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Abstract—In this paper, a spectrally efficient nonorthogonal time–
frequency training sequence (TS)-based channel state information (CSI)
acquisition approach is proposed for multiple-input–multiple-output or-
thogonal frequency-division multiplexing (MIMO-OFDM) systems under
the framework of structured compressed sensing (SCS). The scheme
first relies on a time-domain TS that is identical for all transmit an-
tennas to acquire the partial channel common support by utilizing the
spatial correlation property of the MIMO channels and then uses the
frequency-domain TS for accurate CSI recovery based on the proposed
adaptive spatially–temporally joint simultaneous orthogonal matching
pursuit algorithm. Here, the obtained partial channel common support
can be utilized to reduce the complexity of the classical SCS algorithm and
improve the signal recovery probability. Simulation results show that the
proposed scheme could significantly reduce the TS overhead and demon-
strate better performance than the existing MIMO-OFDM systems, which
might be suitable for massive MIMO systems in future fifth-generation
communications.

Index Terms—Channel state information (CSI) acquisition, multiple-
input multiple-output (MIMO), nonorthogonal time–frequency train-
ing sequence (TS), spatial–temporal correlations, structured compressed
sensing (SCS).

I. INTRODUCTION

Multiple-input multiple-output (MIMO) has attracted much interest
from both academia and industry due to its outstanding capability
to significantly increase system capacity and spectral efficiency [1].
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Consequently, the MIMO technique has been widely employed by
the most advanced wireless communication systems, such as Long-
Term Evolution [1], IEEE 802.11ad [2], etc., and, at the same time, is
considered as a promising technique for future fifth-generation (5G)
wireless communications [3].

In practical MIMO systems, accurate knowledge of the channel
state information (CSI) is a prerequisite at the transmitter and/or the
receiver to exploit the advantages that MIMO can offer, including
beamforming, precoding, and so on [4]. Hence, there has been plenty
of work on CSI acquisition for MIMO systems, among which, the
training sequence (TS)-based approaches, relying on the known TS
to acquire the CSI, are more reliable and commonly adopted [5], [6].

According to the multiplexing way between the TS and the data,
the TS-based approaches can be categorized into two types, namely,
the time-domain [5] and frequency-domain [6] TS-based approaches.
However, the conventional TS-based approaches have one main draw-
back, which is that the TSs of different antennas have to be orthogonal
in either the time or the frequency domain and, hence, are not spec-
trally efficient when the scale of the antenna number is very large,
i.e., in massive MIMO scenarios [7], or the channels are undergoing
severe time varying, where CSI acquisition has to be performed very
frequently, for example, every frame [8]. Recently, by exploiting the
channel sparsity of the MIMO systems, the compressive sensing (CS)
theory is applied to reduce the orthogonal TS overhead for each
antenna [9]. Furthermore, some researchers consider the channel cor-
relations and use the nonorthogonal frequency-domain TS occupying
the same subcarriers to acquire the CSI based on the structured CS
(SCS) [10]–[12].

In this paper, to further improve the spectral efficiency and system
performance, we propose a nonorthogonal time–frequency TS-based
CSI acquisition approach for MIMO systems under the framework
of SCS [10]. Specifically, the contributions of this paper can be
summarized as follows.

1) In contrast to the existing schemes where the nonorthogonal TS
lies solely in the frequency domain [11], [12], there exist both
nonorthogonal time- and frequency-domain TSs in the proposed
scheme. Therefore, the time-domain TS, which is identical for
all transmit antennas and transmitted in the same time slot, can
work as the guard interval and be used to obtain the partial chan-
nel common support, whereas the different frequency-domain
TSs occupying the same subcarriers for different transmit anten-
nas are used for accurate CSI acquisition.

2) By utilizing the obtained partial channel common support and
the channel spatial–temporal correlations, an adaptive spatially–
temporally joint simultaneous orthogonal matching pursuit
(AST-SOMP) algorithm is proposed for accurate CSI recovery.
Compared with the standard SOMP algorithm, the proposed al-
gorithm reduces the required number of observations for reliable
recovery and has lower complexity and better performance.

3) Compared with the schemes with structured subspace pursuit
(SSP) or block orthogonal matching pursuit (BOMP) [11], [12]
and the conventional schemes [5], [6], the proposed scheme
demonstrates higher spectral efficiency and lower complexity by
modifying the well-known low-complexity SOMP algorithm.

