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Abstract—Space-time shift keying-aided orthogonal time fre-
quency space modulation-based multiple access (STSK-OTFS-
MA) is proposed for reliable uplink transmission in high-
Doppler scenarios. As a beneficial feature of our STSK-OTFS-
MA system, extra information bits are mapped onto the indices
of the active dispersion matrices, which allows the system to
enjoy the joint benefits of both STSK and OTFS signalling.
Due to the fact that both the time-, space- and DD-domain
degrees of freedom are jointly exploited, our STSK-OTFS-MA
achieves increased diversity and coding gains. To mitigate the
potentially excessive detection complexity, the sparse structure
of the equivalent transmitted symbol vector is exploited, resulting
in a pair of low-complexity near-maximum likelihood (ML) mul-
tiuser detection algorithms. Explicitly, we conceive a progressive
residual check-based greedy detector (PRCGD) and an iterative
reduced-space check-based detector (IRCD). Then, we derive
both the unconditional single-user pairwise error probability
(SU-UPEP) and a tight bit error ratio (BER) union-bound for our
single-user STSK-OTFS-MA system employing the ML detector.
Furthermore, the discrete-input continuous-output memoryless
channel (DCMC) capacity of the proposed system is derived.
The optimal dispersion matrices (DMs) are designed based on the
maximum attainable diversity and coding gain metrics. Finally, it
is demonstrated that our STSK-OTFS-MA system achieves both
a lower BER and a higher DCMC capacity than its conventional
spatial modulation (SM) and its orthogonal frequency-division
multiplexing (OFDM) counterparts. As a benefit, the proposed
system strikes a compelling BER vs. system complexity as well
as BER vs. detection complexity trade-offs.

Index Terms—Space-time shift keying (STSK), orthogonal time
frequency space (OTFS), multiple access, maximum-likelihood
detection, low-complexity detection, performance analysis.
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I. INTRODUCTION

During the last decade, space-time shift keying (STSK)
[1]–[4] has been considered a compelling multi-functional
multiple-input multiple-output (MIMO) arrangement, where
the information bits are jointly mapped onto the conventional
amplitude-phase modulated (APM) symbols and the indices
of the active dispersion matrices (DMs). To elaborate further,
each single APM symbol is dispersed to multiple transmit
antennas (TAs) and time-slots by activating one out of Q DMs.
Hence, STSK can achieve diversity and multiplexing gains
[1]. By contrast, the conventional spatial modulation (SM)
activates one TA to transmit a single APM symbol, yielding
only receive diversity gain [5].

Orthogonal time frequency space (OTFS) modulation also
constitutes a promising candidate for next-generation wireless
networks [6]–[8]. Since it is capable of providing reliable
transmission in high-mobility scenarios, it has been widely
studied in the context of reconfigurable intelligent surfaces
(RISs) [9] and low-earth orbit (LEO) satellites [10]. More
specifically, in OTFS systems, the information symbols are
mapped to the delay-Doppler (DD)-domain, and each symbol
is spread across the entire time-frequency (TF)-domain by
leveraging the inverse symplectic finite Fourier transform
(ISFFT). Therefore, OTFS can attain both time and frequency
diversity gains, if channels are time-frequency selective or
doubly-selective [11], [12]. In addition, the sparse DD-domain
sparse representations of the doubly-selective channels are
incorporated into the OTFS theory, and the dimension of
the DD-domain channel model is reduced to the number of
resolvable paths [6], [7]. Since the communication distance
and relative velocity can be approximated as constants within
a few milliseconds, the DD-domain channels can be regarded
as nearly time-invariant over an entire OTFS frame [13].
Furthermore, the inter-carrier interference (ICI) and inter-
symbol interference (ISI) introduced by Doppler and de-
lay spreads remain quasi-orthogonal with the aid of ISFFT,
which can hence be processed in the Doppler-domain and
delay-domain separately [6]. By contrast, the performance of
the conventional orthogonal frequency-division multiplexing
(OFDM) suffers severely in the face of high-Doppler doubly-
selective channels, since the orthogonality of subcarriers may
be destroyed by severe ICI. Therefore, in high-Doppler sce-
narios, OTFS constitutes a more promising signaling scheme
than the conventional OFDM [6], [7].

More recently, OTFS-based non-orthogonal multiple-access
(NOMA) communication schemes have been studied [14]–
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TABLE I
CONTRASTING OUR CONTRIBUTIONS TO THE LITERATURE

Contributions This paper [2] [7] [8] [18] [19] [20] [23]
OTFS-OMA X X X
STSK-aided MA X X X
BER performance analysis X X X
Coding gain & diversity order analysis X X X X
Greedy check detection X
Reduced-space check detection X
Capacity analysis X
Complexity analysis X X
Dispersion matrix design X
LDPC coded system X X X

[17], where different users arranged in the same DD-domain
resource blocks (RBs) are distinguished by their unique sparse
codewords [14], [15], [17] and power levels [16]. However,
the performance of OTFS-NOMA may degrade significantly
due to the non-orthogonality-induced interference, and the
excessive complexity of the transceiver [18]. As a remedy,
OTFS-based orthogonal MA (OTFS-OMA) techniques have
been designed in [18], [19], where the RBs of different users
are arranged in non-overlapping grids in the TF- and/or DD-
domains. In [18], the spectral efficiency (SE) of several OTFS-
OMA schemes using rectangular pulse shapes are analyzed.
Nevertheless, the above OTFS-OMA schemes only modulate
data in the DD-domain. None of them exploits the degrees of
freedom in the space-time (ST)-domain, even though it would
be beneficial to leverage both transmit and receive diversity
gains for further BER performance improvement.

As a parallel development, MA communications schemes
have been designed in association with SM/STSK in [2], [20].
Specifically in [2], the STSK-aided OFDM-based multiple
access (STSK-OFDM-MA) paradigms have been proposed,
where an attractive diversity vs. multiplexing gain trade-
off was provided. However, these SM/STSK-based schemes
are designed based on flat Rayleigh fading or low-mobility
frequency-selective fading channels, but without considering
the ICI imposed by high-mobility environments. However,
next-generation MA systems aim for providing reliable data
transmission under high-mobility scenarios [21], [22]. There-
fore, the BER performance of the STSK-OFDM-MA schemes
may degrade substantially under doubly-selective channels,
yielding a significant system reliability loss. On the other
hand, it can be observed from [2] that the STSK-OFDM-
MA scheme is capable of providing better BER performance
than the conventional solutions, resulting in a more reliable
communication system. This observation implies that the
reliability of the above-mentioned OTFS-OMA systems can be
further enhanced by exploiting the STSK technique to attain
both higher diversity and coding gains. Against this backdrop,
in this paper we jointly invoke the DD-, space- and time-
domain (TD) resources for transmission over doubly-selective
channels. Explicitly, by intrinsically amalgamating STSK and
OTFS-OMA, we propose space-time shift keying-aided OTFS-
based MA (STSK-OTFS-MA) for reliable communications in
doubly-selective channels.

The novel contributions of the paper are boldly and explic-
itly contrasted to the existing literatures in Table I, which are

addressed below.

• We propose an STSK-OTFS-MA scheme for supporting
the reliable data transmission of multiple users over high-
mobility channels, where information is conveyed both
by the classic APM symbols and the indices of active
DMs. According to the (N ×M) DD-domain grids, we
first activate one out of Q DMs for spreading NM APM
symbols to both the space and time dimensions, resulting
in NM STSK blocks. Then a tailor-made ST mapper
is conceived for mapping the elements of the STSK
blocks onto the transmitted DD-domain symbol matrices
of users, which enables our STSK-OTFS-MA to achieve
both transmit and receive diversity gains. Moreover,
based on the DD-domain statistics of users, a resource-
allocation scheme is introduced for the STSK-OTFS-MA
system. Explicitly, the RBs of different users are mapped
to the non-overlapping grids along the delay domain
to mitigate the multiuser interference (MUI) caused by
the Doppler shift. Furthermore, the proposed STSK-
OTFS-MA is capable of striking an attractive diversity
versus multiplexing gain trade-off. Both the analytical
and simulation results illustrated that the STSK-OTFS-
MA advocated achieves a better BER performance than
its conventional SM-OTFS, single-input-multiple-output
(SIMO)-OTFS and STSK-OFDM-MA counterparts. Ad-
ditionally, the general flexibility of the proposed STSK-
OTFS-MA scheme is demonstrated in different-rate low-
density parity-check (LDPC)-coded systems. Finally, the
BER vs. system complexity of the STSK-OTFS-MA and
other counterparts are also evaluated.

• A pair of low-complexity near-maximum likelihood de-
tectors (MLDs) are proposed for the STSK-OTFS-MA
scheme. Firstly, inspired by the family of greedy al-
gorithms designed for compressed sensing (CS), a pro-
gressive residual check-based greedy detector (PRCGD)
is conceived, where optimal local choices are obtained
at each iteration, yielding a detector approaching the
globally optimal performance. Furthermore, commenc-
ing with the consideration of detecting the APM and
DM-index symbols separately, an iterative reduced-space
check-based detector (IRCD) is proposed. Specifically,
by sorting the reliabilities of all DM activation patterns
(DAPs), a reduced set of DAPs is tested. Finally, the BER
performance vs. complexity of the MLD, of the PRCGD
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and of the IRCD are compared.
• We derive the unconditional single-user pairwise error

probability (SU-UPEP) of the STSK-OTFS-MA system.
Then by invoking the union-bound technique, we derive
the closed-form single-user BER bound of our proposed
STSK-OTFS-MA system employing MLD, which is
shown to be tight for moderate to high signal-to-noise
ratios (SNRs). Then, based on the SU-UPEP, both the
diversity order and the ST coding gain achieved by the
STSK-OTFS-MA system are determined.

• The single-user discrete-input continuous-output memo-
ryless channel (DCMC) capacity of the STSK-OTFS-MA
system is derived, which is demonstrated to outperform
its SM counterpart. Additionally, based on the SU-UPEP
and the DCMC capacity derived, the design criteria
of DMs are proposed, for approaching the maximum
attainable diversity order and ST coding gain.

