER performance as the optimal ML detector in

all SNR regimes, whilst greatly reducing the computational
complexity.

VI. CONCLUSION

In this letter, we proposed a new transmission scheme called
OTFS with dual-mode index modulation (OTFS-DM-IM). In
this scheme, symbols mapped to the delay-Doppler domain
are modulated with two different constellation alphabets to
transmit additional index bits. At the receiver, a modified
LLR detector based on the minimum Hamming distance was
investigated to demodulate the received signals. Moreover, the
theoretical BER upper bound was presented to give the bench-
mark of OTFS-DM-IM. Simulation results demonstrate that
the proposed OTFS-DM-IM has better performance in terms
of spectral efficiency and BER compared to classical OTFS
and the existing OTFS-IM, and also reveal that the modi-
fied LLR detector with lower computational complexity can
achieve almost the same performance as the ML detector.
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[6] E. Başar, U. Aygölü, E. Panayırcı, and H. V. Poor, “Orthogonal
frequency division multiplexing with index modulation,” IEEE Trans.
Signal Process., vol. 61, no. 22, pp. 5536–5549, Nov. 2013.

[7] T. Mao, Z. Wang, Q. Wang, S. Chen, and L. Hanzo, “Dual-mode index
modulation aided OFDM,” IEEE Access, vol. 5, pp. 50–60, 2017.

[8] X. Zhang, H. Bie, Q. Ye, C. Lei, and X. Tang, “Dual-mode index
modulation aided OFDM with constellation power allocation and low-
complexity detector design,” IEEE Access, vol. 5, pp. 23871–23880,
2017.

[9] M. I. Kadir, “Generalized space–time–frequency index modulation,”
IEEE Commun. Lett., vol. 23, no. 2, pp. 250–253, Feb. 2019.

[10] S. Sugiura, T. Ishihara, and M. Nakao, “State-of-the-art design of index
modulation in the space, time, and frequency domains: Benefits and
fundamental limitations,” IEEE Access, vol. 5, pp. 21774–21790, 2017.

[11] Y. Liang, L. Li, P. Fan, and Y. Guan, “Doppler resilient orthogonal time
frequency space (OTFS) systems based on index modulation,” in Proc.
IEEE Veh. Technol. Conf., Antwerp, Belgium, 2020, pp. 1–5.

[12] X. Li, H. Wang, N. Guan, and W. Lai, “A dual-mode index modulation
scheme with gray-coded pairwise index mapping,” IEEE Commun. Lett.,
vol. 22, no. 8, pp. 1580–1583, Aug. 2018.

[13] P. Raviteja, Y. Hong, E. Viterbo, and E. Biglieri, “Practical pulse-shaping
waveforms for reduced-cyclic-prefix OTFS,” IEEE Trans. Veh. Technol.,
vol. 68, no. 1, pp. 957–961, Jan. 2019.

[14] E. Biglieri, P. Raviteja, and Y. Hong, “Error performance of orthogonal
time frequency space (OTFS) modulation,” in Proc. IEEE Int. Conf.
Commun. Workshops, Shanghai, China, 2019, pp. 1–6.

[15] D. Tse and P. Viswanath, Fundamentals of Wireless Communication.
Cambridge, U.K.: Cambridge Univ. Press, 2005.

[16] M. K. Ramachandran and A. Chockalingam, “MIMO-OTFS in high-
doppler fading channels: Signal detection and channel estimation,”
in Proc. IEEE Global Commun. Conf., Abu Dhabi, UAE, 2018,
pp. 206–212.

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on February 18,2025 at 15:19:13 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


