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Abstract—This paper proposes a novel reduced-complexity
detection scheme for multiple-input multiple-output (MIMO)-
assisted faster-than-Nyquist (FTN) signaling scheme in the doubly
selective fading channels. By utilizing the channel’s sparse ap-
proximation, we exploit a simplified linear minimum mean square
error (LMMSE) algorithm with a log-linear complexity. The
proposed scheme attains the same bit error rate performance as
the conventional LMMSE detector while attaining a significantly
lower complexity. Furthermore, we propose the amalgamation
of MIMO-FTN signaling and orthogonal time frequency space
modulation and conceive the low-complexity delay Doppler do-
main detection algorithm by exploiting the channel’s sparsity.

I. INTRODUCTION

Faster-than-Nyquist (FTN) signaling [1] is a technique
that constitutes a shorter symbol interval than that defined by
the classic Nyquist criterion, which is free from intersymbol
interference (ISI). From the information-theoretic perspective,
the benefits of FTN signaling are attained from the excess
bandwidth that cannot be exploited in the Nyquist-based
signaling scheme employing realistic pulse shaping [1]. To re-
duce the complexity imposed by the FTN-specific ISI effects,
several time-domain (TD) [2], frequency-domain (FD) [3,4],
and message-passing (MP)-based [5] demodulation schemes
were proposed. Moreover, precoded FTN signaling schemes
based on matrix factorization were proposed [6-9]. Kim [6]
used eigenvalue decomposition (EVD) of an FTN-specific ISI
matrix for precoding at the transmitter and weighting at the
receiver. In [8], EVD-precoded FTN signaling with optimal
power allocation was developed, and the system parameters
were optimized to maximize mutual information in frequency-
flat and frequency-selective fading channel. In [9], fast Fourier
transform (FFT)-spread multi-carrier FTN (MFTN) signaling
was proposed to reduce the computational complexity imposed
by EVD-based diagonalization for the frequency-selective
fading channel [8].

Several FTN signaling schemes were designed for the
doubly selective fading channel to improve robustness to
the Doppler shift and delay spread [10-12]. Wu et al. [10]
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proposed the Gaussian MP (GMP) detector, which is assisted
by a vector form factor graph. In [11], EVD-precoded FTN
signaling was designed for an underwater acoustic doubly
selective channel. In [12], differential multi-carrier FTN sig-
naling was proposed, which approximately diagonalizes the
FTN-specific ISI matrix as well as the noise correlation matrix
and dispenses with any channel sate information (CSI).

In addition to the above-mentioned single-input single-
output (SISO) FTN signaling systems, employing FTN sig-
naling in multiple-input multiple-output (MIMO) systems is a
promising direction to further enhance spectral efficiency and
data throughput. In [13], the Mazo limit associated with the
MIMO system was analyzed, while in [14-16], the capacity
of MIMO-FTN signaling was studied. In [17], inter-carrier
interference (ICI) cancellation was discussed for MIMO-
FTN signaling in a bandwidth-limited optical transmission
system, while in [18], performance evaluation was conducted
for MIMO-FTN signaling in the frequency-selective fading
channel with the full-complexity minimum mean-square error
(MMSE) equalizer. A low-complexity linear precoding and
equalization method was conceived for MIMO-FTN covert
communication in the additive white Gaussian noise (AWGN)
channel [19]. To the best of our knowledge, most previous
low-complexity FTN signaling receivers have been designed
mainly for the SISO systems rather than the MIMO counter-
parts.

Most recently, two studies considered combining FTN sig-
naling and orthogonal time frequency space (OTFS) modu-
lation [20,21], which exploits the sparsity and quasi-static
channel representation in the delay-Doppler (DD) domain.
In [20], the OTFS-modulated FTN (OTFS-FTN) signaling
was proposed based on full-complexity EVD-based precoding
and detection. In [21], the integrated sensing and communi-
cations (ISAC) waveform was designed based on the fusion
of OTFS and FTN signaling while assuming the use of an
ideal bi-orthogonality pulse-shaping filter. Note that the above-
mentioned OTFS-FTN signaling schemes are only investigated
in single-antenna scenarios.