The remainder of this paper is organized as follows. The system
model, including the TS pattern design, is introduced in Section II. The
proposed CSI acquisition method based on the AST-SOMP algorithm
is addressed in Section III. Sections IV and V provide the performance
analysis and the simulation results, respectively. Finally, conclusions
are drawn in Section VI.
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Notation: We use the lowercase and uppercase boldface letters to
denote vectors and matrices. (·)T , (·)H , (·)−1, diag(·), and ‖ · ‖p
denote the transpose, conjugate transpose, matrix inversion, diagonal
matrix, and lp-norm operations, respectively; xΩ denotes the entries of
vector x in the set of Ω; and ΦΠ represents the submatrix comprising
the Π columns of Φ.

II. SYSTEM MODEL

A. Spatial–Temporal Correlations of Sparse MIMO Channels

For an Nt ×Nr MIMO system consisting of Nt transmit and
Nr receive antennas, the L-length channel impulse response (CIR)
associated with the pth (1 ≤ p ≤ Nt) transmit antenna and a certain
receive antenna1 during the ith frame can be modeled as [5], [6]

h(p)
i =

[
h
(p)
i,0 , h

(p)
i,1 , . . . , h

(p)
i,L−1

]T
. (1)

Due to the physical properties of outdoor electromagnetic propagation,
the CIRs in wireless communications are usually modeled to be sparse
[13], [14]. The support, i.e., the nonzero index of h(p)

i can be written

as T (p)
i = {l : |h(p)

i,l | > 0}
L−1

l=0
.

Moreover, the support is identical for all the channels associated
with different transmit antennas, which is referred to as the spatial
correlation [14], [15]. This property follows from the fact that the
propagation delay is roughly the same for all transmit–receive antenna
pairs.

On the other hand, it has been observed that the path delays of the
practical wireless channels usually vary much slower than the path
gains [14], i.e., even if the path gains are varying significantly from one
frame to the next, the path delays among several successive frames still
remain unchanged, which is referred to as the temporal correlation.
The temporal correlation can be assumed during R adjacent frames,
where R is associated with the channel coherence time.

In this paper, we will fully exploit the spatial–temporal correlations
of sparse MIMO channels and design a more spectrally efficient CSI
acquisition approach with the nonorthogonal time–frequency TSs.

B. MIMO-OFDM With Nonorthogonal Time–Frequency TSs

Fig. 1 presents the frame structures of different TS-based MIMO
orthogonal frequency-division multiplexing (OFDM) schemes. As
shown in Fig. 1(a), the orthogonal time-domain TS-based scheme uses
the TSs multiplexed in the time domain to obtain the CSI for each
transmit antenna [5]. To ensure the estimation accuracy, the length of
each TS M should be no less than the channel length, i.e., M ≥ L.
Hence, the total TS overhead will be larger than NtL. In Fig. 1(b),
the orthogonal frequency-domain TS-based scheme utilizes the comb-
type orthogonal TSs for CSI acquisition, whereby the effective TSs
are nonoverlapping, and nulls (zeros) are also inserted to prevent
the mutual TS contamination among different transmit antennas [6].
Here, the cyclic prefix (CP) is placed before the OFDM block as the
guard interval to avoid the interblock interference (IBI). However, in
the orthogonal TS-based schemes, the TS overhead will dramatically
increase as the number of antennas goes up.

To improve the spectral efficiency, the scheme adopting the
nonorthogonal frequency-domain TS for CSI acquisition is proposed
by exploiting the channel sparsity and correlations [11], [12]. As
shown in Fig. 1(c), the “nonorthogonal” here means that the TSs
of different transmit antennas occupy the same subcarriers in the

1As the processing is identical for every receive antenna, the receive antenna
index will be omitted for simplification.

Fig. 1. Frame structures of different MIMO-OFDM schemes. (a) Orthogonal
time-domain TS-based MIMO-OFDM scheme. (b) Orthogonal frequency-
domain TS-based MIMO-OFDM scheme. (c) Nonorthogonal frequency-
domain TS-based MIMO-OFDM scheme. (d) Proposed nonorthogonal time–
frequency TS-based MIMO-OFDM scheme.

frequency domain. By exploiting the channel sparsity and correlation,
researchers propose the SSP and BOMP algorithms [11], [12] to
significantly reduce the TS overhead.

