
Received 4 February 2023, accepted 21 February 2023, date of publication 27 February 2023, date of current version 3 March 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3249744

Capacity Analysis and Data Detection of
OvTDM-MIMO System
YUE HU
Key Laboratory of Universal Wireless Communications, Ministry of Education, Beijing University of Posts and Telecommunications, Beijing 100876, China
School of Information and Communication Engineering, Beijing University of Posts and Telecommunications, Beijing 100876, China

e-mail: huyue2017@bupt.edu.cn

ABSTRACT It is well known that the channel capacity of traditional MIMO systems is positively correlated
with the number of antennas, so MIMO systems usually use more antennas to meet higher system capacity
requirements, which is increasingly conflicting with the miniaturization requirements of portable devices.
To overcome the above problems, a new OvTDM-MIMO system is proposed, which can effectively improve
the capacity of the system. This system introduces the overlapped time division multiplexing (OvTDM)
technology into the MIMO system, which can further improve the channel capacity of the MIMO system by
using a smaller number of antennas. This paper introduces the transceiver model of the OvTDM-MIMO
system in detail and derives the channel capacity of the system based on mutual information theory.
Compared with a conventionalMIMO system, the OvTDM-MIMO system has the ability to improve channel
capacity. Then, this paper proposes an OvTDM-MIMO symbol detection scheme based on an improved low-
complexity Orthogonal Approximate Message Passing (OAMP) algorithm to solve the symbol detection
problem caused by symbol correlation. The main design idea of this scheme is to use symbol correlation
as the detection constraint and realizes joint symbol detection by combining adjacent symbols, avoiding the
problem of excessive matrix size caused by Kronecker product operation. The simulation results show that
the proposed detection algorithm can achieve similar performance to traditional MIMO system detection
algorithms with low computational complexity.

INDEX TERMS Overlapped time division multiplexing, MIMO, channel capacity, detection scheme.

I. INTRODUCTION
To meet the diverse requirements of application scenarios
and communication services, the data traffic of existing com-
munication networks is growing rapidly [1], [2], [3]. The
required data rate will rapidly exceed the capacity of the
existing communication network in the near future. Since
MIMO systems can achieve higher data rates through spatial
multiplexing, they are widely used in modern communi-
cation systems. To meet the requirements of today’s rapid
data service development, the number of antennas required
for MIMO systems is increasing, which contradicts the cur-
rent demand for high-speed and miniaturization of portable
devices. In view of the above problems, new technologies
reduce the number and size of antennas are urgently needed
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to increase the transmission rate of MIMO systems and meet
the development goals of future communication networks.

To solve the above problems, a non-orthogonal transmis-
sion scheme is introduced into the MIMO system. Among
them, various non-orthogonal transmission schemes (Faster-
Than-Nyquist signaling (FTN) [4], [5], Spectrally Efficient
Frequency Division Multiplexing (SEFDM) [6], [7], and
Overlapped X Domain Multiplexing (OvXDM) [8], [9])
have effectively improved channel capacity by breaking
through the limitations of the orthogonal modulation trans-
mission systems. Taking overlapped time division multiplex-
ing (OvTDM) technology as an example, it can transmit at
rates faster than the Nyquist rate. For channels with lim-
ited bandwidth, it has the potential to increase the chan-
nel capacity. Furthermore, MIMO technology is widely
employed in 4G and 5G standard protocols [10]. Combining
MIMO technology with various non-orthogonal transmission
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technologies, non-orthogonal transmission schemes can sig-
nificantly improve the system channel capacity with a small
antenna size.