The rest of the paper is structured as follows. In Section II,
the proposed STSK-OTFS-MA system model is investigated.
Then, low-complexity near-ML multiuser detection algorithms
are proposed in Section III. In Section IV, the overall system
performance is characterized and the DM design algorithm
is detailed. The simulation results are shown in Section V.
Finally, the conclusions are offered in Section VI.

Notation: We use the following notation throughout this
paper: C and R are the ring of complex and real; B and ZM+
represent the real integer set of {1, . . . ,M} and the bit set
consisting of {0, 1}; E[·] and tr {·} denote the expectation
and trace operator; x(l) and X(l, k) are the lth of vector xxx
and (l, k)th element of matrixXXX , respectively; vec(AAA) denotes
the vector formulated by stacking the columns of AAA to obtain
a single column vector matrix, and vec−1(aaa) denotes the
inverse vectorization operation to form the original matrix; ⊗
denotes the Kronecker product of two matrices; CN (aaa,BBB) is
the complex Gaussian distribution having a mean vector aaa and
covariance matrix BBB; AAA[:, 1 : n] and AAA[1 : m, :] represent the
first n columns and first m rows of a matrix AAA, respectively;
IIIN and IIIN (l) denote an N -dimensional identity matrix and
its rows shift by l; The module-N and determinant operations
are defined by [·]N and det(·); δ(·) is the delta function;
The uniform distribution in the interval [a, b] is denoted by
U [a, b]; sta{AAA(u)

n }|N−1
n=0 = [(AAA

(u)
0 )T , (AAA

(u)
1 )T , . . . , (AAA

(u)
N−1)T ]T

and sta{AAA(u)
n }|U−1

u=0 = [(AAA
(0)
n )T , (AAA

(1)
n )T , . . . , (AAA

(U−1)
n )T ]T

denotes the matrix (vector) formulated by stacking N and U
identical-dimensional sub-matrices (sub-vectors) AAAn and AAA(u)

n

for n = 0, . . . , N − 1 and u = 0, . . . , N − 1, respectively.

II. SYSTEM MODEL

A. Transmitter Description

Let us consider a single-cell uplink communication sce-
nario, where the information signals of U users are simulta-
neously transmitted to a base station (BS). Specifically, we
assume that Nt TAs are employed by each user, and the BS
uses Nr receive antennas (RAs). Moreover, each TA transmits
an OTFS signal having the bandwidth of B = M∆f and
time-slot duration of Tf = NT , where M and N denote
the number of subcarriers and time intervals within an OTFS

time-slot, while ∆f and T represent the subcarrier spacing
and symbol duration, respectively. Hence, we have a total
of Md = NM DD-domain RBs and each user occupies
G = Md/U RBs. As shown in Fig. 1, the information
bit sequence bbb(u) ∈ BL̄ transmitted by the user u is first
partitioned into G groups, yielding bbb(u) = [bbb

(u)
1 , . . . , bbb

(u)
G ].

The gth bit sequence bbb(u)
g ∈ BLb , g = 0, . . . , G− 1, contains

Lb = L̄/G = L1 + L2 bits. Explicitly, the subsequence
bbb

(u)
1,g ∈ BL1 is mapped into an index symbol in {1, . . . , Q} for

selecting an active DM in A = {AAA1, . . . ,AAAQ}, where we have
L1 = log2Q. The remaining L2-bit sequences bbb(u)

2,g ∈ BL2 are
mapped into the normalized quadrature amplitude modulation
(QAM)/phase-shift keying (PSK) symbols chosen from the
constellation F = {f1, . . . , fV }, where L2 = log2 V . Hence,
in an OTFS frame, the total number of bits transmitted per user
can be given by L = UGLb = NM log2(V Q). Assuming that
the STSK symbol duration includes Tc OTFS time-slots, the
ST codeword matrices of the user u can be expressed as [1]

SSS
(u)
d,g = f

(u)
lg
AAA

(u)
d,g ∈ CNt×Tc , (1)

where f (u)
lg
⊂ F and AAA(u)

d,g ⊂ A denote a single QAM/PSK

symbol and an active DM, respectively. By introducing s̆ss(u)
d,g =

vec(SSS
(u)
d,g) and stacking all the G RBs of user u, the uth ST

stacked codeword vector is formulated as

s̆ss
(u)
d = sta{s̆ss(u)

d,g}|G−1
g=0 , g = 0, . . . , G− 1. (2)

Let us parameterize the STSK-OTFS-MA system by the
five-tupple (Nt, Nr, Tc, Q, V ). Note that the DM set can
be generated using diverse design criteria, for example by
minimizing the pairwise error probability or by maximizing
the DCMC capacity [2], which will be further investigated in
Section IV-D. In the STSK pre-processing block, the DMs are
assumed to be normalized to maintain the transmitted power,
and the constraint is given by [1]

tr(AAAHq AAAq) = Tc, q = 1, . . . , Q. (3)

As shown in Fig. 2, the ST codewords are fed into the ST
mapper, which is detailed in Section II-B, and the uth user’s
transmitted frame output by the ST mapper sss(u) ∈ CNtG×Tc
can be formulated as

sss(u) =


sss

(u)
0,0 · · · sss

(u)
0,Tc−1

...
. . .

...
sss

(u)
Nt−1,0 · · · sss

(u)
Nt−1,Tc−1

 , (4)

where we have sss(u)
nt,tc = [S

(u)
d,0 (nt, tc), . . . , S

(u)
d,G−1(nt, tc)]

T ∈
CG×1 for nt = 0, . . . , Nt−1 and tc = 0, . . . , Tc−1, which is
formulated based on (1). Then the G ST codeword elements
of sss(u)

nt,tc are mapped to Md RBs, yielding

xxx
(u)
nt,tc = PPP(u)sss

(u)
nt,tc = [x

(u)
nt,tc(0), . . . , x

(u)
nt,tc(Md − 1)]T , (5)

where PPP(u) is the (Md × G)-element resource allocation
matrix. To alleviate the MUI caused by ICI, we introduce our
delay-domain index-based RB allocation scheme, i.e., Scheme
1 illustrated in Fig. 3 (a), where each user occupies J = M/U
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Fig. 1. Illustration of the STSK-OTFS-MA system.
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Fig. 2. A toy example of the STSK-OTFS-MA system with Nt = Tc = N = M = U = 2.

columns of the DD-domain grids. By contrast, the Doppler-
domain index-based resource allocation scheme (Scheme 2)
shown in Fig. 3 (b) is invoked as the benchmark. Let us denote
the column indices of user u by L(u) = {l(u)

0 , . . . , l
(u)
J−1}.

More specifically, if we assume that the ST codewords of user
u are assigned to the RBs set N (u), then the corresponding
elements of PPP(u) can be expressed as

P(u)(md, g) =

{
1, if md ∈ N (u)

0, otherwise
(6)

for 0 ≤ md ≤ Md − 1. The indices in N (u) are given by
md = l

(u)
j N+n and g = j(u)N+n, where l(u)

j = (J×u)+j
for n = 0, . . . , N − 1 and j = 0, . . . , J − 1.

When considering the OTFS processing block, by defining
a DD-domain codeword matrix as XXX(u)

nt,tc = vec−1(xxx
(u)
nt,tc),

the TF-domain signal can be formulated using ISFFT as

X̃
(u)
nt,tc(n,m) =

N−1∑
k=0

M−1∑
l=0

X
(u)
nt,tc(k, l)√
Md

ej2π(nkN −mlM ), (7)

for n = 0, . . . , N −1 and m = 0, . . . ,M −1. The transmitted
TD signal is obtained by exploiting the Heisenberg transform,
yielding

s̃
(u)
nt,tc(t) =

N−1∑
n=0

M−1∑
m=0

X̃
(u)
nt,tc(n,m)gtx(t− nT )ej2πm∆f(t−nT ),

(8)

where gtx(t) denotes the transmit waveform.

B. Received Signals

Assuming that the synchronization among uplink users is
perfect. Let us consider a P -path DD-domain time-varying
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Fig. 3. Illustration of resource allocations (a) Scheme 1 (b) Scheme 2 with M = 12, N = 12, U = 3 and J = M/U = 4, where L(u) represents the
column index set of user u for u = 0, . . . , U − 1.

multipath channel model between the ntth TA of user u and
the nrth RA, which can be formulated as h

(u)
nr,nt(τ, ν) =∑P

i=1 h
(u)
i,nr,nt

δ(τ − τi)δ(ν − νi), where h
(u)
i,nr,nt

, τi and νi
denote the complex-valued path gain between the ntth TA
and nrth RA, normalized delay and Doppler shifts intro-
duced by the ith path, respectively [6]. Here we have hi ∼
CN (0, 1/P ),∀i, which is independent of τi and νi. Therefore,
the delay and Doppler shifts corresponding to the ith reflector
are given by νi = ki

NT , τi = li
M∆f , where li = ai + αi and

ki = bi + βi represent the normalized delay and Doppler
indices associated with the ith path, where ai and bi denote
the integer delay and Doppler indices, while the fractional
components are given by αi, βi ∈ U [− 1

2 ,
1
2 ]. During the tcth

OTFS time-slot, the TD signal of the nrth RA received from
the ntth TA of user u can be expressed as [7]

r
(u)
nr,nt,tc(t) =

∫ ∫
h(u)
nr,nt(τ, ν)s̃

(u)
nt,tc(t− τ)ej2πν(t−τ)dτdν

+ n
(u)
nr,nt,tc(t), (9)

where n(u)
nr,nt,tc(t) is the complex-valued additive white Gaus-

sian noise (AWGN). Based on the Wigner transform, the
elements of the corresponding received TF-domain codeword
matrix ỸYY

(u)

nr,nt,tc ∈ CN×M can be obtained as

Ỹ
(u)
nr,nt,tc(n,m) =

∫
r(u)
nr,nt(t

′)g∗rx(t′ − nT )e−j2πm∆f(t′−nT )dt′,

(10)

where grx(t) is the receive waveform. Then, upon utilizing
the SFFT, the received DD-domain codeword matrix can be
formulated as