Against this background, the novel contributions of this pa-
per are as follows. We propose a reduced-complexity detection
scheme for MIMO-FTN signaling in the doubly selective fad-
ing channel. Our detection algorithm is designed for exploiting
sparse approximation of the FTN-specific channel matrix, as
well as efficient sparsity-assisted linear MMSE (LMMSE)
equalization. We derive the theoretical achievable information



rate of the proposed MIMO-FTN signaling scheme. Finally, to
further enhance the achievable performance against the high
Doppler shift, we conceive for the first time the amalgamation
of MIMO-FTN signaling and OTFS modulation. We derive the
input-output relationship for the MIMO-OTFS-FTN signal and
propose the reduced-complexity detection scheme, operated in
the DD domain.'

II. SYSTEM MODEL

Consider a MIMO-FTN signaling system supporting N,
transmit antennas and N, receive antennas. The symbols
transmitted from the the v-th antenna (1 < v < INV;) are
represented by x, = [Ty0,  + , Ty n-1]T € CV, where N
is the block length. The average symbol energy is given by
El|zynl?] = 02(n = 0,--+-,N —1). In order to avoid the
detrimental effects of inter-block interference (IBI) caused by
FTN signaling as well as the delay spread, the 2c-length cyclic
prefix (CP) symbols are added to the end of x, as follows:

T
cp cp cp N+2c
xP = [;UU’O, ce xv7N+26_1} eC
. T
= [zv,07 sy Ly N—15Lp,05 -+ - 7551),2(:—1]
Ak, )

where we have the CP-added matrix of

Acp — |: In :| c R(N+26)XN. )

I, 02c><(N72c)

Then, x$P is passed through a root-raised-cosine (RRC)
pulse-shaping filter h(t) with the roll-off factor 3, to gen-
erate the baseband time-domain FTN signal as xz,(t) =
SNzt x$P h(t — nT), where we have the FTN symbol
interval T' = oTj). The FTN symbol’s packing ratio «, and the
Nyquist-criterion-based symbol interval Tp = 1/(2W), while
2W corresponds to the bandwidth of an ideal rectangular pulse
filter. Note that adding a sufficiently long CP eliminates the
effects of IBI induced by FTN signaling and the delay spread.
Moreover, in this paper, we consider the practical range of the
packing ratio, i.e., o > 1/(1 + f8) [9, 12].

We assume an L-tap frequency-selective fading channel of
each pair between the transmit and receive antenna elements.
After matched filtering by h*(—t), the received signal at the
u-th receive antenna is expressed by

Ny N42c—1L-1

Y@= Y Y huwiPg(t—(i + n)T)+nu(t), 3)
v=1 n=0 =0
where h,, ; € C is the channel coefficient between the v-th
transmit to the u-th receive antennas for the ¢-th tap. Moreover,
g(t) £ h(t) * h*(—t) corresponds to the time response of
the raised-cosine (RC) filter, 1, (t) = n,(t) * h*(—t) is the
FTN-specific correlated noise, and n,,(t) represents the zero-
mean complex-valued AWGN component at the u-th receive

I Notations: Iy denotes the N x N identity matrix. O x 37 denotes the
N x M zero matrix. F v represents the /N-point normalized discrete Fourier
transform (DFT) matrices. More specifically, the kth-row and [th-column entry
of Fy is given by (1/v/N)e=2mi (k=1 (-1)/N

antenna. Also, the power spectral density of the AWGN
is given by o3. Furthermore, the noise autocorrelation is
calculated as E[n, (nT)n:(mT)] = o3g((n —m)T).