This paper proposes an OvTDM-MIMO system architec-
ture that combines OvTDM technology with MIMO sys-
tem. The capacity of the OvTDM-MIMO system is derived,
and the channel capacity of the OvTDM-MIMO system is
proved to be equivalent to that of the FTN-MIMO sys-
tem [11], [12], [13], [14]. It is worth noting that the overlap
between symbols in the OvTDM-MIMO system destroys the
orthogonality of symbols, which makes its signal detection
very difficult. Because of the overlapping between symbols,
the equivalent matrix of the OvTDM-MIMO system is too
large, which poses a challenge to the low-complexity signal
detection scheme. Traditional low-complexity detection algo-
rithms (Fano algorithm [15], MSJD algorithm [16], etc.) are
usually used for the detection of OvXDM signals in SISO
systems, and cannot be directly applied to OvTDM-MIMO
systems. The expected propagation (EP) algorithm [17], [18]
has the advantages of low complexity and good detection per-
formance inMIMO signal detection. The eigenvalue distribu-
tion of the equivalent matrix of the OvTDM-MIMO system is
far from that of theGaussianmatrix, so the performance of the
EP algorithm cannot be guaranteed to be optimal. Therefore,
developing a new low-complexity signal detection scheme is
the focus of this paper. Therefore, a multi-symbol joint detec-
tion scheme is proposed to overcome the high complexity
signal detection problem caused by symbol correlation. This
detection scheme uses the constraint relationship between
symbols as the decoding constraint, and uses the orthogonal
approximate message passing (OAMP) algorithm [19], [20]
which is robust to the correlation between symbols to detect
the received signals. Simultaneously, the detection scheme
adopts the conjugate gradient (CG) method [21] to simplify
the algorithm iteration process, thereby reducing the com-
plexity of the OAMP iteration process. The simulation results
show that the proposed detection scheme can achieve good
detection performance with low-computational complexity.

The main contributions of this paper are as follows:

1) The OvTDM-MIMO system architecture has been
proposed and demonstrated to have the potential to
increase channel capacity compared to conventional
MIMO systems, achieving a trade-off between higher
channel capacity and a smaller number of antennas.

2) A symbol detection scheme based on improved low
complexity orthogonal approximate message passing
(OAMP) is proposed for the OvTDM-MIMO system.
The scheme uses symbol correlation as the detection
constraint, and realizes joint symbol detection by com-
bining adjacent symbols, which avoids the problem of
large matrix scale caused by Kronecker product opera-
tion and reduces the computational complexity.

The remainder of this article is structured as follows:
Section II describes the model and signal character-

istics of the OvTDM-MIMO system. Section III uses

FIGURE 1. The OvTDM symbols generation process.

information theory to calculate the channel capacity of the
OvTDM-MIMO system. Section IV provides a multi-symbol
joint detection strategy and analyzes the performance of the
proposed algorithm. The simulation results are discussed in
Section V and summarized in Section VI.

II. SYSTEM MODEL
A. OvTDM SYSTEM MODEL
A continuous time domain OvTDM signal is given by
Eq. (1).

x (t) =
1

√
K

N−1∑
n=0

sng (t − nT/K ) , (1)

where sn denotes the modulation symbols to be transmitted.
The modulation symbol length and waveform symbol period
are represented by N and T , respectively. K is an overlapped
multiplexing coefficient representing the degree of symbol
overlap. The energy normalization operation is 1/

√
K .

Figure 1 shows the generation process of OvTDM sym-
bols. This process generates OvTDM symbols by shifting and
weightingmultistream time-limiting symbols.Where the out-
put waveform of the reshaping filter is the energy normalized
real waveform g(t), which satisfies∫ T/2

−T/2
|g (t)|2dt =

∫ B/2

−B/2
|G (f )|2df = 1, (2)

In theory, there is no waveform that is both rigorously
time-limited and band-limited. The bandwidth of g (t) is
considered to be B/2, which means that the energy of its
power spectral function |G (f )|2 is largely concentrated in the
[−B/2,B/2] region.

After passing through the additive white Gaussian noise
channel, the received waveform signal r (t) is expressed as

r (t) =
1

√
K

N−1∑
n=0

sng (t − nT/K ) + w (t) , (3)

where w (t) represents additive white Gaussian noise
(AWGN).

The quadrature receiver is used to process the received
signal r (t). Then the output symbol y (t) is

y (t) = r (t) p (mT/K−t) , (4)

where p (t) is the pulse response of the receiver filter, which
is a rectangular pulse at an interval of [0,T/K ) with energy-
normalized pulse. The receiver samples once every T/K
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FIGURE 2. The schematic diagram of the transmitter of the OvTDM
system.

FIGURE 3. The schematic diagram of the receiver of the OvTDM system.

seconds and its corresponding discrete time domain signal is
expressed as

ym = y
(
mT
K

)
=

1
√
K

K−1∑
k=0

sm−kg (t − kT/K ) p (mT/K−t) . (5)

where wm =
∫ mT/K
(m−1)T/K w (t) p (t − mT/K ) dt denotes the

noise sequence. This formula shows that the received signal
includes not only the desired signal at the corresponding time
but also the adjacent K − 1 signals. This makes it no longer
satisfies the independence property between symbols, which
poses a challenge for signal detection.

