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In this letter, we propose a virtual channel (VC) optimization approach with a closed-loop and adaptive scheme for overloaded
MIMO systems. With this approach, each input data stream goes through a VC which is generated at the transmitter; then it
is transmitted to a receiver through the actual wireless channels. The VCs are concatenated with the actual wireless channels.
Through VC optimization, the values of which can be adjusted to reduce the channel correlation, leading to a much improved
system performance. Compared to the conventional overloadedMIMO systems, the overloadedMIMO systems with this approach
can achieve significantly better performances in terms of the system capacity and symbol error rate (SER). The method that uses
genetic algorithm (GA) for finding the optimal VC vector is described. Simulation results illustrate the effectiveness of the proposed
approach.

1. Introduction

Massive multiple-input multiple-output (MIMO), also
known as large MIMO, has been considered as one of
the most promising candidate technologies for future 5G
communications due to its ability to achieve high throughput
and spectral efficiency and enhance the energy efficiency of
sensor networks [1–5]. In a massive MIMO system, the base
station (BS) is equipped with an antenna array of hundreds
or even thousands of antennas to simultaneously serve tens
or hundreds of mobile terminals in the same time-frequency
resources [5–7]. Since the number of antennas is limited in
a mobile terminal due to its physical size, the overloaded
MIMO system in which the number of transmit antennas
is larger than the number of receive antennas is considered
[8, 9]. Because the rank of the channel matrix equals the
number of receive antennas, but less than the number of
transmitted data streams in this case, the channel matrix
becomes rank-deficient [10–12], and then the performance
of the minimum mean square error (MMSE) precoding
leads to the floor effect. In an overloaded MIMO system,
the channel correlation practically exists, which may lead
to a serious system performance degradation, especially

in the massive MIMO systems. In [13], an open-loop
and nonadaptive precoding scheme with predetermined
coefficients is proposed for the overloaded MIMO-OFDM
systems to reduce the correlation effect. A WL-MMSE
precoder employing real-valued transmit symbols for the
downlink large-scale MIMO systems presented in [14] has
shown that it achieves a substantially higher sum rate than
the systems employing the conventional MMSE precoding.
In [15], an iterative coordinate Tomlinson-Harashima
precoding (THP) algorithm is proposed for the overloaded
multiuser MIMO systems to achieve better BER and sum
rate performances. But the improvement of these methods is
still very limited. Thus, more effective methods that mitigate
the channel correlation effects for the overloaded MIMO
systems are highly desirable.

In this letter, we propose a virtual channel (VC) approach
with the closed-loop and adaptive scheme for a down-
link overloaded MIMO system, namely, the VC overloaded
MIMO system. With this approach, each input data stream
goes through a VC which is generated at the transmitter
before it is transmitted to a receiver through the actual
wireless channels. Since the VCs are concatenated with the
actual wireless channels, the system performance not only

Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 9651378, 6 pages
https://doi.org/10.1155/2018/9651378

http://orcid.org/0000-0002-9603-3194
https://doi.org/10.1155/2018/9651378


2 Wireless Communications and Mobile Computing

x1

x2

xM

w1

w2

wM

x1

x2

xM

TM

T1

T2

R1

RN

y
H

Receiver
processor

Feedback
information (SNR)

VC vector

Optimization
algorithm (GA)

Figure 1: Simplified block diagram of a downlink VC overloaded
MIMO system.

depends on the actual wireless channels but also depends
on the VCs. Therefore, by optimizing the VCs according to
feedback information the channel correlation can be largely
reduced. Thus, compared to the conventional overloaded
MIMO systems, that is, the nonprecoded ones, an overloaded
MIMO system with VCs can provide a much improved
performance.

Thus, the main contributions of this letter are summa-
rized as follows.(1) Propose a closed-loop and adaptive VC optimization
approach that can significantly mitigate the channel corre-
lation effect and improve the system performance for an
overloadedMIMOsystem in terms of the system capacity and
the symbol error rate (SER).(2) Present a genetic algorithm (GA) to find the optimal
VC vector for a VC overloaded MIMO system and show that
it outperforms the conventional overloaded MIMO systems
through simulation results.