Unlike conventional schemes, the proposed MIMO-OFDM has both
nonorthogonal time- and frequency-domain TSs for every frame, as
shown in Fig. 1(d). The ith frame of the pth transmit antenna consists
of an M -length TS c = [c0, c1, . . . , cM−1]

T and an N -length OFDM
block x(p)

i =[x
(p)
i,0 , x

(p)
i,1 , . . . , x

(p)
i,N−1]

T = FH x̃(p)
i , where F is the N ×

N discrete Fourier transform (DFT) matrix. The nonorthogonal
time-domain TS is an identical sequence and will be simultaneously
transmitted for all transmit antennas, which should have a good
autocorrelation property for both synchronization and partial chan-
nel common support acquisition. x̃(p)

i denotes the frequency-domain
OFDM block that contains a small amount NP of the TS on the
location of D = {dn}NP −1

n=0 .
At the receiver, after removing the interference from the TS and

the cyclicity reconstruction for OFDM blocks, the received frequency-
domain OFDM block can be written as

ỹi =

Nt∑
p=1

diag
(

x̃(p)
i

)
FLh(p)

i + wi (2)

where FL is the N × L partial DFT matrix containing the first L
columns of F. Since we only focus on the received pilots located at D,
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(2) can be simplified as

ỹi,D =

Nt∑
p=1

diag
(

x̃(p)
i,D

)
FDh(p)

i + wi,D (3)

where FD is the NP × L partial DFT matrix with the (n+ 1, k + 1)th

entry being exp(−j2πdnk/N)/
√
N . By defining D(p) Δ

= diag(x̃(p)
i,D),

(3) can be rewritten in a matrix form as

ỹi,D =
[
D(1)FD,D(2)FD, . . . ,D(Nt)FD

]
NP ×NtL

hi + wi,D

Δ
= Φhi + wi,D (4)

where hi = [(h(1)
i )

T
, (h(2)

i )
T
, . . . , (h(Nt)

i )
T
]
T

is the equivalent CIR
vector of size NtL× 1. Afterward, by utilizing the channel sparsity,
hi can be reconstructed by the structured CS method, which will be
detailed in Section III.

C. TS Pattern Design

The TS pattern design in this paper includes the nonorthogonal TSs
in both the time and frequency domains.

To obtain the partial channel common support, the time-domain TSs
for different transmit antennas should be identical and have a good
autocorrelation property. Considering the peak-to-average power ratio
requirements of the practical systems, the constant-amplitude zero-
autocorrelation sequences would be a feasible choice [16].

On the other hand, according to the CS theory, the recovery per-
formance is guaranteed by the restricted isometry property (RIP) of
the observation matrix Φ [17]. From the structure of Φ in (4), we
could find that the RIP of Φ is determined by the choice of {D(p)}Nt

p=1

and FD, or equivalently, the TS {x̃(p)
i,D}

Nt

p=1
and the location D. Since

better randomness of {x̃(p)
i,D}

Nt

p=1
and D leads to the better RIP of

Φ, one possible way to design the frequency-domain TSs can be
realized by generating Nt sequences of each length NP according
to the independently and identically distributed random Bernoulli
distribution (±1) [11].

III. TIME–FREQUENCY JOINT CHANNEL STATE

INFORMATION ACQUISITION FOR SPARSE

MULTIPLE-INPUT–MULTIPLE-OUTPUT SYSTEMS

Here, by fully exploiting the time–frequency training feature of
the proposed scheme and the spatial–temporal correlations of the
sparse MIMO channels, we proposed the time–frequency joint CSI
acquisition method based on the AST-SOMP algorithm. The proposed
method is composed of three steps as follows.

A. Step 1: Time-Domain TS-Based Partial Channel Common
Support Acquisition

Different from the conventional time-domain TS-based MIMO-
OFDM systems where the TSs are used for accurate estimation [5],
the proposed scheme utilizes the time-domain TS merely to acquire
the partial channel common support. The length of the time-domain
TS only needs to be no less than the channel length, i.e., M ≥ L, and
hence, the TS here can work as a guard interval as well.

At the receiver, we directly use the received TS ĉi without interfer-
ence removal to correlate with the local TS, i.e.,

z̄i =
1

MNt
c ⊗ ĉi =

1
Nt

Nt∑
p=1

h(p)
i + vi (5)

Fig. 2. OFDM block cyclicity reconstruction with two transmit antennas.

where ⊗ is the circular convolution operation, vi denotes the interfer-
ence including the channel noise and the IBI, and the correlation result
z̄i is the rough estimate of the superposition of all the CIRs associated
with the Nt transmit antennas.