Figure 2 and Figure 3 show the schematic diagrams of the
transmitter and receiver of the OvTDM system, respectively.

B. OvTDM-MIMO SYSTEM MODEL
Figure 4 depicts an OvTDM-MIMO (K = 2; 2 × 2) sys-
tem. Where NT and NR are the numbers of antennas of the
transmitter and receiver respectively. The main difference
between this system and the traditional MIMO system is that
the overlap between symbols is introduced at the transmitter.

1) OvTDM-MIMO SYSTEM MODEL
The i ∈ {0, 1, . . . ,NT − 1}-th transmit antenna’s transmit
signal is

xi (t) =

N−1∑
n=0

1
√
NTK

si,ng (t − nT/K ) , (6)

where g (t) represents the energy-normalized modulation
pulse and si,n represents the n-th transmit symbol from the
i-th transmit antenna.

Through MIMO channel, the receiving waveform at j ∈

{0, 1, . . . ,NR − 1} of each receiving antenna is shown as

rj (t) =

NT−1∑
i=0

N−1∑
n=0

1
√
NTK

hj,isi,ng (t − nT/K ) + wi (t) , (7)

where hj,i denotes the path gain between the i-th transmit
and j-th receive antennas, and wi (t) denotes the AWGN
influencing the received signal at antenna j.

Figure 4 shows the OvTDM-MIMO (K = 2, 2 × 2)
system architecture. The continuous-time waveform j ∈

{0, 1, . . . ,NR − 1} at the receive antenna yj (t) is

yj (t) = rj (t) p (mT/K − t) . (8)

Figure 5 describes the sampling example of the receiver.
Figure 5 clearly shows that each sampled signal inten-
tionally overlaps the transmission waveform. At time
m (0 ≤ m ≤ N + K − 2), the output yj [m] is

yj [m] =

NT−1∑
i=0

N−1∑
n=0

1
√
NTK

hj,isi,ng (t − nT/K )

·p (mT/K − t) + wi (t) p (mT/K − t) . (9)

Compared with traditional MIMO systems, the signal flow
generated by OvTDM-MIMO systems will generate K − 1
additional samples. This is different from traditional MIMO
systems.

2) DISCRETE TIME CHANNEL MODEL
To better describe the model of the OvTDM-MIMO sys-
tem, it describes the signal-generating process of the
OvTDM-MIMO system in matrix form.

Assuming that there is a separate overlap relationship
between the OvTDM signals, the matrix G is given by the
following formula.

G =



g0 0 · · · 0
... g0

...

gK−1
...

. . . 0
0 gK−1 0

0 0
. . . g0

...
...

...

0 0 · · · gK−1


, (10)

where gi denotes the correlation of the i-th receivedwaveform
pulse with the receiver’s basis function p (t).

Then, the OvTDM-MIMO system channel matrix is equiv-
alent to

HEq =

 h0,0G · · · h0,nT−1G
...

. . .
...

hnR−1,0G · · · hnR−1,nT−1G


= H ⊗ G, (11)

where H represents the matrix of the MIMO channel and ⊗

represents the operation of Kronecker product.
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FIGURE 4. The orthogonalized receiver architecture for OvTDM-MIMO (K = 2, 2 × 2).

FIGURE 5. The sampling example for OvTDM-MIMO system.

Then the OvTDM-MIMO system is rewritten as

y = HEqs+ w, (12)

It is assumed that the noise from different antennas is
uncorrelated. Because each received sample is completely
independent of the adjacent samples in the previous section,
the noise is completely uncorrelated. Qw is the noise covari-
ance matrix. It has

Qw = σ 2INR(N+K−1). (13)

wherew denotes the noisematrix corresponding to theMIMO
channel and σ 2 the variance of Gaussian white noise.

III. CHANNEL CAPACITY
The channel capacity is defined as the maximum value of
mutual information, that is,

C = E
(

lim
N→∞

max
ps(s)

1
KN + K − 1

I (s; y)
)

, (14)

where I (s; y) represents the system’s mutual information. s
is a Gaussian random vector with covariance Qs, where Qs is
the covariance of the transmitted bits. The maximum value of
mutual information has been established.