Notations. We use upper and lower case boldface to denote
matrices and vectors, respectively. (∙)𝑇, (∙)∗, (∙)𝐻, 𝐸[∙], | ∙ |2,
det(∙), I, and tr(∙) denote the transpose, conjugate, conjugate
transpose, expectation, absolute value square, determinant,
identity matrix, and trace of a matrix, respectively. 𝐶𝑁(0, 𝜎2𝑛)
denotes a circularly symmetric complex Gaussian random
variable with mean zero and variance 𝜎2𝑛 .
2. System Model

Consider a downlinkVCoverloadedMIMOsystemequipped
with 𝑀 transmit antennas and 𝑁 receive antennas (𝑀 >𝑁), as shown in Figure 1. At the transmitter, each input data
stream 𝑥𝑚 goes through a VC𝑤𝑚 = 𝐴𝑚𝑒𝑗𝜃𝑚 and is designated
to the 𝑚th (𝑚 = 1, 2, . . . ,𝑀) transmit antenna, where 𝐴𝑚
and 𝜃𝑚 are the amplitude and phase of 𝑤𝑚, respectively. For
convenience, it is assumed that all input data streams are sta-
tistically independent; that is, 𝐸[𝑥𝑖𝑥𝑗∗] = 0 (𝑖 = 1, 2, . . . ,𝑀;𝑗 = 1, 2, . . . ,𝑀; 𝑖 ̸= 𝑗) and the power of 𝑥𝑚 is normalized;

that is, 𝐸[|𝑥𝑚|2] = 1. All the 𝑀 input data streams form
the input signal vector, which can be expressed as x =[𝑥1, 𝑥2, . . . , 𝑥𝑀]𝑇. Also, let w = [𝑤1, 𝑤2, . . . , 𝑤𝑚]𝑇 denote
the VC vector of the system corresponding to the input
signal vector x. Therefore, the signal transmitted by the 𝑚th
transmit antenna is

𝑥𝑚 = 𝑤𝑚∗𝑥𝑚. (1)

The𝑁 × 1 received signal vector can be described as

y = √ 𝑃𝑀Hx̃ + n = √ 𝑃𝑀 𝑀∑𝑚=1h𝑚𝑤𝑚∗𝑥𝑚 + n, (2)

where n = [𝑛1, 𝑛2, . . . , 𝑛𝑁]𝑇 is the𝑁× 1 additive white Gaus-
sian noise vector, and the components of n are statistically
independent with each component distributed according to𝐶𝑁(0, 𝜎2𝑛) (𝑛 = 1, 2, . . . , 𝑁). 𝑃 is the total transmit signal
power. H = [h1 h2 ⋅ ⋅ ⋅ h𝑀] denotes the 𝑀 × 𝑁 actual
wireless channelmatrix; h𝑚 = [ℎ1𝑚, ℎ2𝑚, . . . , ℎ𝑁𝑚]𝑇 is the𝑁×1 wireless channel vector corresponding to the 𝑚th transmit
antenna. x̃ = [𝑤1∗𝑥1, 𝑤2∗𝑥2, . . . , 𝑤𝑀∗𝑥𝑀]𝑇 is transmit signal
vector.

When 𝑤𝑚 = 1, the VC overloaded MIMO system
becomes a conventional one, that is, the nonprecoded
one.

From Figure 1, it can be seen that the VCs can be
optimized according to the feedback information like SNR
by using proper algorithms. In this letter, GA is applied as
the optimization algorithm to find the optimal VC vector to
achieve better performance in terms of capacity and SER for
the VC overloaded MIMO system.