By exploiting the spatial–temporal correlations of the channel, the

partial channel common support T0 = {l:
∑i+R−1

j=i ‖z̄j,l‖2/R≥a}L−1

l=0
within the R frames can be obtained by appropriately selecting the
threshold a = 3(

∑i+R−1
j=i

∑L−1
l=0 ‖z̄j,l‖2)1/2/RL according to [18].

Meanwhile, the channel sparsity level, which is essential to the CS
algorithm, can also be estimated by adding a positive compensation
integer, i.e., K = ‖T0‖0 + b [13].

The obtained partial channel common support can be used to
reduce the complexity and increase the reliability of the standard SCS
algorithm, which will be detailed in Step 3.

B. Step 2: Frequency-Domain TS Extraction Via OFDM
Cyclicity Reconstruction

In the proposed nonorthogonal time–frequency TS-based MIMO-
OFDM scheme, the standard CP [6] is replaced by the time-domain
TS for channel information acquisition while sacrificing the cyclicity
property of the received OFDM block over multipath fading channels.
Hence, the cyclicity reconstruction is required to obtain the frequency-
domain TS for accurate channel recovery.

The cyclicity reconstruction in this scheme can be achieved via
the overlap-and-add operation [19], which could be summarized as
follows.

1) For each transmit antenna, compute the IBI to the OFDM block
caused by the time-domain TS and the CIR and then subtract
them from the received OFDM block.

2) Add the received time-domain TS in the next frame to the
received OFDM block. Here, the received time-domain TS
contains the convolutional tails between the OFDM block of the
current frame and the CIRs, as shown in Fig. 2.

3) For each transmit antenna, compute the linear convolution be-
tween the time-domain TS and the CIR and then subtract the
first M symbols of the convolutional results from the received
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OFDM block to obtain the cyclically reconstructed OFDM
block.

The reconstruction process for two transmit antennas is provided for
brief illustration, as shown in Fig. 2. After that, the frequency-domain
TS can be extracted for accurate CIR estimation in Step 3.

C. Step 3: Frequency-Domain TS-Based Accurate CIR Acquisition

Considering (4) during R adjacent frames and stacking the
noisy measurements ỹi,D into one matrix Y = [ỹi,D, ỹi+1,D, . . . ,
ỹi+R−1,D], we have

Y = ΦH + W (6)

where H = [hi, hi+1, . . . ,hi+R−1] contains all the CIR information
that needs to be estimated, and W = [wi,D,wi+1,D, . . . ,wi+R−1,D].
Due to the spatial–temporal correlations, the columns of H not only
share the common sparse support but also have the inherent common
structure, i.e., the support of hi has a periodicity of L. Therefore, the
problem formulated in (6) can be solved, and the recovery performance
can be improved by the SCS algorithms [10].

Among the several SCS algorithms, the SOMP is well known and
most frequently used due to its low complexity and relatively good
performance [10] compared with the other high-performance but high-
complexity algorithms [11], [12], which is more suitable for hardware
implementation.

Based on the classical SOMP algorithm, we propose the AST-
SOMP algorithm, which utilizes the partial channel common support
obtained in Step 1 and the inherent correlation in hi to further reduce
the complexity as well as improve the recovery performance. The
proposed AST-SOMP algorithm is described in Algorithm 1.

Algorithm 1 Adaptive Spatially–Temporally Joint SOMP.

Inputs:
1) Initial channel common support T0

2) Channel sparsity level K;
3) Noisy measurements Y;
4) Observation matrix Φ.

Output: The K-sparse estimate H Δ
= H̄.

Initial Configuration:
1: Π ← T0 ∪ {T0 + L} ∪ · · · ∪ {T0 + (Nt − 1)L};

{Support Expansion due to Inherent Correlation.}
2: H̄(0) ← 0; H̄(0)

Π ← (ΦH
ΠΦΠ)

−1ΦH
Π Y;

{Initial Signal Estimation.}
3: R ← Y −ΦH̄(0); {Initial Residual.}

Iterations:
4: for k = 1 : K − ‖T0‖0 do
5: P ← ΦHR; {Target Proxy Generation.}
6: t ← argmaxi

∑R−1
j=0

∑Nt
n=1 ‖pi+(n−1)L,j‖1;

{Significant Entry Identification.}
7: Ω ← t ∪ {t+ L} ∪ · · · ∪ {t+ (Nt − 1)L};

{Support Expansion due to Inherent Correlation.}
8: Π ← Π ∪ Ω; {Support Union.}
9: H̄(k) ← 0; H̄(k)

Π ← (ΦH
ΠΦΠ)

−1ΦH
Π Y;

{Signal Estimation.}
10: R ← Y −ΦH̄(k)

; {Update Residual.}
11: end for
12: H̄ ← H̄(k).