I (s; y) = H (y) − H (w) , (15)

where H (y) represents the differential entropy of y, and
H (w) represents the differential entropy of w.
Since the transmitted data and noise are assumed to be

independent, H (y) has

H (y) = log2 det
(
HEqQsHH

Eq + Qw

)
, (16)

H (w) has

H (w) = log2 det (Qw) , (17)

Therefore, combining Eq.(16) and Eq.(17), Eq.(15) is
transformed into

I (x; y) = log2
det

(
HEqQsHH

Eq + Qw

)
det (Qw)

. (18)

Then the channel capacity is expressed as:

C =
1

NT + (K − 1)T/K

·log2 det

(
INR(N+K−1) +

HEqQsHH
Eq

σ 2

)
. (19)

To better demonstrate the channel capacity potential of the
OvTDM-MIMO system, it is compared with the FTN-MIMO
system and the traditional MIMO system. The channel
capacity curves of the three MIMO systems are shown in
Figure 6. Figure 6 shows that the channel capacities of the
OvTDM-MIMO system and the FTN-MIMO system are sim-
ilar under the same number of antennas. For the same number
of antennas, the channel capacity of the OvTDM-MIMO
system is significantly larger than that of the MIMO system.
This shows that the OvTDM-MIMO systems can achieve
higher channel capacity with fewer antennas at the cost of
higher inter-symbol correlation. Because the introduction of
symbol overlap destroys the orthogonality between symbols,
it will be difficult for symbol detection.

IV. DETECTION ALGORITHM
A. ML DETECTION
The correlation between symbols makes symbol detection
complex in OvTDM-MIMO systems. For such systems, the
maximum likelihood (ML) algorithm is usually used as the
optimal detection algorithm. Its detector is

ŝ = argmin
s∈�

∥∥ŷ−HEqs
∥∥2. (20)

where � represents the constellation set of all transmitted
symbols.

As shown in the previous sections, the equivalent matrix
HEq is generated by the Kronecker product of the wave-
form correlation matrix G between OvTDM symbols and the
MIMO channel matrix H , and its matrix size is very large.
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FIGURE 6. The comparison of channel capacities for different systems.

If the ML algorithm is used for signal detection, it will lead
to very high computational complexity, making it difficult to
apply this algorithm in practical projects. If low-complexity
ZF andMMSE detection algorithms are used for signal detec-
tion, the correlation betweenOvTDMsymbols severely limits
the performance of ZF and MMSE detection algorithms.
Therefore, developing a low-complexity detection algorithm
is a key component of OvTDM-MIMO signal detection.

B. A TWO STAGE JOINT DETECTION
To simplify the signal detection process, a two-level joint
detection scheme is proposed in this paper. The main idea of
this scheme is to divide the signal detection process into two
parts: channel equalization and OvTDM symbol detection.
This method reduces the computational complexity of the
detection algorithm by reducing the size of the equivalent
matrix HEq.

The signal detection process is as follows:

x̂ = argmin
∥∥ŷ−Hx

∥∥2, (21)

ŝ = argmin
s∈�

∥∥x̂− Gs
∥∥2. (22)

In the first stage, the algorithm mainly adopts the ZF
criterion or the MMSE criterion to perform MIMO channel
equalization on the received signal and obtain the OvTDM
sequence. In the second stage, the estimated transmission
signal is obtained by performing OvTDM signal detection on
the equalized signal sequence.

Thismethod avoids the large-scalematrix operation caused
by the direct calculation of the Kronecker product. The
types of algorithms used in the two stages can be flexibly
adjusted according to actual needs. Simultaneously, consid-
ering the coding characteristics of OvTDM symbols, the
expected propagation (EP) algorithm [17], [18] can be used
for OvTDM symbol detection, which effectively improves
the performance of OvTDM symbol detection. This paper
proposes an MMSE-EP algorithm, and its pseudocode is
shown in Algorithm 1.