3. Performance Optimization for the VC
Overloaded MIMO System

3.1. Capacity. Thecapacity of aVCoverloadedMIMOsystem
is given as [16, 17]

𝐶 = log2 det(I𝑁 + 𝑃𝑀𝜎2𝑛HRx̃x̃H
𝐻) , (3)

where

Rx̃x̃ = 𝐸 [x̃x̃𝐻] =
[[[[[[[[

𝑤12 0 ⋅ ⋅ ⋅ 00 𝑤22 ⋅ ⋅ ⋅ 0... ... d
...0 0 ⋅ ⋅ ⋅ 𝑤𝑀2
]]]]]]]]
, (4)

whereRx̃x̃ is a correlationmatrix of the transmit signal vector
x̃. Then from (3) and (4), the capacity can be rewritten
as

𝐶 = log2 det(𝐼𝑁 + 𝑃∑𝑀𝑚=1 𝑤𝑚2 h𝑚h𝑚𝐻𝑀𝜎2𝑛 ) . (5)
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3.2. SER. For arbitrary J-QAM signals, the SER of the VC
overloaded MIMO system can be expressed as [18]

𝑃𝑠 = 1 − [[1 −
2 (√𝐽 − 1)√𝐽 𝑄(√3SNR log2 𝐽𝐽 − 1 )]]

2 , (6)

where 𝑄(∙) is a function defined as

𝑄 (𝑥) = 1√2𝜋 ∫∞𝑥 𝑒−𝑡2/2𝑑𝑡 (7)

and SNR denotes the total received signal-to-noise ratio
of the VC overloaded MIMO system, which is given
as

SNR = 𝑃tr (HRx̃x̃H𝐻)𝑀𝜎2 = 𝑃tr (∑𝑀𝑚=1 𝑤𝑚2 h𝑚h𝑚𝐻)𝑀𝜎2 , (8)

where 𝜎2 = 𝐸[n𝐻n] is the noise power at the receiver.
Then from (6) and (8), the SER can be rewritten

as

𝑃𝑠 = 1 − [[[1 −
2 (√𝐽 − 1)√𝐽

⋅ 𝑄(√3𝑃tr (∑𝑀𝑚=1 𝑤𝑚2 h𝑚h𝑚𝐻) log2 𝐽𝑀𝜎2 (𝐽 − 1) )]]]
2

.
(9)

3.3. VC Vector Optimization Using GA. From (5) and (9), it
can be seen that in order to obtain the maximal capacity and
the minimum SER, we should maximize the received SNR,
since both capacity and SER appear to bemonotone functions
of this quantity. Therefore, the VCs should be properly
adjusted to achieve the maximal SNR under a transmit signal
power constraint. To attain an optimal VC vector of the
system, we consider maximizing the received signal power
since the noise power can be viewed as a constant. Therefore,
the optimization criterion is stated as

max
w

tr( 𝑀∑
𝑚=1

𝑤𝑚2 h𝑚h𝑚𝐻)
s.t. ‖w‖ ≤ 𝑀. (10)

The optimization criterion (10) can be realized by a GA
algorithm which is based on the natural genetics and can
find the global optimal solution with comparatively low
complexity [19, 20]. The performance of a GA algorithm
is largely affected by the relevant parameters such as the
population size, the number of generation, the crossover
probability, and themutation probability. Hence, we consider
applying GA to adaptively search for the optimal VC vector
wopt.

Suppose the total number of generations is𝐺, and the size
of population is 𝐾, which denotes the total number of indi-
viduals in GA. The VC vector is designated as an individual

in the population. At the 𝑔th generation, the 𝑘th individual
is defined as w(𝑘)(𝑔) = [𝑤(𝑘)1 (𝑔), 𝑤(𝑘)2 (𝑔), . . . , 𝑤(𝑘)𝑀 (𝑔)]𝑇 (𝑘 =1, 2, . . . , 𝐾; 𝑔 = 0, 1, . . . , 𝐺). According to (10), we define𝑓(w) = tr(∑𝑀𝑚=1 |𝑤𝑚|2h𝑚h𝑚𝐻) as the fitness function of GA.
Then the steps to optimize the VC vector using GA are as
follows.

Step 1 (initialization). Set the generation counter 𝑔 = 0 and
set a reasonable number for 𝐺. Randomly generate all the
individuals w(𝑘)(𝑔) (𝑘 = 1, 2, . . . , 𝐾) of the initial population
represented by chromosomes having the form of binary
strings with length 𝑈.
Step 2 (fitness calculation). Calculate the fitness function
value 𝑓(w(𝑘)(𝑔)) = tr(∑𝑀𝑚=1 |𝑤(𝑘)𝑚 (𝑔)|2h𝑚h𝑚𝐻) of each chro-
mosome in the initial population.