Fig. 3. Comparison of the CIR recovery probabilities at SNR = 20 dB.

Compared with the classical SOMP algorithm, the procedure is
similar but still has some main differences, which is summarized as
follows.

• Initial Configuration: In the SOMP algorithm, the initial con-
figuration of support Π is set to ∅, because no prior knowl-
edge of the signal is available. However, in the proposed
AST-SOMP algorithm, by exploiting the obtained partial channel
common support in Step 1 and the spatial–temporal correlation
property, the initial approximation can be directly configured
as the expansion of T0, i.e., Π ← T0 ∪ {T0 + L} ∪ · · · ∪ {T0 +
(Nt − 1)L}.

• Iteration Number: The required number of iterations is reduced
from K in SOMP to K − ‖T0‖0 in AST-SOMP; hence, the
computational complexity can be further reduced, making it
more applicable to practical systems.

• Sparsity Adaptive: The channel sparsity level can be well
estimated by the partial channel common support, making the
algorithm adaptive to variable channel sparsity conditions.

IV. PERFORMANCE ANALYSIS

This section addresses the performance analysis of the proposed
nonorthogonal time–frequency TS-based MIMO-OFDM scheme in
terms of the recovery probability of the proposed AST-SOMP algo-
rithm, the spectral efficiency, and the computational complexity.

A. Recovery Probability

To evaluate the performance of the proposed AST-SOMP algorithm
compared with standard SOMP and OMP algorithms [10] as well as
the SSP and BOMP algorithms [11], [12], Fig. 3 presents the correct
CIR recovery probability when different lengths of nonorthogonal
frequency-domain TS NP out of N = 4096 subcarriers are used under
the static ITU Vehicular B (ITU-VB) channel [13] with the fixed
signal-to-noise ratio (SNR) of 20 dB in a 4 × 4 MIMO system.
The correct recovery is defined as the estimation mean square error
(MSE) being lower than 10−2. It can be noticed from Fig. 3 that by
utilizing the obtained partial channel common support and the spatial
correlation, the required length of the frequency-domain TS NP = 75
could guarantee the correct CIR recovery probability in AST-SOMP
when R = 1. The number is even less than those in SSP [11] and
BOMP [12] with R = 4 and far less than those in the standard SOMP
and OMP algorithms [10]. Furthermore, we could increase the number
of the measurement vectors, i.e., R, to improve the performance by
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TABLE I
SPECTRAL EFFICIENCY COMPARISON1

exploiting the temporal correlation under static or slowly varying
channels. In practice, considering the tradeoff between the robustness
of the CIR recovery performance and the TS overhead, we choose the
length of nonorthogonal frequency-domain TSs to be NP = 80 for the
proposed scheme in the following simulations.

B. Spectral Efficiency

Table I compares the spectral efficiency of different schemes in
a 4 × 4 MIMO system. For the conventional time-domain TS-based
MIMO-OFDM scheme [5], the length of each time-domain TS is M =
256, and hence, the total TS overhead will be Nt ×M = 1024. For
the conventional frequency-domain TS-based MIMO-OFDM scheme
[6], the TS length for each transmit antenna is 256, and hence, the
total TS overhead will be 1024. If the standard OMP algorithm is
applied, the TS length for each transmit antenna can be reduced
to 40 according to [9]. For the nonorthogonal frequency-domain
TS-based schemes adopting the BOMP [12] and SSP algorithms [11],
the length of TS is set to 90 and 95, respectively. Moreover, as shown
in Fig. 1(b) and (c), a CP with length of 256 is also added before
the OFDM block as the guard interval. In the proposed scheme,
the length of the time- and frequency-domain TS is M = 256 and
NP = 80. It can be seen that the proposed time–frequency TS-based
MIMO-OFDM scheme demonstrates higher spectral efficiency than its
counterparts.