Algorithm 1 A MMSE-EP Algorithm
Input: y, Nt , Nr , IEP, N , K , H , SNR
Output: ŝ
1: function EP (y,N , IEP,K ,H, SNR)
2: Initialization parameters,
3: combining K and H to construct Matrix Ĥ ,
4: for n = 1 : N then
5: initialise γ , 0, cavi,
6: Set themean and variance vectors of all marginal
qi(x) during iteration,

7: for l = 1 : IEP then,
8: calculate Mean (ti) and variance (h2i ) of each

cavity marginal
9: Compute cavity marginal for each xi,
10: Normalize distribution
11: Mean (νpi ) and variance (varpi ) of distribution,
12: Compute new values for γ and 0,
13: meand and variance vectors of all marginal

qi(x) at next,
14: end for
15: approximate values x̂ are obtained,
16: end for
17: Demodulate x̂, and to get ŝ,
18: return ŝ.
19: end function

20: function MAIN
21: Initialize ŝ
22: for n = 1 : N then
23: HMMSE = inv((HH

n Hn) + σ 2I)Hnyn;
24: Select yn and Hn;
25: ŝn = functionEP(yn,Nt , IEP,K ,Hn, SNR);
26: end for
27: return ŝ.

Because the correlation between OvTDM symbols ampli-
fies the impact of noise, the symbol sequence obtained after
MIMO channel equalization is seriously distorted, which
affects the subsequen OvTDM signal detection. Therefore,
this algorithm must be improved to improve the system per-
formance.

C. IMPROVED OAMP ALGORITHM
Aiming at the above problems, a signal detection algorithm
based on improved OAMP is proposed, according to the
characteristics of the OvTDMMIMO system. This algorithm
takes advantage of the characteristic that the same symbol
information will be extended to adjacent K − 1 OvTDM
symbols and introduces the idea of serial iterative elimination
to offset the influence of symbol correlation. The proposed
detection algorithm ensures the decoding performance while
reducing the complexity of the decoding code.

Assuming that multiple OvTDM symbols in an OvTDM
system contain the same waveform symbol, an iterative
detection method can further improve signal detection

VOLUME 11, 2023 20651



Y. Hu: Capacity Analysis and Data Detection of OvTDM-MIMO System

performance. The iterative process of signal detection is as
follows:

ŷn = yn −

K−1∑
k=1

hn−kgK−ksn−k ,

n = 0, 1, . . . ,KN − 1. (23)

This operation ensures that the decoding result does not
interfere with the subsequent decoding process. The detec-
tion performance of the proposed detection algorithm can be
further improved.

If the previous judgment output of the detected symbol is
correct, the previous formula is rewritten as

ŷn = hng0sn + wn, (24)

The signal detection problem is now reduced to a quasi-
MIMO signal detection problem. OAMP algorithm can
overcome the influence of inter-symbol correlation, so an
improved OAMP signal detection method is proposed to
solve this problem.

The iteration formula of OAMP is expressed as [13], [14]

r t = ŝt +Wt
(
yn − hng0ŝt

)
, (25)

st+1
= ηt

(
r t
)
. (26)

whereWt is the decorrelationmatrix, ηt is the divergence-free
constraint, and t is the current number of iterations.
The difference between the nonlinear estimation result st

and the actual value is qt , and the difference between the
linear estimation result r t and the real value is ht , and their
values are shown as follows

ht = Btqt +Wtn, (27)

qt+1
= ηt

(
s+ ht

)
− s. (28)

The corresponding OAMP state evolution are

v2t =

(
y− hng0ŝt

)H (y− hng0ŝt − I ∗ σ 2
)

tr
(
(hng0)H (hng0)

) . (29)

τ 2t =
tr
(
Bt ∗ BHt

)
∗ v2t

N

+
tr
(
Wt ∗ σ 2

∗ IN+K−1 ∗WH
t
)

N
. (30)

where v2t and τ 2t represent nonlinear mean square error and
linear mean square error, respectively.

It is assumed that the transmitted bit information satisfies
the i.i.d condition and is independent of the additive white
Gaussian noise. The estimation expression of nonlinear mean
square error v2t is

τ 2t =

(
y− (hng0)ŝt

)H (y− (hng0)ŝt−I ∗ σ 2
)

tr
(
((hng0))H ((hng0))

)
N→∞
→ 1. (31)

FIGURE 7. The schematic diagram of improved OAMP detector.