By sampling y,(t) with the FIN interval 7' and removing
the first ¢ and last ¢ samples in each frame, the received
samples at the u-th receive antenna are given by

Yu = [Yu0. s Yun-1]’ €CV
Ny ~
= ZchHu,vAcva + N, 4
v=1
where Rep, = [Onxe In Onye | € RVXINH29). The

covariance matrix of 7, € CV can be denoted as E [n,nf!] =
02G, where G € RV*¥ is a Toeplitz matrix, whose first row
is denoted by [g(0), g(—=T) -+ ,g(—(N —1)T)]. Furthermore,
H, , € CIN+20)x(N+2¢) denotes the effective channel matrix
between the v-th transmit antenna to the u-th receive antenna.
More specifically, the kth-row and mth-column entry of H,, ,
is given by
B L-1
Hyolk,m] = huwig(KT — (m +4)T). (5)
i=0
The input-output relationship of the MIMO-FTN signaling
system can be expressed as

y = Hx +n, (6)
where y = [y?,--- ,y%r]T e CVNr x = [xT,--- ,x%t}T €
CNNe and g = [nf,--- ,n§ ]7 € CNNr. Assuming that

the noise samples from different receiving antennas are in-
dependent of each other, i.e., E[n,(nT)n;(mT)] = 0,u #
v,Vn,m € R, we can obtain the covariance matrix of n as
E[WIH] _ O'(Q)Gr c RNN,.XNNT’ where Gr — INT ® G.
Furthermore, the channel matrix H € CVN»*NNt j5 expressed
as
H, Hi n,
H= : : , (7

HNT,l HNT,Nt,

where H,, , = RCpItIuwACp.

III. REDUCED-COMPLEXITY MIMO-FTN SIGNALING
RECEIVER UNDER DOUBLY SELECTIVE FADING CHANNEL

A. Reduced-Complexity Diagonalization and Equalization

In the time-varying channel, the k-th received sample at the
u-th receive antenna in (3) is rewritten by

N, N+42c—1L-1
yu(kT) = Z Z Z Puv,i kb, g((k—i—n)T)
v=1 mn=0 =0
+1u (KT,

where N, ; 1, is the channel coefficient of the ¢-th tap at sym-
bol index k between the v-th transmit antenna and the u-th re-
ceive antenna. The correlation between the channel coefficients
huv,ie and hyy i gptm is defined as El[hy, ;b ] =

uv,i,k+m

Jo(2mmaFyTy) [8,12], where Jo(-) denotes the zero-order
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Fig. 1. (a) The matrix structure of HSHSH +08 éc. (b) The reordered matrix.

Bessel function of the first kind, F,; denotes the maximum
Doppler shift, and F; Ty denotes the normalized Doppler fre-
quency. Hence, H,, ,,[k, m] in (5) is replaced by H,, , [k, m] =
S0 Mg (KT = (m+)T).

Based on (6), the LMMSE equalization considering noise
whitening is given by

o -1
Smvse = HY (HHY 4+ 00G,) y. (8)

We consider a sparse matrix approximation of quN ~
R H, ,Acp. More specifically, the k-th row of H,,  is given

by
L—-1
0,..,0, > huwikreg((—c+)T),...,
=0
k—1
L—-1

> huvigreg((c+)T),0,...,0| for k<N —2¢, (9
1=0

N—2c—k
and
L—-1
> huvikreg(N —c—k+i+1)T),...,
L—-1
Z hu11,i,k+cg((c + Z)T), 0, ey 0,
i=0 N——
N—2c—1

L—1
Z huv,i,k+cg((_c + ’L)T), ey
i=0

L—-1
> huvikreg(N ==k +4)T)| for k>N —2¢ (10)
=0

By approximating the Toeplitz matrix G to a circulant
matrix G, [22], the first column of G, can be denoted by

[g(O),g(T), e ag(2CT)70v e 7079(_26T)7 e 79(_T)]T‘
Furthermore, we can obtain

LA (INT ® Gc) c RNN,,.XNN,,,

= ch
where G, = (In, ® Ge).