C. Computational Complexity

Here, we consider the computational complexity of the proposed
scheme in terms of the complex multiplications step by step. 1) In
Step 1, the M -point circular correlation requires the complexity of
O(M) for every received TS. 2) In Step 2, the cyclicity recon-
struction operation requires the complexity of O(MNt) for every
received frame. 3) In Step 3, for each iteration, the inner product
between the residual R and the observation matrix Φ has the com-
plexity of O(RNPNtL), and solving multiple least squares problems

H̄(k)
Π ← (ΦH

ΠΦΠ)
−1ΦH

Π Y can be implemented with the complexity
of O(RNP (NtK)2). Thus, the total complexity of the AST-SOMP
algorithm with K − ‖Ti,0‖0 iterations is O(RNP ((NtK)2 +NtL)
(K − ‖Ti,0‖0)).

Consequently, the overall complexity is O(RM +RMNt +
RNP ((NtK)2 +NtL)(K − ‖Ti,0‖0)) for R successive frames.

V. SIMULATION RESULTS

This section evaluates the performance of the proposed
time–frequency TS-based MIMO-OFDM scheme, of which the sim-
ulation parameters are summarized as follows: The system bandwidth
is fS = 8 MHz, located at the central frequency of 760 MHz; the

Fig. 4. Comparison of the MSE performance among different schemes under
the time-varying ITU-VB channel in a 4 × 4 MIMO system.

OFDM block length and the TS length are N = 4096 and M = 256,
respectively; and the six-tap ITU-VB channel model specified by
the Third-Generation Partnership Project [13] is considered. The
low-density parity-check-coded OFDM system adopting the well-
known belief propagation algorithm with the maximum iteration
number of 30 [13] is used for simulation. The modulation schemes
256-quadrature amplitude modulation (QAM) for the static chan-
nel and 16-QAM with a receiver velocity of 30 km/h are both
considered.

Fig. 4 presents the MSE performance of different schemes under the
mobile ITU-VB channel in a 4 × 4 MIMO system. The conventional
orthogonal time- and frequency-domain TS-based schemes [5], [6],
together with the nonorthogonal frequency-domain TS-based schemes
adopting BOMP [12] and SSP [11] algorithms, are also evaluated for
comparison. The average power of the TS or the pilot is set equal to
that of the transmitted data for all the tested schemes. In addition, the
MSE of the ideal CSI acquisition is illustrated as the benchmark, which
shows the optimal estimation performance when the exact location of
nonzero channel taps is known a priori. It can be seen in Fig. 4 that
the proposed AST-SOMP algorithm with R = 1 enjoys a significant
SNR gain of 5 and 6 dB, compared with those of the conventional
orthogonal time- and frequency-domain TS-based schemes, respec-
tively, when the target MSE of 10−3 is considered. The SSP-based
scheme could have a better performance than the BOMP-based scheme
at the cost of more computational complexity. By exploiting the partial
channel common support, the AST-SOMP with R = 1 has a slight
performance improvement compared with the SSP- and BOMP-based
schemes, which is in accord with Fig. 3. Furthermore, it can be seen in
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Fig. 5. BER performance comparison under the ITU-VB channel.

Fig. 4 that the performance will approach the ideal channel estimation
as the number of R increases, and there still exists a gap with the ideal
scenario. However, the performance improvement will not be obvious
when R is larger than 4.

Fig. 5 presents the coded bit error ratio (BER) performance com-
parison between the proposed scheme and its counterparts in both
mobile and static channels. The BER of performance with the ideal
CSI acquisition is also included as the benchmark for comparison.
It can be seen that the proposed scheme could support 256-QAM
well under the ITU-VB channel with the BER performance close to
the ideal CSI acquisition. Moreover, the proposed solution also has a
better BER performance compared with other conventional schemes
when lower modulation orders such as 16-QAM are adopted under the
doubly selective fading channel.

VI. CONCLUSION REMARKS

In this paper, we have proposed a spectrally efficient nonorthog-
onal time–frequency TS-based MIMO-OFDM scheme under the
framework of SCS. The proposed scheme first utilizes the time-
domain TS to obtain the partial channel common support. Then, the
frequency-domain TS is used for the accurate CSI acquisition based
on the proposed AST-SOMP algorithm. The AST-SOMP algorithm
takes advantage of the obtained partial channel common support
and the spatial–temporal correlations of the sparse MIMO channel
and, hence, achieves better accuracy, more robustness, and lower
complexity. Simulations have demonstrated that the proposed scheme
has higher spectral efficiency and better performance than the exist-
ing schemes, which might be an appealing solution for future 5G
communications.
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