This shows that the nonlinear mean square error is approxi-
mated to a fixed value when the constellation modulation sat-
isfies the probability distribution and the transmission signal
satisfies the i.i.d condition.

There is a linear estimate r t .

r t = ŝt +Wt
(
yn − (hng0)ŝt

)
= ŝt +

N

tr
(
Ŵt (hng0)

)Ŵt
(
yn − (hng0)ŝt

)
= ŝt +

N

tr
(
Ŵt (hng0)

) (hng0)
·

(
(hng0)(hng0)T +

σ 2
w

I

)−1

·
(
yn − (hng0)ŝt

)
. (32)

The calculation process for linear estimation r t includes
matrix inversion, matrix transposition, and other operations.
The conjugate gradient (CG) algorithm replaces the complex
matrix operation steps in solving the approximate solution of
the linear equation.

Define A and B as

A =

(
(hng0)(hng0)T +

σ 2
w

I

)
, (33)

B =
(
yn − (hng0)ŝt

)
. (34)

Let the matrix AX = B solve the linear equation X . The
linear system is then solved using the CG algorithm. Merging
Eqs. (33) and (34) into Eq. (32), and the updated results are
as follows.

r t = st +
N

tr
(
Ŵt (hng0)

) (hng0)X . (35)

In order to prove the convergence of the proposed algo-
rithm, this paper analyzes the AMP algorithm, the OAMP
algorithm, and the proposed algorithm. See the appendix for
the proof process.

This section proposes an improved OAMP signal detection
scheme based on the above design. Figure 7 depicts the
detector structure. Algorithm 2 describes the process of the
proposed decoder.
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Algorithm 2 The Proposed Detection Algorithm
Input: y, Nt , Nr , IOAMP, ICG, N , K , H , SNR
Output: ŝ
1: function CG (y,K , ICG,H),
2: Initialize x, r and η,
3: Combine K and H , obtain Ĥ ,
4: while

√
rrH > η && i < ICG

5: i = i+ 1,
6: if i == 1
7: pt = rt ,
8: else
9: β = rtH ∗ rt/(rHt−1 ∗ rt−1),
10: pt = rt + β ∗ pt ,
11: end if
12: α = rtH ∗ rt/(ptH ∗ Ĥ ∗ pt ),
13: xt = xt + α ∗ pt ,
14: rt−1 = rt ,
15: rt = rt − α ∗ Ĥ∗,
16: end while

17: function OAMP (y,N , IOAMP,K ,H, SNR),
18: Initialize τ 2t and xt ,
19: for n = 1 : IOAMP then
20: Compute v2t , Ŵt andWt ,
21: Compute rt = function CG(y, K , ICG, H ),
22: if k ≥ 2 then
23: Compute Bt and τ 2t ,
24: end if
25: for n = 1 : N then
26: Initialization parameters temp1 and temp2,
27: for m = 1 : M then
28: ŝ = E

{
s|r t , τ t ,M

}
29: end for
30: end for
31: end for
32: return ŝ.
33: end function

34: function MAIN
35: Initialize ŝ
36: for n = 1 : N then
37: Select yn and Hn;
38: Combining the known ŝn and yn, obtain ŷn;
39: ŝn = functionOAMP(ŷn,Nt , IOAMP,K ,Hn, SNR),
40: end for
41: return ŝ.

D. COMPLEXITY ANALYSIS
The computational complexity of the improved OAMP algo-
rithm is examined in this section.

The computational complexity of the proposed algorithm
is compared to that of other algorithms in Table 1. Table 1
shows that the proposed algorithm has a significantly lower
computational complexity than OAMP.

TABLE 1. The complexity comparison between the proposed algorithm
and other algorithms.

TABLE 2. Simulation parameters.

Compared with traditional linear receivers, the complex
multiplications of OAMP are affected by the number of
iterations IOAMP. If the cost of calculating the trajectory
is ignored, the complexity of each iteration of OAMP is
O
(
IOAMP ·

(
(KN )3/3 + 3(KN )2

))
, including direct matrix

inversion and three matrix vector multiplication.
The proposed method uses the CG scheme for solv-

ing linear equations. Since the matrix inversion is
replaced by CG solving linear equations, the compu-
tational complexity is O

(
Nt2

)
. With the influence of

the number of iterations ICG in the CG algorithm,
the computational complexity of the entire algorithm is
O
(
(N · (Nt )3 + KN · IOAMP · (ICG · Nt2 + 3 · (Nt )2)

)
.