Y
(u)
nr,nt,tc(k, l) =

N−1∑
n=0

M−1∑
m=0

Ỹ
(u)
nr,nt,tc(n,m)√

Md

e−j2π(nkN −mlM ),

(11)

for k = 0, . . . , N − 1 and l = 0, . . . ,M − 1. Assuming
that both the transmit and receive waveforms satisfy the bi-

orthogonal condition, the vector-form input-output relation-
ship for user u can be formulated as [7]

yyy
(u)
nr,nt,tc = HHH(u)

nr,ntxxx
(u)
nt,tc +nnn

(u)
nr,nt,tc , (12)

where we have yyy
(u)
nr,nt,tc = vec

(
YYY

(u)
nr,nt,tc

)
, and nnn

(u)
nr,nt,tc

denotes the complex-valued AWGN vector. Moreover, the
effective DD-domain channel matrix HHH(u)

nr,nt can be expressed

as HHH
(u)
nr,nt =

∑P
i=1 IIIM (li) ⊗

[
IIIN (ki)h

(u)
i,nr,nt

e
−j2π likiMd

]
[24]. Let HHH

(u)
nr =

[
HHH

(u)
0,nr

, . . . ,HHH
(u)
Nt−1,nr

]
and xxx

(u)
tc =

sta{xxx(u)
nt,tc}|

Nt−1
nt=0 . Then the DD-domain codeword vector re-

ceived by the nrth RA within the tcth time-slot can be
expressed as

yyynr,tc =

U−1∑
u=0

yyy
(u)
nr,tc +nnnnr,tc =

U−1∑
u=0

Nt−1∑
nt=0

HHH(u)
nr,ntxxx

(u)
nt,tc +nnnnr,tc

=

U−1∑
u=0

HHH(u)
nr xxx

(u)
tc +nnnnr,tc , (13)

where nnnnr,tc is the corresponding complex AWGN vector with
a zero mean and a covariance matrix of N0IIIMd

, expressed as
CN (0, N0IIIMd

). Hence, the average SNR per RA is given by
γ = 1/N0. By invoking all the signals of Nr RAs and let
ȳyytc = sta{yyynr,tc}Nr−1

nr=0 , then it can be shown that the end-to-
end DD-domain input-output relationship for the time-slot tc
is given as

ȳyytc =

U−1∑
u=0

H̄HH
(u)
xxx

(u)
tc + ñnntc , (14)

for tc = 0, . . . , Tc−1, where ñnntc = sta{nnnnr,tc}|Nr−1
nr=0 denotes

the stacked noise vector at the BS side. The DD-domain
MIMO channel matrix of the uth user can be expressed as
H̄HH

(u)
= sta{HHH(u)

nr }|Nr−1
nr=0 . Moreover, we invoke the relation-

ship between the ST codewords and the stacked codeword
vector shown in (5), the transmitted codeword vector xxx(u)

tc can
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be formulated as

xxx
(u)
tc =

[(
PPP(u)sss

(u)
0,tc

)T
, . . . ,

(
PPP(u)sss

(u)
Nt−1,tc

)T]T
=
(
IIINt ⊗PPP(u)

)[(
sss

(u)
0,tc

)T
, . . . ,

(
sss

(u)
Nt−1,tc

)T]T
= P̄PP(u)

sss
(u)
tc , (15)

where P̄PP(u) is the equivalent resource allocation matrix of user
u. Then, upon applying (15) to (14), ȳyytc can be rewritten as

ȳyytc =

U−1∑
u=0

H̄HH
(u)P̄PP(u)

sss
(u)
tc + ñnntc

=

U−1∑
u=0

ΩΩΩ(u)sss
(u)
tc + ñnntc , tc = 0, . . . , Tc − 1, (16)

where ΩΩΩ(u) = H̄HH
(u)P̄PP(u) is a (MdNr × GNt)-dimensional

matrix.

By considering all the Tc time-slots, let us define the overall
received symbol vector and the transmitted STSK symbol vec-
tor of user u as ỹyy = sta{ȳyytc}|

Tc−1
tc=0 and s̄ss(u) = sta{sss(u)

tc }|
Tc−1
tc=0 ,

respectively. Consequently, ỹyy can be obtained as

ỹyy =

U−1∑
u=0

(
IIITc ⊗ΩΩΩ(u)

)
s̄ss(u) + ñnn

=

U−1∑
u=0

Ω̃ΩΩ
(u)
s̄ss(u) + ñnn = Ω̃ΩΩs̃ss+ ñnn, (17)

where Ω̃ΩΩ =
[
Ω̃ΩΩ

(0)
, . . . , Ω̃ΩΩ

(U−1)
]
∈ CMdNrTc×GNtTcU , s̃ss =

sta{s̄ss(u)}|U−1
u=0 ∈ CGNtTcU×1 and ñnn = sta{ñnntc}|Tc−1

tc=0 .

Now we further detail the ST mapper shown in Fig. 1.
For deriving the associated input-output relationship, we stack
the transmitted ST codewords of U users shown in (2),
yielding s̃ssd = sta{s̆ss(u)

d }|U−1
u=0 . As illustrated in Fig. 1 and Fig.

2 of Section II-A, the symbol vector s̃ssd is essentially ob-
tained by rearranging all the GNtTcU ST codeword elements
S

(u)
d,g (nt, tc) based on the following order 1 of 1) TA index 2)

time-slot index 3) RB index 4) user index. However, according
to the STSK and multiuser system design principles [1], [19],
[20], [25] and to the transceiver structure of Section II-A
and Section II-B, the above-mentioned ST codeword elements
should be placed in the following order 2 of 1) RB index 2)
TA index 3) user index 4) time-slot index, which can be further
verified based on our derivation of (12)-(17). Therefore, we
have s̃ss = ΥΥΥs̃ssd, where ΥΥΥ is the (GNtTcU×GNtTcU)-element
ST mapping matrix, whose elements are defined as

Υ(dx, dy) =


1, if dx = g + ntG+ uNtG+ tcGUNt

and dy = nt + tcNt + gNtTc + uGNtTc

0, otherwise,
(18)

for 0 ≤ dx, dy ≤ GNtUTc−1. It should be noted that dx and
dy are formulated based on order 2 and order 1, respectively.
Finally, based on (17) and (18), the end-to-end input-output

relationship for the OTFS frame can be expressed as

ỹyy = Ω̃ΩΩΥΥΥs̃ssd + ñnn = Ω̃ΩΩΥΥΥχ̄χχKKK + ñnn = CCCKKK + ñnn, (19)

where χ̄χχ = IIIUG ⊗ χχχ with χχχ = [vec(AAA1), . . . , vec(AAAQ)] ∈
CNtTc×Q. Moreover, the equivalent transmitted symbol vector
can be defined as KKK = sta{KKK(u)}U−1

u=0 , in which the sub-
vectors can be formulated as KKK(u) = sta{K̄KKI(u)

g
}|G−1
g=0 , and

the index sets are given by I(u)
g = {q(u)

g , l
(u)
g }, where q(u)

g ∈
{1, . . . , Q} and l

(u)
g ∈ {1, . . . , V } for u = 0, . . . , U − 1 and

g = 0, . . . , G − 1. Moreover, the gth equivalent transmitted
symbol vector of the uth user can be formulated as

K̄KKI(u)
g

= [0, · · · , 0︸ ︷︷ ︸
q
(u)
g −1

, f
l
(u)
g
, 0, · · · , 0︸ ︷︷ ︸
Q−q(u)

g

]T ∈ CQ×1, (20)

where the l
(u)
g th QAM/PSK symbol f

l
(u)
g

is located in the

q
(u)
g th element, while the active DM in the gth STSK block

of user u is denoted as AAA
q
(u)
g

. According to (19)-(20), it
can be observed that a total of Md ST codewords are
transmitted in the entire system, hence only Md elements
of K̃KK have a non-zero value. Therefore, the index candi-
date sets of non-zero valued elements are represented as
Q = {Q1, . . . ,QC}, which has C = 2MdL1 = QMd

index candidate subsets; The cth subset can be expressed as
Qc = {Qc(0), . . . ,Qc(Md − 1)} ⊂ Q, whose elements obey
Qc(md) ∈ ZQMd

+ for md = 0, . . . ,Md − 1 and c = 1, . . . , C.
For a given KKK, the index candidate subset is denoted as I,
where we have I = Qc ⊂ Q, and the APM symbols can be
expressed as KKKd = [Kd(0), . . . ,Kd(Md − 1)]T ∈ FMd×1.
For the sake of demonstration, all the candidates of the ST
codeword vectors can be expressed as a specifically designed
codebook, yielding

B =
{
BBB1, . . . ,BBB2L : BBBi ∈ CQMd , i = 1, . . . , 2L

}
, (21)

which will be discussed in Section IV, while KKK is a vector
having elements selected from B. Based on (19), the received
symbol vector ỹyy for a given KKK follows the Gaussian proba-
bility density function (PDF) of

p(ỹyy|KKK) =
1

(πN0)MdNrTc
exp

(
−||ỹyy −CCCKKK||

2

N0

)
. (22)

Finally, the attainable rate can be formulated as

R =
L

NMTc
=

log2(V Q)

Tc
bits/s/Hz. (23)

III. MULTIUSER DETECTION IN STSK-OTFS-MA
SYSTEMS

In this section, we first introduce the optimal maximum a
posteriori detector (MAPD) or MLD designed for our STSK-
OTFS-MA system. Typically, the complexity of the optimal
MLD becomes excessive even for moderate constellations.
To mitigate this problem, a pair of detectors are proposed.
Specifically, we commence by deriving a low-complexity
PRCGD, and then we detail the IRCD. Finally, the complexity
analysis of the proposed detectors is provided.
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A. Maximum A Posteriori Detector (MAPD)

Given the conditional PDF in (22), the optimum MAPD
maximizes the a posteriori probability of the equivalent
transmitted vector KKK, yielding KKKMAP = arg max

BBBi∈B
{p(BBBi|ỹyy)}.