Step 3.

(i) Update the generation counter 𝑔 = 𝑔 + 1.
(ii) Selection: rank all chromosomes from the best to

the worst according to the fitness function values𝑓(w(𝑘)(𝑔)) (𝑘 = 1, 2, . . . , 𝐾), and select the parents to
create offspring for the next generation based on the
fitness proportionate method. Compute the probabil-
ity of the 𝑘th chromosome at the 𝑔th generation to be
selected as 𝑃𝑘 = 𝑓(w(𝑘)(𝑔))/∑𝐾𝑘=1 𝑓(w(𝑘)(𝑔)).

(iii) Crossover: apply a single point crossover operator
to do the crossover operation. Randomly select a
crossover point (an integer between 1 and𝑈−1within
the chromosome). Then a pair of the selected parent
chromosomes swap the information with a crossover
probability𝑃𝑐 after the crossover point to produce two
child chromosomes.

(iv) Mutation: make a small change in the child chro-
mosomes to lead a broader searching space, with a
mutation probability 𝑃𝑚 of being toggled (e.g., 0 → 1
or 1 → 0) for every bit in the child chromosomes.

(v) Calculate the fitness function values 𝑓(w(𝑘)(𝑔)) (𝑘 =1, 2, . . . , 𝐾) of the chromosomes in the new popula-
tion.

Step 4 (stopping criterion). If 𝑔 = 𝐺, the algorithm stops
and choose the individual w(𝑘)(𝑔) (𝑘 = 1, 2, . . . , 𝐾) with
the largest fitness function value from the new population
as the optimal VC vector wopt. If 𝑔 < 𝐺, go back to
Step 3.

From the above steps, it can be seen that there is no
computation unmanageable in any step and the proposed
algorithm is practically implementable. Furthermore, the
computational complexity of GA is approximately 𝑂(𝐺𝐾 −𝐾 + 𝐺𝐾𝑀𝑁2 + 2𝐺𝐾𝑀), where 𝑂(𝐺𝐾 − 𝐾) arises from the
selection probability computation, and𝑂(𝐺𝐾𝑀𝑁2+2𝐺𝐾𝑀)
accounts for the computational complexity of the fitness
function values.
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Figure 2: Capacity comparison between the VC overloadedMIMO
system and the conventional overloaded MIMO system.

4. Simulation Results

In this section, the simulation results are presented to
compare the capacity and SER performances of the VC
overloaded MIMO systems with those of the conventional
overloaded MIMO systems. Here, we assume that H is an
actual wireless channel matrix for static channels and is
perfectly known at the receiver. The GA is applied to find the
optimal VC vector.The population size of GA is chosen to be𝐾 = 20. We set other initial parameters as 𝐺 = 100, 𝑃𝑐 = 0.7,
and 𝑃𝑚 = 0.01.

In Figure 2, the capacities of the VC overloaded MIMO
systems are compared against that of the conventional over-
loaded MIMO systems for different antenna configurations.
It is observed that the VC overloaded MIMO system shows
better performance than the conventional overloadedMIMO
system in terms of the system capacity with any antenna
configurations. Furthermore, with a larger number of trans-
mit antennas and receive antennas, the effectiveness and
superiorities of the VC overloaded MIMO system can be
better exhibited.