V. SIMULATION ANALYSIS
In this section, the performance of the proposed algorithm
is simulated and analyzed. Table 2 shows the simulation
parameters. It is assumed that MIMO channel coefficients H
remain constant within symbol blocks and change between
symbol blocks.

The performance of the improved OAMP detection algo-
rithm is compared to that of the MMSE-Viterbi detection
algorithm and the MMSE-EP detection algorithm in this
paper. Figure 8 depicts the simulation results. Figure 8
clearly shows that the MMSE-EP detection algorithm out-
performs the MMSE-Viterbi detection algorithm. The reason
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FIGURE 8. The comparison of different algorithms in OvTDM-MIMO
(2 × 2) system.

for this is that the MMSE-Viterbi detection algorithm’s
performance is poor because channel equalization ampli-
fies the impact of noise. Through mean value and variance
propagation, the MMSE-EP detection algorithm simplifies
complex message delivery rules and has high robustness to
noise effects amplified by channel equalization. Furthermore,
the proposed improved OAMP detection algorithm outper-
forms the MMSE-EP detection algorithm. This is because
the MMSE-EP detection algorithm suffers from severe error
propagation problems due to channel equalization, while the
proposed improved OAMP detection algorithm is based on
the concept of serial interference cancellation and is more
robust to the error propagation problem. Furthermore, the
proposed OAMP-based detection algorithm outperforms ML
algorithms for traditional MIMO. In terms of computational
complexity, the proposed improved OAMP detection algo-
rithm is most suitable for signal detection in OvTDM-MIMO
systems.

This paper compares the system performance under dif-
ferent antenna numbers to further verify the performance
of the proposed improved OAMP detection algorithm. The
simulation results are shown in Figure 9. Figure 9 shows that
the performance of the proposed improved OAMP detection
algorithm is similar to that of the ML algorithm for MIMO
systems with the same number of antennas. However, as the
number of antennas increases, the detection performance gap
between the two algorithms also increases. This is due to the
fact that the proposed improved OAMP detection algorithm
is limited by the estimated linear mean square error, and the
error value increases as the antenna size increases. As a result,
the above results were obtained.

This paper compares the detection performance under dif-
ferent modulation constellations, and the simulation results
are shown in Figure 10. It can be seen from Figure 10
that the performance of the proposed detection algorithm
decreases gradually with the increase of modulation order.
This is because the increase of modulation order and symbol

FIGURE 9. The comparison of algorithm performance in OvTDM-MIMO
(K = 2) system with different antenna numbers.

FIGURE 10. The performance comparison of different algorithms with
different modulation constellations.

superposition jointly affect the received signal to show
more waveform superposition states. However, various signal
detection algorithms will have performance degradation in
the face of this situation. Therefore, it is very important to
select an appropriate modulation scheme according to differ-
ent channel state information.

VI. CONCLUSION
This paper introduces the OvTDM technology into the
MIMO system to further improve the system capacity.
This paper proposes an OvTDM-MIMO system architecture,
describes its discrete-time channel modes and derives its
corresponding channel capacity. Simultaneously, it is demon-
strated that it has the potential to increase the system capacity
compared with traditional MIMO systems. But the correla-
tion between symbols caused by symbol overlap leads to the
problem of signal detection. To address the signal detection
issue, an improved OAMP for OvTDM-MIMO signal detec-
tion is proposed. The concept exploits the fact that multiple
symbols contain the same waveform symbol, and it uses
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the OAMP algorithm to detect OvTDM symbols to improve
detection performance. Then, the CG algorithm is used to
approximate the solution of the linear equation to reduce
the complexity of the iterative calculation in the OAMP
algorithm. Simulation results show that the computational
complexity of the proposed OvTDM signal detection scheme
is much lower than that of the MMSE-Viterbi algorithm. The
proposed OvTDM-MIMO system is suitable for special sce-
narios such as high capacity and limited number of antennas
in the future, and provides useful technical ideas for the new
generation of communication networks.