Assuming that the mapping process of different candidates in
B is independent and equiprobable, the MAPD is equivalent
to the MLD, which can be written as

KKKML = arg min
BBBi∈B

{
||ỹyy −CCCBBBi||2

}
. (24)

B. Progressive Residual Check Greedy Detector (PRCGD)

We firstly rewrite the input-output relationship of (19) as

ỹyy = CCCKKK + ñnn = CCCΥΥΥIKKKd + ñnn = CCCIKKKd + ñnn, (25)

whereCCCI = CCCΥΥΥI ∈ CMdNrTc×Md and ΥΥΥI is a (QMd×Md)-
element mapping matrix associated with I. Assuming that
the candidates in the index candidate sets Q and in the
constellation set F are independent and equiprobable, similar
to (24), the corresponding joint MLD can be formulated
as
(
IML,KKKML

d

)
= arg min
Qc⊂Q,fff∈FMd

{
‖ỹyy −CCCQcfff‖2

}
. Since the

complexity of the MLD is excessive, we propose the PRCGD.
Based on the sparse structure of the transmitted symbol vector
KKK, our objective is to harness the philosophy of greedy
algorithms [26], which are often employed for sparse recovery
in low-complexity multiuser detection (MUD). Specifically,
the proposed PRCGD can provide locally optimal detection
results based on the elements of KKK. Moreover, our PRCGD
includes the reliability sorting and progressive detection stages
detailed below.

At the reliability sorting stage, the received symbol vec-
tor ỹyy is first processed by linear minimum mean square
error (LMMSE) estimation to obtain the soft estimates of

KKK as K̃KK =
(
CCCHCCC + 1

γs
IIIQMd

)−1

CCCHỹyy, where K̃KK =

[K̃(0), . . . , K̃(QMd − 1)]T ∈ CQMd×1 and γs = γ/Q is
the generalized average SNR per symbol. The elements in K̃KK
having relatively high magnitudes should also have relatively
high probabilities of being active in KKK, which becomes more
pronounced in the high-SNR region. Hence, inspired by [26],
[27], we can order the magnitudes of the elements in K̃KK in
descending order to reflect the reliability of the index symbols,
yielding

J ={j1, . . . , jQMd
} subject to

∣∣∣K̃(j1)
∣∣∣2 > . . . > ∣∣∣K̃(jQMd

)
∣∣∣2 ,

(26)

where we have jl ∈ {1, . . . , QMd} for l = 1, . . . , QMd

and jl 6= jq,∀l 6= q. Then, based on the reliability set J ,
the PRCGD enters the progressive detection stage, which is
detailed below.

During the progressive detection stage, the PRCGD carries
out the index symbol detection and the symbol-wise APM
symbol detection separately. To elaborate further, we first
select jt from the reliability reliability set J and exploit Ct
DAPs in the tth iteration, yieldingQt =

{
Qt1, . . . ,QtCt

}
⊂ Q,

where Qtct(md) ∈ ZQMd
+ for md = 0, . . . ,Md − 1 and

Algorithm 1 Progressive Residual Check Greedy Detector
Require: ỹyy, CCC, Q, γs and ε0.
1: Preparation: Set the maximum number of iteration T1, ε∞ = ∞,
IPRCGD = ∅ and KKKPRCGD

d = ∅.
2: //Reliability Sorting:
3: Employ LMMSE detection according as

4: K̃KK =
(
CCCHCCC + 1

γs
IIIQMd

)−1
CCCHỹyy.

5: Obtain the measurements of the index reliabilities as
6: J = {j1, . . . , jQMd} subject to

∣∣∣K̃(j1)
∣∣∣2 > . . . > ∣∣∣K̃(jQMd )

∣∣∣2.
7: //Progressive Detection:
8: for t = 1 to T1 do
9: Collect the DAPs Qt =

{
Qt1, . . . ,QtCt

}
,

where
⋂Ct
ct=1Qtct = jt.

10: if εt < ε0 then
11: break
12: else
13: for ct = 1 to Ct do
14: Compute the least square solution as:
15: K̂KKct,d = CCC†Qtct

ỹyy

16: Carry out APM symbol estimation as

17: f tct (j) = arg min
fv∈F

∣∣∣K̂ct,d(j)− fv
∣∣∣2,

for md = 0, . . . ,Md − 1.
18: end for
19: Obtain the local optimal set as

20:
(
It,KKKt

d

)
= arg min
Qtct⊂Q

t,ffftct
∈F̂t

{∥∥∥ỹyy −CCCQtctfff tct∥∥∥2
}

.

21: Compute the residual error as
22: εt =

∥∥ỹyy −CCCItKKKt
d

∥∥2.
23: if εt < ε0 then
24: IPRCGD = It and KKKPRCGD

d = KKKt
d

25: break
26: else if εt < ε∞ then
27: Q ← Q \Qt, ε∞ = εt, IPRCGD = It and

KKKPRCGD
d = KKKt

d
28: else
29: end if
30: end if
31: end for
32: Output IPRCGD = It and KKKPRCGD

d = KKKt
d.

ct = 1, . . . , Ct. Based on the reliability set J , the DAPs are
chosen under the constraint that jt is a common value in all
selected subsets, i.e., we have

⋂Ct
ct=1Qtct = jt. Upon invoking

the DAPs Qtct as the a priori information, the ensuing
APM symbol estimation can be formulated as the following
optimization problem of K̂KKct,d = arg min

aaa∈CMd×1

||ỹyy−CCCQtctaaa||
2. Then

the corresponding least square solution can be formulated as

K̂KKct,d = CCC†Qtct
ỹyy = CCC†Qtct

CCCIKKKd +CCC†Qtct
ñnn

= KKKd + rrrQtct ,I + n̄nn, (27)

where we have the residual interference rrrQtct ,I = 000 in the
case that all the index symbols are detected correctly, i.e.,
Qtct = I, and n̄nn = CCC†Qtct

ñnn is the corresponding AWGN vector.
Based on the DAPs Qtct , the estimates of the APM symbols
fff tct = [f tct(0), . . . , f tct(Md−1)]T can be obtained by symbol-
wise ML detection, yielding,

f tct(md) = arg min
fv∈F

∣∣∣K̂ct,d(j)− fv
∣∣∣2 , (28)

for md = 0, . . . ,Md − 1 and v = 1, . . . , V . Hence,
after testing all the Ct DAPs, the PRCGD delivers the
corresponding APM candidate sets F̂ t = {fff t1, . . . , fff tCt}.
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Now we have obtained the estimates of the APM sym-
bols and the DAPs grouped as {fff tct ,Qtct}

Ct
ct=1. Therefore,

the locally optimal set can be formulated as (It,KKKt
d) =

arg min
Qtct⊂Qt,ffftct∈F̂t

{∥∥∥ỹyy −CCCQtctfff tct∥∥∥2
}

, where the residual error

can be expressed as εt = ‖ỹyy −CCCItKKKt
d‖

2. Typically, the
progressive detection terminates in the case of εt < ε0,
where ε0 is the predefined termination parameter. However,
if this condition cannot be satisfied after testing all DAPs, the
PRCGD returns the corresponding set with minimum residual
error. The proposed PRCGD is summarized in Algorithm 1.

C. Iterative Reduced-Space Check Detector (IRCD)

The main philosophy of IRCD is to carry out the detection
of DAPs and APM symbols separately. Then near-ML detec-
tion performance can be obtained by only testing a reduced
set of the entire DAP space Q. In contrast to the PRCGD,
the index reliabilities of all elements in K̃KK are invoked
in the IRCD. Explicitly, the IRCD first derives the index
reliability metric based on each DAP Qc after employing

the LMMSE detection, yielding ρc =
∑Md−1
md=0

∣∣∣K̃(icmd)
∣∣∣2 for

icmd = Qc(md) ∈ {0, . . . , QMd − 1} and c = 1, . . . , C. Then
the reliability metrics of all C = QMd DAPs are sorted in
descending order, which can be formulated as

R = {i1, . . . , iC} subject to ρi1 > . . . > ρiC , (29)

where we have ic ∈ {1, . . . , C} for c = 1, . . . , C and
ρip 6= ρiq , ∀p 6= q. Similar to the PRCGD, the DAP associated
with a higher value ρic in R can be regarded as the correct
result with a higher probability, especially in the high-SNR
scenarios. It should be noted that our IRCD first tests the
DAPs corresponding to ρi1 with the highest priority in the
following stage, where we carry out the detection of the APM
symbols, as discussed below.

In the second stage, the proposed IRCD first selects the
DAP It based on the reliability metric ρit in the tth iteration.
Consequently, the detected APM symbols KKKt

d ∈ FMd can
be obtained based on the least square approach and the
symbol-wise ML detection of (27) and (28), respectively.
Hence, the detected set and APM symbols in the tth iteration
can be grouped as Gt = {It,KKKt

d}. Assume that there are
T2 DAPs to be tested during the second stage. Hence, the
final detected DAP and the APM symbols can be obtained
as (I IRCD,KKK IRCD

d ) = arg min
(It,KKKt

d)⊂G
‖ỹyy −CCCItKKKt

d‖
2, where G =

{G1 ∪ G2 . . . ∪ GT2}. Our proposed IRCD is summarized in
Algorithm 2.

D. Detection Complexity Analysis

It can be concluded from (19) that the MLD evaluates all
the Md STSK blocks. Hence the complexity of the optimum
MLD is on the order of O[(V Q)Md ], which is excessive for
high values of Md.

Based on our analysis in Section III-B, it can be readily
shown that the complexity of the PRCGD relies on the number
of iterations and the value of Ct. In more detail, we have
the best scenario, if the PRCGD terminates after the first
iteration and only a single DAP is considered. Therefore, the

Algorithm 2 Iterative Reduced-space Check Detector
Require: ỹyy, CCC, Q and γs.
1: Preparation: Set the maximum number of iteration T2, and G = ∅.
2: //Reliability Sorting:
3: Employ LMMSE detection as

4: K̃KK =
(
CCCHCCC + 1

γs
IIIQMd

)−1
CCCHỹyy.