(1)

Hence, using (9), (10) and (11), (8) is approximated to

s~ HY (HHH n agéc>_l y, (12)
where
ﬂl,l I:II,Nt
H, = : € CNNexNNe 13y
ﬂNr,l IZINT,Nt

To reduce the band of active elements in H;HY + aééc,
we reorder the matrix to a banded matrix by using the reverse
Cuthil-Mckee algorithm [23], where Figs. 1(a) and 1(b) show
the before and after the matrix reorder, respectively. The
complexity imposed by the reverse Cuthil-Mckee algorithm is
given by O(N, + N N,.log d) [24], where N, is the number of
non-zero elements in the matrix, and d is the average degree of
the graph constructed in the algorithm. The reordered matrix
W ¢ CNN-XNN:i5 denoted as ¥ = P(HHY + 02G.)PT,
where P € RNN-xNNr g the permutation matrix com-
puted by the reverse Cuthil-Mckee algorithm, which satisfies
PPTN:~ Inn,. Considering the Choleskey factorization of
¥ = LU, where we have L = U¥ | we can obtain

LU = P(HH" 462G, )P”

& HHY +02G) ' =PTU'L'P. (14
Hence, (12) is rewritten to
S//I
—_——
s=HIPTU'L! Py. (15)
~—
H,i/

s’

The complexity of the Cholesky factorization ¥ = LU is
O(NN,.B2), where B, is the bandwidth of active elements
in the matrix ¥, and the complexity of s’ = Py is O(NN,.).
Considering the band structure of L, s” = L~!s’ can be
computed by the forward substitution algorithm for a banded
matrix [24]. Similarly, s”/ = U~'s” can be calculated by
the backward substitution algorithm for a banded matrix [24].
Each complexity of the forward substitution algorithm and the
backward substitution algorithm is O(N N, B, ). The complex-
ity of 8 = HZPTs" is O(NN, + N;N,.c). Hence, the total
complexity for (15) is summarized as O(N,.(N B2 + Nyc)).
B. Achievable Information Rate

Let us define W = HZ/PTU-'L~'P, Hyy = WH, and
Net = W1). Then, the mutual information /(s;$§) between the
received symbols § and the transmit symbols s can be upper-
bounded by

(me) MV [E[88™ ] det
(me) NN B [Rerr ey et

2 ~ ~ ~
— log, [T+ 25G, '"HeeHY| |
90 det
(16)

1(s;8) = he(8) — he(Sls) <log,



where the Hermitian matrix éz = WGrWH € CNNex NN,
and the corresponding EVD is expressed as follows:

G,=VA, VY, (17)
where V. € CNNexNNe ig the unitary matrix and A, €
RNNexNNt js a diagonal matrix. With (17), (16) is further
simplified to

I(s;8) = log21+ H VA, PAPVEH,| (18

det
€ CNNexNNt Then, the EVD
UZ._.UZ , Where U S
is the unitary matrix, and 2 € RVNeXNNe jg g di-
agonal matrix, having the N V; descending-order eigenvalues
&, ,EnN,—1. Hence, (18) is modified to
) 19)

NN.:—1
z Z 10g2
det

IV. EXTENSION TO MIMO-OTFS-FTN SIGNALING

where D, = A, 2VHH
of DHDZ is given by D D =
CNN:xNN;

I(s;8)=log,

2 ~ ~
1+ 2 DID
90

Consider the two-dimensional information symbols in the
DD-domain, which are transmitted from the v-th transmit
antenna, are represented by S, € CMxN , where M and N
denote the number of subcarriers and that of time slots in each
frame. Furthermore, the information symbols from [V; transmit
antennas are defined by 8 = [87,--- ,§% ]7 € CMNNt where
s, = vec(gv).N The FTN sampling interval is T = a1y =
T/M, where T =1/Af and Af is subcarrier spacing.

In order to convert the symbols modulated in the DD-
domain to the transmitted symbols in the time-frequency
domain, the inverse symplectic fast Fourier transform (ISFFT)
is carried out, which corresponds to the M-point FFT for
the columns and the N-point IFFT for the rows as follows:
X, = FZ (b S FH) e CMxN [25], where X, denotes
the TD symbols of the v-th trans~m1t antenna. Furthermore,
the column-wise vectorization of X, is represented by x, =
vee(X,) = (F# @ Iy7)5, € CVF.