Figure 3 shows the SER performances of the VC over-
loaded MIMO systems, in comparison with those of the
conventional overloaded MIMO systems and the overloaded
MIMO systems with open-loop precoding for different
antenna configurations. It can be seen that the overloaded
MIMO system with open-loop precoding achieves much
lower SER than the conventional overloaded MIMO system
at high SNR but performs worse than the VC overloaded
MIMO system. The 8 × 4 VC overloaded MIMO system
attains a gain of about 4.5 dB in SNR over the conventional
overloaded MIMO system at SER = 10−3. Moreover, the4 × 2 VC overloaded MIMO system performs better than
the 4 × 2 conventional overloaded MIMO system, at any

8 × 4, conventional overloaded MIMO 
8 × 4, overloaded MIMO with open-loop precoding
8 × 4, VC overloaded MIMO
4 × 2, conventional overloaded MIMO
4 × 2, overloaded MIMO with open-loop precoding
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18166 8 10 200 1242 14
SNR (dB)

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

SE
R

Figure 3: SER performances of the VC overloaded MIMO systems,
in comparison with those of the conventional overloaded MIMO
systems and the overloadedMIMO systems with open-loop precod-
ing for different antenna configurations.

SNRs. Furthermore, as shown in Figure 3, in all cases the
VC overloaded MIMO systems outperform the overloaded
MIMO systems with open-loop precoding, exhibiting a great
advantage in improving transmission reliability.

Figure 4 shows the convergence property of GA for a 4×2
VC overloaded MIMO system under different conditions. It
can be seen that GA with a larger population size has a better
chance to find the optimal solution (Figure 4(a)). However,
the crossover probability and the mutation probability which
lead to the best convergence property are moderate values
as shown in Figures 4(b) and 4(c). Furthermore, Figure 4(d)
shows a good convergence property of GA at different SNRs.
Therefore, in order to obtain the best convergence property,
a reasonable combination of the parameters should be set up
for GA.

5. Conclusion

In this paper, we propose a closed-loop and adaptive VC
optimization approach that can significantly improve the
performances of the downlink overloaded MIMO systems
according to feedback information. Specifically, by using GA
to find the optimal VC vector, the performance optimization
can be achieved. Simulation results demonstrate that the
VC overloaded MIMO system outperforms the conventional
overloaded MIMO system as well as the overloaded MIMO
systems with open-loop precoding in the system capacity and
SER.



Wireless Communications and Mobile Computing 5

0.02

0.03

0.04

0.05

0.06

0.07

SE
R

20 40 60 80 1000
Iterations

K = 5
K = 10
K = 20

SNR = 8 dB, Pc = 0.7, Pm = 0.01

(a)

0.02

0.03

0.04

0.05

0.06

0.07

SE
R

20 40 60 80 1000
Iterations

SNR = 8 dB, K = 20, Pm = 0.01

Pc = 0.7
Pc = 0.96

Pc = 0.1

(b)

0.02

0.03

0.04

0.05

0.06

SE
R

20 40 60 80 1000
Iterations

Pm = 0.01
Pm = 0.1

Pm = 0.0001

SNR = 8 dB, K = 20, Pc = 0.7

(c)

0

0.05

0.1

0.15

SE
R

20 40 60 80 1000
Iterations

SNR = 8 dB
SNR = 5 dB

SNR = 11 dB

K = 20, Pc = 0.7, Pm = 0.01

(d)

Figure 4: Convergence property of GA comparison under different conditions: (a) convergence property of GA with different population
sizes; (b) convergence property of GA with different crossover probabilities; (c) convergence property of GA with different mutation
probabilities; (d) convergence property of GA at different SNRs.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

Thisworkwas supported by theUniversityDoctoral Research
Foundation of China (Grant 20130181110006).

References

[1] N. Song, T. Yang, and H. Sun, “Overlapped subarray based
hybrid beamforming for millimeter wave multiuser massive
MIMO,” IEEE Signal Processing Letters, vol. 24, no. 5, pp. 550–
554, 2017.

[2] D. Ciuonzo, P. Salvo Rossi, and S. Dey, “Massive MIMO
channel-aware decision fusion,” IEEE Transactions on Signal
Processing, vol. 63, no. 3, pp. 604–619, 2015.



6 Wireless Communications and Mobile Computing

[3] A. Shirazinia, S. Dey, D. Ciuonzo, and P. Salvo Rossi, “Massive
MIMO for decentralized estimation of a correlated source,”
IEEE Transactions on Signal Processing, vol. 64, no. 10, pp. 2499–
2512, 2016.

[4] F. Jiang, J. Chen, A. L. Swindlehurst, and J. A. López-Salcedo,
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