5: Compute the index reliability metrics based on DAPs Qc as

6: ρc =
∑Md−1
md=0

∣∣∣K̃(icmd )
∣∣∣2 for icmd ∈ {0, . . . , QMd − 1} and c =

1, . . . , C.
7: Obtain the measurements of the index reliabilities as
8: R = {i1, . . . , iC} subject to ρi1 > . . . > ρiC .
9: //Reduced-space Check Detection:

10: for t = 1 to T2 do
11: Collect the DAP Lt according to ρit .
12: Carry out APM symbol estimation KKKt

d based on (27) and (28).
13: Obtain the detected results as Gt = {It,KKKt

d}.
14: Calculate the residual error as
15: εt =

∥∥ỹyy −CCCItKKKt
d

∥∥2.
16: Group the detection candidate sets as G = G ∪ Gt.
17: end for
18: Compute the final detection results as
19: (IIRCD,KKKIRCD

d ) = arg min
(It,KKKt

d
)⊂G

∥∥ỹyy −CCCItKKKt
d

∥∥2.

20: return IIRCD and KKKIRCD
d .

corresponding complexity is given by O(MdV ), since only
the symbol-wise detection of (28) is employed. By contrast,
the worst-case scenario is when all the DAPs in Q are tested.
Since there are C = QMd DAPs, the overall complexity is
on the order of O(QMdMdV ). In more general cases, our
PRCGD only has to consider a subset of Q, having C1 < C
DAPs. Under this condition, the complexity of the PRCGD is
on the order of O(C1MdV ).

Based on Section III-C, the complexity of each IRCD
iteration is on the order of O(MdV ). Hence, the overall
complexity of IRCD is given by O(T2MdV ), and the worst
scenario happens when the IRCD terminates after T2 = QMd

iterations, i.e., all the DAPs are tested. However, since the
IRCD measures the index reliabilities of all DAPs, near-ML
detection performance can be achieved by only testing a small
subset of the entire DAP set, which is shown in Section V.
Therefore, it can be readily demonstrated that the complexity
of our IRCD can be significantly lower than that of the MLD.

E. System Complexity Analysis

The system complexity of the SM/STSK-based schemes is
identical to the corresponding MLD complexity [1], hence
we provide our system complexity analysis in this section.
We commence by specifying the SIMO-OTFS, SM-OTFS and
STSK-OFDM-MA systems with the aid of their parameters
as (Nr, V ), (Nt, Nr, V ) and (Nt, Nr, Tc, Q, V ), respectively.
Since all the combinations of the symbols have to be evaluated
in the MLD, the complexity of SIMO-OTFS (Nr, V ) and
SM-OTFS (Nt, Nr, V ) is on the order of O(VMN ) and
O[(NtV )MN ] [25], respectively.

The STSK-aided OFDM-MA (STSK-OFDM-MA)
(Nt, Nr, Tc, Q, V ) system can be viewed as a special case of
STSK-OTFS-MA (Nt, Nr, Tc, Q, V ) associated with N = 1.
Therefore, the corresponding system complexity can be
expressed as O[(QV )M ].
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IV. PERFORMANCE ANALYSIS OF THE SINGLE-USER
SYSTEM AND DISPERSION MATRIX DESIGN

In this section, we commence with the BER analysis of
the single-user STSK-OTFS-MA system and derive its per-
formance upper-bound, referred to as the SU-UPEP. Then the
diversity order and ST coding gain are derived. Moreover, the
single-user DCMC capacity of the STSK-OTFS-MA system
is discussed. Finally, based on the SU-UPEP and the DCMC
capacity, we gain deeper insights into the criteria of DM
design in Section IV-D, and the algorithm for optimizing the
DMs is derived.

A. Analysis of Single-User Bit Error Ratio Performance

The vector-form input-output relationship in (12) can be

expressed as
(
yyy

(u)
nr,nt,tc

)T
= h̆hh

(u)

nr,ntX̆XX
(u)

nt,tc +
(
nnn

(u)
nr,nt,tc

)T
,

where h̆hh
(u)

nr,nt =
[
h̆

(u)
nr,nt(1), . . . , h̆

(u)
nr,nt(P )

]
with h̆(u)

nr,nt(i) =

h
(u)
i,nr,nt

e−j2πνiτi ,∀i, and the mdth column of X̆XX
(u)

nt,tc ∈
CP×Md can be obtained as

X̆XX
(u)

nt,tc [:,md] =


x

(u)
nt,tc([k − k1]N +N [l − l1]M )

...
x

(u)
nt,tc([k − kP ]N +N [l − lP ]M )

 , (30)

where we have md = k + Nl for k = 0, . . . , N − 1 and
l = 0, . . . ,M−1. Similar to (13), the nrth received codeword
vector within the tcth OTFS time-slot can be formulated as

yyyTnr,tc =

U−1∑
u=0

Nt−1∑
nt=0

h̆hh
(u)

nr,ntX̆XX
(u)

nt,tc +nnnTnr,tc =

U−1∑
u=0

h̆hh
(u)

nr X̆XX
(u)

tc +nnnTnr,tc ,

(31)

where we have h̆hh
(u)

nr =

[
h̆hh

(u)

0,nr , . . . , h̆hh
(u)

Nt−1,nr

]
and X̆XX

(u)

tc =

sta{X̆XX(u)

nt,tc}|
Nt−1
nt=0 . Therefore, the end-to-end input-output

relationship of the tcth time-slot is given by Y̆YY tc =∑U−1
u=0 H̆HH

(u)
X̆XX

(u)

tc + n̆nntc for tc = 0, . . . , Tc − 1, where
Y̆YY tc = [yyy0,tc , . . . , yyyNr−1,tc ]

T is the matrix of received sig-
nal, n̆nntc = [nnn0,tc , . . . ,nnnNr−1,tc ]

T denotes the noise ma-

trix, and the channel matrix can be expressed as H̆HH
(u)

=

sta{h̆hh(u)

nr }|Nr−1
nr . Finally, by defining YYY =

[
Y̆YY 0, . . . , Y̆YY Tc−1

]
,

X̆XX
(u)

=

[
X̆XX

(u)

0 , . . . , X̆XX
(u)

Tc−1

]
and n̆nn = [n̆nn0, . . . , n̆nnTc−1], the

input-output relationship for the entire transmitted frame can
be formulated as

YYY =

U−1∑
u=0

H̆HH
(u)
X̆XX

(u)
+ n̆nn = HHHXXX + n̆nn, (32)

where we have XXX = sta{X̆XX(u)}|U−1
u=0 and HHH =[

H̆HH
(u)
, . . . , H̆HH

(U−1)
]

. In a single-user scenario, we have HHH ∈
CNr×PNt and XXX ∈ CPNt×MdTc . For notational simplicity,
the index (u) is omitted in the rest of this section, since only
a single user is considered. Therefore, the MLD associated
with the input-output relationship shown in (32) can be

formulated as XXXML = arg min
DDDi∈D

{
||YYY −HHHDDDi||2

}
, where the

equivalent candidate space D can be formulated based on
B in (21) and the mapping relationship in (30), yielding
D =

{
DDD1, . . . ,DDD2L : DDDi ∈ CPNt×MdTc , i = 1, . . . , 2L

}
.

Let us consider the pairwise error event {XXXc → XXXe},
where XXXc = DDDi denotes the transmitted codeword matrix,
while XXXe = DDDj , ∀i 6= j, represents the erroneous de-
tection results of the MLD, i.e., we have DDDi 6= DDDj for
DDDi,DDDj ∈ D. Let us define furthermore the error matrix space
E = {EEE = DDDi − DDDj ,∀DDDi,DDDj ∈ D,∀i 6= j}. Then, the
conditional PEP for a given channel matrix HHH is obtained
as PE(XXXc →XXXe|HHH) = P

(
||YYY −HHHXXXc||2 > ||YYY −HHHXXXe||2

)
.

Let us denote the elements of the corresponding matrices as
H(a, b), X(b, c), n(a, c) and Y (a, c) for a = 0, . . . , Nr − 1,
b = 0, . . . ,MdNt − 1 and c = 0, . . . ,MdTc − 1, respectively.
Then, after some further algebraic simplifications, it can be
shown that PE(XXXc →XXXe|HHH) may be written as

PE(XXXc →XXXe|HHH) =P

(
MdTc−1∑
c=0

Nr−1∑
a=0

<
{
n∗(a, c)

PNt−1∑
b=0

z

}

>
1

2

MdTc−1∑
c=0

Nr−1∑
a=0

∣∣∣∣∣
PNt−1∑
b=0

z

∣∣∣∣∣
2
 , (33)

where z = H(a, b) [Xe(b, c)−Xc(b, c)]. Consequently,
when defining the modified Euclidean distance between
two codeword matrices XXXe and XXXc as δ(XXXc,XXXe) =∑MdTc−1
c=0

∑Nr−1
a=0

∣∣∣∑PNt−1
b=0 z

∣∣∣2 = ||HHH(XXXe − XXXc)||2, and

considering that
∑MdTc−1
c=0

∑Nr−1
a=0 <

{
n∗(a, c)

∑PNt−1
b=0 z

}
in (33) is a complex-valued Gaussian random variable with
zero mean and a variance of ||HHH(XXXe −XXXc)||2/2γ, (33) can
be further expressed as

PE(XXXc →XXXe|HHH) = Q

(√
γδ(XXXc,XXXe)

2

)
, (34)

where Q(x) = 1
π

∫ π/2
0

exp
(
− x2

2 sin2 θ
dθ
)

is the Gaussian Q-
function with x > 0. Note that (34) can be alternatively rep-
resented as PE(XXXc →XXXe|HHH) = 1

π

∫ π
2

0
exp

(
−γδ(XXX

c,XXXe)
4 sin2 θ

)
dθ

[28]. By averaging the integration of PE(XXXc →XXXe|HHH) with
respect to the distribution of δ(XXXc,XXXe), the SU-UPEP can be
formulated as [28]