Owing to the channel’s sparsity in the DD domain, the
time-varying channel’s response between the wu-th receiver
and the v-th transmitter is formulated by: h,(7,v) =
ZzL:—ol hu’u,ié(T_Tuv,i)é(y_yuv,i) [26], where 6() is Dirac’s
delta function. Furthermore, 7,, ; and 1, ; are the delay and
the Doppler shift of the i-th path between the u-th receiver and
the v-th transmitter, which are denoted by 7, ; = l,w if MA f
and vy, = (km, i+ Ruw,i)/ NT, respectively. Note that
lyv,; and ky,; are the integer parameters, corresponding to
the delay and Doppler shift, and &, ; represents the fractional
Doppler shift for —1/2 < Ky < 1/2. We assume that the
channel’s maximum delay 7y,.x and maximum Doppler shift
Vmax Satisfy Tax < (2¢ — 1)T/M and |vmax| < Af/2,
respectively. Furthermore, ;. and kpax correspond to 7Tyax
and Vpyax.

Under the assumption of 2c-length CP symbols in each
block, the channel matrix between the u-th transmit and the v-

th receive antennas after the removal of the CP is represented
by HO'S = R HO'™S A, where the effective channel matrix

Hotfs 1ncludes the effects of FTN sampling, and the kth-row

u,v
and mth-column entry of HS' is given by HYS[k,m] =
- (kuv itRuw, 1)( ~
ZiL:()l hw,ﬂ;eﬂ MN g kKT — (m + luv,i) T
[20]. Similar to (9) and (10), we carry out the sparse matrix
approximation of HJ'™ € CMNXMN H'™S, whose k-th
row is given by

uuz)

L1 o (gun,ﬁrﬁu,v,q‘,)(k+0*l~m;,i) -
0,50, huyi€’ NN g((=c+ luw)T),
ko1 =0
L—1

(Fuv,itRuv,i) Gete—Tuy i) -

cey Z huv,iej27T MN g((c + luvﬂ?)T)’

=0
0,...,0] for k < MN — 2c,
N——
MN—2c—k
and
L-1 o (Fuw,i+Fun,i ) Gete—Tuy 0)
Zhuv,ieﬂﬂ MN
1=0
X g((MN—=c—k+lyv:+1)T),...,
L—1

(Euv,i‘*"?uu,i)(k-*-c—fuv,i) .

Z huv’iej%.r MN g((c + luv,i)T)7 07- LS} 0 )
: N —
MN—2¢c—1

g(—c+luwwi D, ..,

(%uv i+5uv,i)(k+6*fuv,i)

j27 > B~
g hu/uﬂ-ej MN

1=0
L-1 5 (§uu,i+guv,i)(k+c_ruv,i)

j27 . L
§ huv,iej MN

for k> MN — 2¢

G((MN —c—k+1ys.:)T)

Hence, the approximated received signal is expressed as
~ HQ5 + 7 € CMVN: where Q = Iy, ® (Fg @Iﬁ)

and
N O
ﬁ _ . c CMNN-xMNN; (20)
e,
Then, we arrive at
Souts ~ QA (HA + agégth)_l v, @D

where GO = (Iy, ® G25). Similar to an
approximation of (11), G ¢ CMNxXMN g
given by the circulant matrix, whose first column is
9(0), 9(T), -+, g(2cT),0,: - ,0,9(=2cT), -, g(=T)]".

Observe that HH + (7(2)G°“b in (21) has the same sparse
structure as that considered in Fig. 1(a). Hence, the reduced-
complexity LMMSE detector in Section III is readily
applicable to the MIMO-OTFS-FTN signaling system.
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Fig. 2. BER performance of the proposed detection scheme for the MIMO-
FTN signaling scheme in the doubly-selective fading channel, compared with
the full-complexity LMMSE bound: (a) QPSK and (b) 16QAM.