APPENDIX
A. THE PROOF OF AMP ALGORITHM’s CONVERGENCE
AMP problem model:

y = Ax+ n, (36)

xj ∼ PX (x) , ∀x. (37)

whereA ∈
M×N is the perception matrix, is a Gaussian vector

with a mean of 0 and a variance of σ 2.
Given the real x, it can be based on the result of state evolu-

tion τ t . Predict the mean square error (MSE) E
[∥∥x− x̂t

∥∥2
2

]
between the estimated xt and the true value x of AMP in the
t iteration. It is expressed as

τ 2t →
1
N

∥∥x− x̂t
∥∥2
2 , (N → ∞) . (38)

qt is the difference between the nonlinear estimation result
st and the true value x, and ht is the difference between
the linear estimation result rt and the true value x. They are
respectively expressed as

qt = st − x, (39)

ht = rt − x. (40)

where st is the nonlinear estimation result, and rt is the linear
estimation result.

The evolution corresponding to AMP is directly given by
the following formula.

τ 2t =
N
M
v2t + σ 2, (41)

v2t+1 =
{[

ηt
(
X + τtZ

)
− X

]}
. (42)

where v2t is a nonlinear mean square error and τ 2t is a
nonlinear estimation. ηt is a Lipschitz continuous function
(component-wise) about rt .

The result model of each iteration is equivalent to

X̂ t = X + τ 2t Z ,Z ∼ N (0, 1) , (43)

X̂ t ∼ N
(
X , τ 2t

)
. (44)

τ 2t is approximated to τ̂ 2t , specifically expressed as

τ 2t ≈ τ̂ 2t =
1
N

∥∥rt − st
∥∥2
2 . (45)

Because the above formula is close to, not strictly equal
to, because 1

N

∥∥x− x̂t
∥∥2
2 is about the second order Lipschitz

function of, which satisfies the following convergence rela-
tionship

1
N

∥∥x− x̂t
∥∥2
2 → E

[∥∥x− x̂t
∥∥2
2

]
, (N → ∞) . (46)

OnlywhenA is a Gaussianmatrix or a sub-Gaussianmatrix
can the state evolution be consistent with the results of the
AMP estimation. If the distribution of the eigenvalues of the
perception matrix and the distribution of the eigenvalues of
the Gaussian matrix are far different, the performance of the
AMP cannot be guaranteed, and even may not converge.

B. THE PROOF OF OAMP ALGORITHM’s CONVERGENCE
Iterative formulas of OAMP are

rt = st +W t
(
y− Ast

)
, (47)

st+1
= ηt

(
rt
)
. (48)

where Bt=I −W tA, assuming

τ 2t =
1
N

E
[∥∥ht∥∥22] , (49)

v2t+1 =
1
N

E
[∥∥∥qt+1

∥∥∥2
2

]
. (50)

In combination with OAMP iterative formula rt = st +

W t
(
A
(
x− st

)
+ n

)
, the parameter v2 in LMMSE represents[(

x− st
) (
x− st

)T ]
= v2I. (51)

The two MSEs can be regarded as two parameters of the
decorrelation matrixW t and the divergence-free function.
OAMP-state evolution is

τ 2t =
1
N

[∥∥ht∥∥22]
= E

[
tr
(
BTt Bt

)]
· v2t +

M
N

[
tr
(
W T
t Wt

)]
· σ 2, (52)

v2t+1 =
1
N

[∥∥∥qt+1
∥∥∥2
2

]
= E

[∣∣ηt (X+τtZ
)
− X

∣∣2] . (53)

where X ∼ PX (x) is independent of Z ∼ N (0, 1).
Even if there is no strict restriction on the distribution of

singular values for general unitary invariant matrices, the per-
formance of OAMP can still be characterized by OAMP-state
evolution, which is incomparable with AMP and AMP-state
evolution. Therefore, the relatively broad perception matrix
makes OAMP more widely used.

The state evolution of the proposed algorithm is

τ 2t =
1
N

[
tr
(
BTt Bt

)]
+
M
N

[
tr
(
WT

t W t

)]
· σ 2, (54)

v2t+1 =
1
N

E
[∥∥∥qt+1

∥∥∥2
2

]
. (55)

The proposed algorithm is simplified based on the tradi-
tional OAMP algorithm, which still maintains the conver-
gence of the OAMP algorithm. However, the convergence
rate may be weaker than the traditional OAMP algorithm.
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