PE(XXXc →XXXe) = EHHH

[
1

π

∫ π
2

0

exp

(
−γδ(XXX

c,XXXe)

4 sin2 θ

)
dθ

]

=
1

π

∫ π
2

0

Γδ(XXXc,XXXe)

(
− γ

4 sin2 θ

)
dθ, (35)

where Γδ(XXXc,XXXe)(t) is the moment generating function
(MGF) of δ(XXXc,XXXe). Moreover, based on the analysis
in [29], δ(XXXc,XXXe) can be formulated as δ(XXXc,XXXe) =∑MdTc−1
i=0 ||HHH (XXXc[:, i]−XXXe[:, i]) ||2

= h̃hh[IIINr⊗RRR]h̃hh
H

, where the codeword difference matrix is de-
fined as RRR = (XXXe−XXXc)(XXXe−XXXc)H and h̃hh = (vec(HHHT ))T ∈
C1×PNrNt . Since the non-zero elements of h̃hh obeys zero mean
and variance of 1/2P per real dimension Gaussian distribution
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[23], we can derive the MGF Γδ(XXXc,XXXe)(t) based on the
approach of [29], yielding

Γδ(XXXc,XXXe)(t) = det[IIIPNrNt − t(IIINr ⊗RRR)/P ]−1. (36)

Upon substituting (36) into (35), the SU-UPEP can now be
expressed as

PE(XXXc →XXXe)

=
1

π

∫ π
2

0

[
det

(
IIINrPNt +

γ

4P sin2 θ
(IIINr ⊗RRR)

)]−1

dθ

=
1

π

∫ π
2

0

[
det

(
IIIPNt +

γ

4P sin2 θ
RRR

)]−Nr
dθ. (37)

Let us define r = rank(RRR) and the nonzero eigenvalues of
RRR as {λ1, . . . , λr}. Then (37) can be expressed as

PE(XXXc →XXXe) =
1

π

∫ π
2

0

 r∏
j=1

(
1 +

λjγ

4P sin2 θ

)−Nr dθ.
(38)

Finally, by leveraging the union bound technique, the aver-
age bit error ratio (ABER) of the single-user STSK-OTFS-MA
system can be approximated as

Pe ≈
1

2LL

∑
bbbc

∑
bbbe

Db(bbb
c, bbbe)PE(XXXc →XXXe), (39)

where Db(·, ·) denotes the Hamming distance function be-
tween two bit sequences, while bbbc and bbbe are the corresponding
binary representations of XXXc and XXXe.

B. Diversity Order and Coding Gain

In (38) we have λjγ/(4P sin2 θ) > λjγ/4P . Hence, the
upper-bound of PE(XXXc →XXXe) can be formulated as

PE(XXXc →XXXe) 6
1

2

 r∏
j=1

(
1 +

λjγ

4P

)−Nr . (40)

Moreover, for high SNRs (γ � 1), (40) can be formulated as

PE(XXXc →XXXe) 6
1

2


 r∏
j=1

λj

1/r ( γ

4P

)
−rNr

, (41)

where the exponent of the SNR is often referred to as the
diversity order obtained by the MLD, which is

GD = min
∀EEE∈E

rNr = min
∀EEE∈E

rank(RRR) ·Nr, (42)

and the maximum achievable diversity order is GD,max =
min{PNt,MdTc} · Nr. Given the values of P and Md, it
can be observed that the maximum achievable diversity order
depends on the settings of Nt and Tc. Although the diversity
order can be increased by increasing the value of Tc in the
case of (PNt > MdTc), the transmit diversity order cannot be
further improved, if we increase MdTc beyond PNt. In more
detail, the system with a lower value of Tc may result in a
higher transmission rate in (21) as well as a low computation
complexity, since the dimension of DMs is lower.

The coding gain of the STSK-OTFS-MA system can be

expressed as GC = min
∀EEE∈E

(∏r
j=1 λj

)1/r

. It can be inferred
from (41) that the diversity order GD dominates the decay-rate
of the SU-UPEP as the value of SNR increases. Furthermore,
the coding gains GC determines the horizontal shift of the
STSK-aided SU-UPEP curve from the benchmark SU-UPEP
curve of 1

2 (γ/4P )−GD .

C. DCMC Capacity

Now we derive the DCMC capacity of the single-user
STSK-OTFS-MA scheme. Based on (19) and (21), the single-
user DCMC capacity can be formulated as [30]

CDCMC =
1

MdTc
max

p(BBB1)...p(BBB2L )

2L∑
i=1

∫ ∞
−∞

. . .

∫ ∞
−∞

p(ỹyy|BBBi)p(BBBi)

× log2

[
p(ỹyy|BBBi)∑2L

j=1 p(ỹyy|BBBj)p(BBBj)

]
dỹyy. (43)

where p(ỹyy|BBBi) is given by (22), when assuming that BBBi is
transmitted. It should be noted that (43) is maximized under
the condition that all candidate matrices in the space B are
independent and equiprobable, i.e., p(BBBi) = 1/2L,∀i. Hence
we have

log2

 p(ỹyy|BBBi)
2L∑
j=1

p(ỹyy|BBBj)p(BBBj)

 = log2

(
2L
)
− log2

2L∑
j=1

exp(Ψi,j),

(44)

where Ψi,j = γ
[
−||CCC(BBBi −BBBj) + ñnn||2 + ||ñnn||2

]
can be

formulated by substituting (22) into (44). Therefore, based
on the assumption that the codeword matrix candidates are
transmitted at the same probabilities, the DCMC capacity of
the single-user STSK-OTFS-MA system can be expressed as

CDCMC =
1

MdTc

L− 1

2L

2L∑
i=1

ECCC

log2

2L∑
j=1

exp (Ψi,j)

 .

(45)

D. Design of Dispersion Matrices

Based on the above analysis, let us now discuss the design
of DMs. To obtain the best system performance, the DMs can
be designed based either on the SU-UPEP of (35) or on the
DCMC capacity of (45).

The asymptotic diversity order of the OTFS system is
one at an infinite SNR, and higher diversity can be attained
in finite-SNR scenarios [23]. However, similar to OFDM,
OTFS also requires transmit precoding schemes to attain full
diversity [23]. Therefore, the DMs of both STSK-OTFS-MA
and STSK-OFDM-MA systems can be designed with the aid
of our proposed Algorithm 3.

It can be shown that the above two methods lead to the
same design, detailed as follows.

Proposition 1: The design of DMs aiming for minimizing
the SU-UPEP in the high-SNR region of (41) and that aiming
for maximizing the DCMC capacity of (45) lead to the same
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results, which can be formulated as maximizing the following
metrics:

ΛD = min
∀EEE∈E

rank(RRR), ΛC = min
∀EEE∈E

r∏
j=1

λj . (46)

Proof: It can be readily shown that the elements of {YYY , n̆nn}
in (32) are the interleaved versions of the elements of {ỹyy, ñnn}
in (19). Therefore, given a pairwise error event {XXXc → XXXe}
and a SNR γ, we have ||CCC(BBBi −BBBj)||2 = ||HHH(DDDi −DDDj)||2.
Furthermore, similar to the derivation shown in Section IV-A,
it can be readily shown that based on (45) and the MGF
technique, maximizing the DCMC capacity is equivalent to
minimizing

EHHH [−γδ(XXXc,XXXe)] 6
1

2

 r∏
j=1

(
1 +

λjγ

P

)−Nr , (47)

which can be further upper-bounded by
1
2

[(∏r
j=1 λj

)1/r (
γ
P

)]−rNr
under the condition of γ � 1. It

may now be observed that (41) and (47) are in similar forms.
Note that it is more important to maximize the diversity order
GD in (42) than to maximize the coding gain GC , since it
is the diversity order that dominates the slope of the ABER
curve [26]. Since the value of Nr is fixed, we arrive at the
criteria ΛD in (46) by searching for the minimum rank value
within the corresponding error matrix space E . Furthermore,

the coding gain is given by min
∀EEE∈E

(∏r
j=1 λj

) 1
ΛD,max . Since

ΛD,max is a constant for ∀EEE ∈ E , the corresponding criteria
ΛC can be derived in (46). �

Based on the above analysis, let us now delve into the
details of designing the DM set. Let us assume that Ñ
consecutive Monte Carlo simulations are employed. Let us
define the DM set, design criteria, codeword difference matrix,
error matrix, and error matrix space for the ñth experiment as
Añ, ΛD,ñ, ΛC,ñ, RRRñ, EEEñ and Eñ for ñ = 1, . . . , Ñ , respec-
tively. For the ñth experiment, we first randomly generate the
Q full-rank (T̄ × T̄ )-dimensional unitary matrices ÃAAq,ñ for
q = 1, . . . , Q, where T̄ = max{Nt, Tc}. Then the DMs can
be formulated as

AAAq,ñ =

{
ÃAAq,ñ[:, 1 : Tc], if Nt > Tc√

Tc
Nt
ÃAAq,ñ[1 : Nt, :], if Tc > Nt,

(48)

where the constant
√

Tc
Nt

is used for satisfying the power
constraint in (3), and we have Añ = {AAA1,ñ, . . . ,AAAQ,ñ}.
Moreover, the DM set of all Ñ simulations is denoted by A =
{A1, . . . ,AÑ}. Assuming that there are N̆ out of Ñ DM sets
that maximize the diversity order, it can be readily shown from
(46) that the candidates of the optimal DM set are obtained

as Ă = arg max
Añ⊂A

ΛD,ñ = arg max
Añ⊂A

{
min
∀EEEñ∈Eñ

{rank(RRRñ)}
}

,

where Ă =
{
Ă1, . . . , ĂN̆

}
, Ăn̆ ⊂ A,∀n̆. Finally, the

optimal DM set can be obtained as Aopt = arg max
Ăn̆⊂Ă

ΛC,n̆ =

arg max
Ăn̆⊂Ă

{
min
∀EEEn̆∈En̆

∏r
j=1 λj

}
. The proposed DM design

method is summarized in Algorithm 3.