V. PERFORMANCE RESULTS

In this section, we provide our performance results to
analyze the proposed MIMO-FTN and MIMO-OTFS-FTN
signaling schemes in the doubly selective fading channels. We
assume that each channel coefficient h,, ; is independently
generated according to the complex-valued Gaussian distribu-
tion Ayy; ~ CN(0,1/L) per frame. Moreover, the roll-off
factor is set as 8 = 0.25 unless otherwise stated. In order
to achieve a near-capacity BER performance, a 3/4-rate low-
density parity check (LDPC) coding scheme with a maximum
number of iterations of 50 is used. We define the transmission
rate as Ry = 22W(11+/3) (N+210)aTo Zﬁzvo‘_lbn [bps/Hz|, where
b, is the information bits mapped onto the n-th symbol, and
3/4 denotes the code rate.

Figs. 2(a) and 2(b) show the achievable BERs of the
proposed low-complexity detection scheme for the MIMO-
FTN signaling scheme in the doubly-selective fading channel,
where QPSK and 16-QAM are employed, respectively. We
consider the 2x2 MIMO system with the system parameters of
(N, L,c, F4Tp) = (264,10, 30,0.01). The channel coefficients
are generated based on Jakes fading model with 20 scatterers.
Observe in Fig. 2 that the proposed scheme achieves the BER
performance close to that of the full-complexity bound.

Furthermore, Fig. 3 shows the achievable information rate
of the proposed scheme for the different normalized Doppler
shifts of FyTy = 0.1, 0.01, and 0.001. The other parameters
are given by (N;, N, N, L,c) = (2,2,512,10, 30). Observe
in Fig. 3 that the proposed scheme tends to achieve the highest
achievable information rate.

Figs. 4(a) and 4(b) show the BER performance of
the proposed reduced-complexity detection scheme for the
MIMO-OTFS-FTIN signaling scheme in the doubly selec-
tive fading channel, which is compared with the full-
complexity LMMSE bound, where QPSK and 16-QAM are
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Fig. 3. Achievable information rate of the proposed MIMO-FTN signaling
scheme in the doubly fading channels for different packing ratios.
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Fig. 4. BER performance of the proposed detection scheme for the MIMO-
OTFS-FTN signaling scheme: (a) QPSK and (b) 16QAM. The full-complexity
LMMSE bound is plotted as the benchmark.

employed, respectively. The system parameters are set as
(Nt, Npy M, N, Ly ¢y lnax, kmax) = (2,2,128,6,8,30,8,2).
Observe in Figs. 4(a) and 4(b) that the proposed reduced-
complexity detection scheme achieves the performance close
to the full-complexity LMMSE bound while achieving sig-
nificantly low complexity. Furthermore, for a = 0.9, the
proposed scheme achieves a comparable BER performance to
that of the Nyquist-based counterpart, which corresponds to
the conventional MIMO-OTFS scheme while accomplishing a
higher transmission rate.

In Fig. 5, we investigated the achievable BERs of the pro-
posed scheme for the packing ratio of & = 0.85 and 0.9. Here,
the EVD-precoded scheme without power allocation [20] is
considered as the benchmark, which requires CSI at the trans-
mitter and the receiver. The system parameters are given by
(N, Ny M,N, L, ¢, lmax, kmax) = (2,2,128,6,6,30,6,2),
while bit-loading [7, 8] is used to achieve the target transmis-
sion rate. In Fig. 5, it is found that the proposed scheme out-
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Fig. 5. BER performance of the proposed reduced-complexity detection for
the MIMO-OTFS-FTN signaling scheme, which is compared with the EVD-
precoded detector [20].

performs the conventional Nyquist-based MIMO-OTFS coun-
terpart under the same transmission rate, which is achieved
owing to the exploitation of excess bandwidth. Note that the
detection complexity imposed by the EVD-based scheme is
O(N?M3N?3), which is significantly higher than that of the
proposed scheme.

VI. CONCLUSIONS

In this paper, we proposed the reduced-complexity detection
algorithm for the MIMO-FTN and MIMO-OTFS-FTN signal-
ing schemes for the doubly selective fading channels, which
relies on the sparsity approximation as well as LMMSE-based
linear detection. Our performance results demonstrated that the
proposed scheme exhibited a higher information rate than the
conventional Nyquist-based counterpart using the same RRC
shaping filter.
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