Algorithm 3 Dispersion Matrix Design
Require: The values of Q, Tc, Nt and T̄ = max{Nt, Tc}.
1: Preparation: Set Ñ as the number of Monte Carlo simulations.
2: for ñ = 1 to Ñ do
3: Randomly generate Q full-rank (T̄ × T̄ )-dimensional

unitary matrices Āñ = {ĀAA1,ñ, . . . , ĀAAQ,ñ}.
4: Generate the DM set Añ = {AAA1,ñ, . . . ,AAAQ,ñ}

based on (48) as

5: AAAq,ñ =

{
ÃAAq,ñ[:, 1 : Tc], if Nt > Tc√

Tc
Nt
ÃAAq,ñ[1 : Nt, :], if Tc > Nt,

6: end for
7: Collect all DM matrices A = {A1, . . . ,AÑ}.
8: Obtain N̆ out of Ñ DM sets that achieve the maximum diversity order

as
9: Ă = arg max

Añ⊂A
ΛD,ñ = arg max

Añ⊂A

{
min
∀EEEñ∈Eñ

{rank(RRRñ)}
}

,

where Ă =
{
Ă1, . . . , ĂN̆

}
, Ăn̆ ⊂ A,∀n̆.

10: Generate the optimal DM set as

11: Aopt = arg max
Ăn̆⊂Ă

ΛC,n̆ = arg max
Ăn̆⊂Ã

{
min
∀EEEn̆∈En̆

∏r
j=1 λj

}
.

12: return Aopt.

V. PERFORMANCE RESULTS

In this section, we provide the simulation results for
characterizing the overall performance of STSK-OTFS-MA
systems. Unless specifically defined, N = 4 time intervals
are considered for an OTFS subframe and the entire OTFS
frame has Tc = 2 subframes while resource allocation
scheme 1 is invoked. The DMs are obtained from Algo-
rithm 3. The subcarrier spacing and carrier frequency are
∆f = 15 kHz and fc = 4 GHz. The normalized maximum
Doppler and delay shifts are set to kmax = M − 1 and
lmax = N − 1 [23], respectively. The normalized indices of
delay and Doppler associated with the ith path are given by
li ∈ U [0, lmax] and ki ∈ U [−kmax, kmax], respectively. Further-
more, the SIMO-OTFS and SM-OTFS systems are specified
as (Nr, V ) and (Nt, Nr, V ), respectively. More explicitly, the
SM-OTFS can also be viewed as a single-user STSK-OTFS-
MA (Nt, Nr, 1, V,Q = Nt) system, where AAAq = IIINt [:, q] for
q = 1, . . . , Q [1].

In Fig. 4, the single-user BER performance of STSK-
OTFS-MA (2, Nr, 2, 2, 2) systems detected by the MLD is
compared to the corresponding BER upper-bound shown in
(39), where M = 8 subcarriers are employed. Explicitly,
the BER performance is evaluated with different numbers of
RAs and channel paths. Based on the simulation results of
Fig. 4, we have the following observations. Firstly, as the
SNR γ increases, the analytical BER upper-bound approaches
with the simulated BER. Secondly, given P = 4, the union-
bound converges to the BER of MLD in the case of γ > 18
dB for Nr = 1, and γ > 8 dB for Nr = 2 in general.
And again, the upper-bounds approach the simulated BER
values in the moderate- and high-SNR scenarios for other
values of P . Furthermore, it can be observed that all the
upper-bounds are tight below 10−3 BER in general. Finally,
the higher the values of P and Nr, the higher the BER
performance gain achieved by our STSK-OTFS-MA system.
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Fig. 4. Single-user BER performance using MLD and upper-bounds for
STSK-OTFS-MA (2, Nr, 2, 2, 2) systems with N = 4, M = 8 and Nr =
{1, 2}, communicating over doubly-selective channels having the different
number of paths at the same transmission rate of 1 bits/s/Hz. The upper-
bounds are calculated based on (39).

This is because both frequency diversity and space diversity
can be achieved by the proposed STSK-OTFS-MA system,
and a higher diversity order can be attained as P or Nr
increases, which are consistent with our analytical results in
(42).
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Fig. 5. Single-user BER performance employing MLD for STSK-OTFS-MA
(2, 2, 2, Q, V ) systems with P = {2, 4} and Nr = {1, 2} but invoking a
different number of DMs and modulation orders at the same transmission rate
of 2 bits/s/Hz.

Fig. 5 depicts the single-user BER performance of STSK-
OTFS-MA (2, 2, 2, Q, V ) systems for P = {2, 4} and Nr =
{1, 2}, where M = 8 subcarriers are employed and the effect
of different combinations of {Q,V } are investigated under
the constraint of R = 2 bits/s/Hz. As shown in Fig. 5, for
all BER curves specified by P = {2, 4} and Nr = {1, 2},
the system exploiting Q = 4 and QPSK modulation is
capable of achieving the best BER performance among the
three sets of parameters {Q,V } considered. This observation
implies that for a given transmission rate R, an optimum
combination of the parameters {Q,V } can be found, which
leads to the best BER performance. Finally, given the same
other parameters used, we observe based on Fig. 4 and Fig.
5 that our STSK-OTFS-MA system is capable of attaining
a better BER performance for relatively lower values of the
parameters {Q,V }.
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Fig. 6. BER performance of two-user STSK-OTFS-MA (2, 1, 2, 2, 2) system
using MLD with fractional delay and Doppler shifts under different mobile
velocities.

In Fig. 6, the BER performance of the two-user STSK-
OTFS-MA (2, 1, 2, 2, 2) system using MLD with fractional
delay and Doppler shifts are investigated in the case of
different mobile speeds, where we have N = 4 and M = 4.
It is observed that the BER performance degrades as a higher
speed is encountered, which is owing to the higher Doppler
frequency. Explicitly, at a BER of 10−4, the v = 5 km/h
scenario yields about 2.5 dB and 8 dB SNR gain compared
to the v = 100 km/h and v = 300 km/h cases.

In Fig. 7, we investigate the multiuser BER performance
of our STSK-OTFS-MA (2, Nr, 2, 2, 2) system employing a
different number of RAs. Observe from Fig. 7 that the BER
performance degrades when the system supports more users.
This is because a higher MUI is experienced as U increases.
More specifically, it can be observed that the four-user system
equipped with Nr = 1 RA suffers from about a 2 dB
performance loss compared to the single-user system at a BER
of 10−4. The corresponding performance erosion is reduced
to about 1 dB for Nr = 2. This trend is reminiscent of the
channel hardening phenomenon of the classic massive MIMO
uplink detection [31].
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Fig. 7. BER performance utilizing MLD for STSK-OTFS-MA
(2, Nr, 2, 2, 2) systems with N = 4, M = 4 and Nr = {1, 2}
supporting a different number of users at the same transmission rate of
R = 1 bits/s/Hz.

Fig. 8 compares the BER performance of conventional
SIMO-OTFS, of SM-OTFS as well as of the single-user
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Fig. 8. BER performance of the conventional SIMO-OTFS scheme, the
SM-OTFS scheme, the STSK-OFDM-MA scheme, and our STSK-OTFS-MA
scheme both invoking MLD for the cases of the same transmission rate of
R = 3 and R = 4 bits/s/Hz.

STSK-OFDM-MA and the proposed single-user STSK-OTFS-
MA systems, where R = 3 and R = 4 bits/s/Hz are
considered, and the same values of Nr are employed under the
same constraint of R. Based on Fig. 8, we have the following
observations. Firstly, for a given rate, the BER performance
of SM-OTFS is better than that of the conventional SIMO-
OTFS. This is because SM-OTFS may rely on a lower-
order modulation scheme than SIMO-OTFS. Moreover, spatial
diversity can be attained by SM-OTFS. Secondly, it is found
that the proposed STSK-OTFS-MA schemes are capable of
achieving better performance than the SM-OTFS systems in
all the scenarios considered, resulting in about 4 dB gain at a
BER of 10−5 for the rate of R = 4 bits/s/Hz, and about a 5
dB gain at a BER of 10−5 in the R = 3 bits/s/Hz scenario.
This observation can be explained by our analytical results
of Section IV-B. As an ST coding scheme, the proposed
STSK-OTFS-MA system can also achieve time diversity in
addition to space diversity and frequency diversity, yielding
a higher diversity order than the other schemes. Addition-
ally, the maximum coding gain can be achieved by taking
full advantage of Algorithm 3. Therefore, our OTFS-STSK-
MA scheme outperforms the SIMO-OTFS and SM-OTFS
schemes. Furthermore, STSK-OFDM-MA attains the worst
BER performance at a given rate, since the ICI introduced
by high-mobility channels is ignored in STSK-OFDM-MA.
Specifically, at a BER of 10−3, our proposed STSK-OTFS-
MA is capable of attaining about 6 dB and 9 dB SNR gains
in the R = 3 and R = 4 bits/s/Hz scenarios, respectively.
Finally, the BER performances of all systems improve, as the
rate is reduced due to the lower values of Q and V used. This
observation is consistent with the conclusions in [1].

Fig. 9 evaluates the BER performance of STSK-OTFS-
MA (2, 2, 2, 2, 2) systems supporting U = 2 and U = 4
users by exploiting the proposed resource allocation schemes
shown in Fig. 3. Observe from Fig. 9 that the Scheme 1-based
system is capable of attaining better BER performance than
the system utilising Scheme 2. Moreover, the performance
gap becomes wider when our STSK-OTFS-MA supports more
users. Explicitly, at a BER of 10−5, the two-user Scheme 1-
based system attains about 2 dB SNR gain over its Scheme 2
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Fig. 9. BER performance of the STSK-OTFS-MA (2, 2, 2, 2, 2) systems
with N = M = 4 and supporting a different number of users by invoking
proposed resource allocation schemes as shown in Fig. 3.

counterpart, while the gain escalates to 4 dB, when supporting
U = 4 users. This is because the MUI becomes higher
as the number of supported users increases. Additionally,
the efficiency of our MUI mitigation and resource allocation
Scheme 1 is boldly illustrated.
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Fig. 10. The single-user DCMC capacity of the SM-OTFS (2, Nr, 2),
STSK-OFDM-MA (2, Nr, 2, 2, 4) and our STSK-OTFS-MA (2, Nr, 2, 2, 4)
systems with different number of RAs.

In Fig. 10, the single-user DCMC capacities are investigated
for both the SM-OTFS (2, Nr, 2), for the STSK-OFDM-MA
(2, Nr, 2, 2, 4) and for our STSK-OTFS-MA (2, Nr, 2, 2, 4)
schemes at a given rate of R = 2 bits/s/Hz, where Nr = 2
and Nr = 4 are considered respectively. Based on Fig. 10,
we have the following observations. Firstly, the asymptotic
capacities of both the SM-OTFS, STSK-OFDM-MA and of
the STSK-OTFS-MA systems are R = 2 bits/s/Hz, which is
independent of the number of RAs, since the rate was limited
to 2 bits/s/Hz. Furthermore, given a value of Nr, it is shown
in Fig. 10 that the proposed STSK-OTFS-MA system always
outperforms the SM-OTFS and STSK-OFDM-MA schemes.
This observation can also be inferred from Fig. 8 and [1],
since our STSK-OTFS-MA is capable of attaining extra time
diversity and ST coding gains over the SM-OTFS scheme,
while the capacity of STSK-OFDM-MA erodes due to the
ICI.
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Fig. 11. Two-user BER performance of the STSK-OTFS-MA (2, 2, 2, 4, 4)
system using MLD and the proposed PRCGD with the different number of
iterations operating at R = 2 bits/s/Hz.

Fig. 11 characterizes the BER performance of both the
MLD and PRCGD conceived for the STSK-OTFS-MA
(2, 2, 2, 4, 4) system operating at R = 2 bits/s/Hz. We observe
from the results of Fig. 11 that the proposed PRCGD relying
on two iterations is capable of attaining a BER performance
close to that in the T1 = QMd case. Moreover, as depicted
in Fig. 11, a near-ML BER performance is attainable when
the PRCGD invokes as few as two iterations. It should be
noted that T1 denotes the upper-bound of the actual number
of iterations in Algorithm 1.

The BER performance of our IRCD designed for STSK-
OTFS-MA is characterized in Fig. 12, where the BER curve of
MLD is depicted as the benchmark, while the other parameters
are the same as those for Fig. 11. It should be emphasized that
the IRCD improves a relatively low complexity by invoking
an adequate number of T2 than the MLD for the same
system. As shown in Fig. 12, the higher the value of T2,
the better BER performance our STSK-OTFS-MA system
becomes. Explicitly, in the cases of T2 > 5/8QMd , the
IRCD is capable of achieving a better performance than the
PRCGD with T1 = 1, as shown in Fig. 11. Moreover, we
can observe from Fig. 12 that at a BER of 10−4, the IRCD
with T2 = 6/8QMd attains a gain of about 1.5 dB over the
case of using T2 = 5/8QMd , while the IRCD associated with
T2 = 7/8QMd iterations can also achieve a gain of about
1.5 dB over the IRCD with T2 = 5/8QMd . Furthermore,
Fig. 12 clearly shows that the IRCD with T2 = 7/8QMd

is capable of attaining nearly the same performance as the
MLD. Therefore, from the above observations we conclude
that the IRCD with T2 = 5/8QMd to T2 = 7/8QMd can
be implemented to achieve a desirable BER performance in
contrast to the PRCGD associated with T1 = 1 and T1 = 2,
as shown in Fig. 11, while improving a considerably lower
complexity than the MLD.

To further compare IRCD and PRCGD, in Fig. 13 we
characterize the BER performance of these two detectors in
three-user STSK-OTFS-MA (2, 2, 2, 2, 4) systems, yielding
a rate of R = 1.5 bits/s/Hz. Specifically, the number of
iterations is set to T1 = 2 and T2 = 5/8QMd for PRCGD
and IRCD, respectively. Observe from Fig. 13 that the BER

0 5 10 15 20

SNR (dB)

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

Fig. 12. Two-user BER performance of the STSK-OTFS-MA (2, 2, 2, 4, 4)
systems employing MLD and the proposed IRCD with the different number
of iterations operating at R = 2 bits/s/Hz.
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Fig. 13. Three-user BER performance of the STSK-OTFS-MA (2, 2, 2, 2, 4)
systems using MLD, our IRCD with T1 = 2, and the proposed PRCGD with
T2 = 5/8QMd operating at R = 1.5 bits/s/Hz.

performance of the PRCGD with T1 = 2 iterations is about 0.5
dB and 1 dB worse than that of the IRCD with T2 = 5/8QMd

and the MLD, respectively. To elaborate further, the PRCGD
needs 0.5 dB higher SNR than the IRCD to achieve the
BER of 10−5. Furthermore, it can be concluded that the
ISPD associated with T2 = 5/8QMd iterations obtain a good
BER performance compared to the MLD, despite its lower
complexity.

To illustrate the general flexibility of our STSK-OTFS-
MA scheme, the BER performance of both uncoded, 1/2-
rate and 2/3-rate LDPC coded STSK-OTFS-MA (2, 2, 2, 2, 4)
systems using MLD are evaluated in Fig. 14. All the remaining
parameters are consistent with those in Fig. 13. In this context,
the sum-product decoding algorithm is harnessed [32]. As
observed in Fig. 14, the LDPC-coded system is capable of
attaining an a substantial performance improvement compared
to the conventional uncoded system. Moreover, at a BER of
10−5, the 1/2-rate LDPC coded system attains about 2 dB
and 7 dB SNR gain compared to the 2/3-rate LDPC coded
and uncoded systems, respectively.

Fig. 15 portrays the corresponding computational complex-
ity of the MLD, IRCD, and PRCGD employed in Fig. 13. We
have the following observations based on Fig. 15. Firstly, the
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Fig. 14. BER performance of both the uncoded, rate-1/2 and rate-2/3 LDPC
coded multiuser STSK-OTFS-MA (2, 2, 2, 2, 4) systems invoking MLD.
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Fig. 15. Multiuser detection complexity of the STSK-OTFS-MA
(2, 2, 2, 2, 4) systems invoking MLD, our IRCD with T1 = 2, and the
proposed PRCGD with T2 = 5/8QMd operating at R = 1.5 bits/s/Hz.

complexity of PRCGD with T1 = 2 is much lower than that
of IRCD and of MLD. This can be explained by the fact that
our PRCGD tests each DAP uniquely, and repeated searches
can be avoided, as illustrated in Algorithm 1. Moreover, the
PRCGD employs simple symbol-based detection for APM
symbols, whereas the MLD detects all the APM symbols
jointly, which can be seen by comparing (24) and (28).
Secondly, the IRCD with T2 = 5/8QMd can provide about 12
orders of magnitude complexity reduction over MLD. Since
the reliability sorting of all the DAPs is exploited, the full-
research process of MLD can be avoided in the proposed
IRCD, yielding a near-ML performance at a significantly
lower complexity than the MLD. Finally, based on Fig. 13
and Fig. 15, it can be concluded that satismetricy BER
performances can be attained by invoking both the PRCGD
with T1 = 2 and IRCD with T2 = 5/8QMd , which impose
much lower complexity than that of the MLD. Furthermore,
the PRCGD with T1 = 2 attains a more attractive BER vs.
complexity trade-off than the IRCD.

In Fig. 16, the system complexity of the conventional
STSK-OFDM-MA, SIMO-OTFS, SM-OTFS and the proposed
STSK-OTFS-MA employed in Fig. 8 is investigated. It is
observed that STSK-OFDM-MA exhibits the lowest system
complexity at a given rate among the OTFS-based systems,
followed by the SIMO-OTFS and SM-OTFS paradigms. This
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Fig. 16. System complexity of the conventional SIMO-OTFS scheme, the
SM-OTFS scheme, the STSK-OFDM-MA scheme, and our STSK-OTFS-MA
scheme invoked in Fig. 8 for a transmission rate of R = 3 and R = 4
bits/s/Hz.

is because N = 1 is invoked in the STSK-OFDM-MA
scheme, which significantly reduces the system complexity.
However, as shown in Fig. 8, the BER performance of STSK-
OFDM-MA is the worst. The best-performing STSK-OTFS-
MA imposes the highest system complexity at a given rate as
seen in Fig. 8 and Fig. 10. Hence, it is demonstrated that our
proposed STSK-OTFS-MA strikes a beneficial performance
vs. system complexity trade-off.

VI. SUMMARY AND CONCLUSIONS

An STSK-OTFS-MA system has been proposed, where
each DD-domain APM symbol is spread over both the space
and time dimensions by invoking DMs. Our theoretical deriva-
tions illustrated that the proposed STSK-OTFS-MA scheme
takes full advantage of both time, frequency, space diversity
and also attains ST coding gains. Then, a DD-domain RB
allocation scheme has been conceived to mitigate the MUI.
Moreover, a pair of low-complexity detectors have been
proposed for STSK-OTFS-MA based on greedy algorithms
and a codebook of DAPs. Furthermore, based on the MGF
technique, the asymptotical BER upper-bound of single-user
STSK-OTFS-MA has been derived. Our simulation results
have shown that the upper-bound becomes tight at high SNRs.
Additionally, the DCMC capacity of our STSK-OTFS-MA
scheme has been quantified. Finally, by jointly leveraging the
DCMC capacity and the BER union-bound, attractive DM
design criteria have been proposed for attaining the maximum
attainable diversity and coding gains. Both the analytical
and simulation results have demonstrated the superiority of
our STSK-OTFS-MA system in terms of both its BER and
DCMC capacity. We also demonstrated that there exists an
optimal combination of the DM sets and the modulation
order. Finally, our simulation results demonstrated that both
the proposed PRCGD and IRCD are capable of achieving
near-ML BER performances at reduced complexity, while the
proposed STSK-OTFS-MA scheme is capable of attaining
better BER performance at an acceptive system complexity
compared to other counterparts.
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