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Abstract—Mutual coupling model is crucial in designing
multiple-input–multiple-output (MIMO) antennas since mutual
coupling will degrade overall MIMO performance from distorted
radiation patterns and reduced antenna efficiencies. Typically,
full-wave simulations have to be employed, which is often time-
consuming. Here, the artificial neural network (ANN) method is
developed to reduce the modelling time. Compared to previous
ANN methods that directly use model parameters as input, a
novel physical preprocessing approach is proposed to incorporate
antenna correlation information before the network training. As
a proof of concept, the mutual coupling model of a nonuniform
strongly-coupled array is realized. Furthermore, we use the trained
networks for capacity estimation and power allocation with the
water-filling algorithm, showing favorable model performance.
The proposed physically preprocessed ANN model significantly
outperforms traditional analytical solutions and direct modelling
networks in terms of prediction accuracy, dataset construction
costs, and network convergence, which could facilitate the fast
optimization and design of advanced antenna arrays for MIMO
communications.

Index Terms—Artificial neural network (ANN), capacity-
aimed optimization, mutual coupling, nonuniform multiple-input–
multiple-output (MIMO) antennas, physical preprocessing.

I. INTRODUCTION

MULTIPLE-input–multiple-output (MIMO) technology is
critical in 5G wireless communication systems as an

enabler that provides the degree-of-freedom and power gains,
thus the capacity gains [1], [2], [3], [4], [5], [6]. Traditionally,
by leveraging physical parameters, such as array element sizes
or positions to calculate analytical radiation patterns and effi-
ciency limits, we can harness MIMO technology for advanced
functions, such as beamforming [7], [8], channel estimation, and
spatial multiplexing [9], [10]. However, when optimizing MIMO
performance, mutual coupling is unavoidable, which causes se-
vere performance degradation. For a given coupled antenna array
(CAA) system, both the degree of freedom and signal-to-noise
ratio (SNR) of a MIMO system are affected by the mutual cou-
pling since the distorted embedded radiation patterns will change
the correlations between elements, and the power coupling will
reduce radiation efficiency [11], [12], [13], [14]. The analytical
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calculations result in unacceptable errors (due to the physical
symmetry breaking), especially for nonuniform arrays, affecting
subsequent applications. In addition, traditional antenna array
optimization metrics, such as gain and directivity, may not lead
to improved communication performance (capacity) [15], [16].

Ground truth values considering mutual coupling can be
obtained through full-wave simulation, but the iterative solving
process usually takes a great amount of simulation time, posing
a fatal drawback when implementing optimization methods.
Recently, researchers have widely adopted machine learning
methods, such as artificial neural networks (ANNs) for cou-
pling compensation [17], [18], coupling modeling [19], [20],
coupling prediction or decoupling to solve such problems [21],
[22], [23], [24], [25], [26]. Although the training (learning)
process is time-consuming, once trained, these networks can
solve problems while satisfying the current requirements of
millisecond response time. However, previous works often use
ANNs to extract relatively general information [27], [28], such
as directly using physical parameters as inputs to train the
network for obtaining output targets. These approaches suffer
from a common issue: as the topological complexity of the CAA
increases, the network needs a larger number of training datasets
to establish the complex mapping relation, which increases
the difficulty of dataset and network construction. Moreover,
few pieces of literature establish a model linking topology
to the ultimate communication performance for antenna array
optimization [29], [30], [31].

In this letter, physical principles governing antenna corre-
lation inspire us to propose an ANN method consisting of
calculated physical parameters (approximate values) [32], [33]
as input and simulation results (ground-truth values) as output.
In this article, mainly two contributions are made as follows.

1) First, with a millisecond response time, we use ANN to
fully consider the mutual coupling effects of nonuniform
tightly CAA, as a proof of concept, which are more ac-
curate than analytical solutions and faster than full-wave
simulations. Using the predicted values, we can acquire
the optimal MIMO capacity. For emerging nonuniform
and holographic arrays [34], [35], [36], even with the
best antenna design, the coupling cannot be avoided. The
surrogate model from topology to capacity facilitates array
optimization with a focus on enhancing communication
performance.

2) Furthermore, by introducing the physical preprocessing,
the approximate parameter values are used as input to map
the ground truth values of the same physical parameters.
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Fig. 1. Workflow of power allocation and capacity estimation by the physically preprocessed ANNs includes four parts. Part 1: CAA model construction. We
employ thousands of full-wave simulations to obtain the distance vectors, efficiency vectors and active radiation patterns. Part 2: dataset construction. We calculate
analytical correlation matrices and efficiency vectors as parts of datasets. Part 3: network construction and training. We train NET1 and NET2 to obtain predicted
correlation matrices and efficiency vectors. Part 4: results calculation and analysis. We use the predicted values to estimate the capacity of the channel.

Fig. 2. CAA model. (a) Microstrip antenna element. The substrate material is
FR-4. dx = 28 mm, lx = 0.45λ, dy = 0.5 × ly = 37.26 mm, h =3 mm, and
the working frequency is 2.45 GHz. (b) Nonuniform 16 × 1 1D array model.
(c) Nonuniform 5 × 3 2S array model.

It is the first time we have realized power allocation and
capacity estimation by using the physically preprocessed
ANNs.

II. PRINCIPLE AND METHOD

The basic idea of our work is shown in Fig. 1, which could
be generally divided into the following four parts.

A. CAA Model

First, we construct the CAA model to obtain training datasets.
We use a typical microstrip antenna element for convenience, as
shown in Fig. 2(a). The antenna element includes three layers:
the top layer of the patch, the middle layer of the substrate
and the bottom layer of the ground. Each antenna is fed from
underneath via a coaxial probe. We perform simulations using
the commercial software CST. The simulation result shows that

the S11 of the antenna element at the working frequency is
−16.2 dB, and the total efficiency is 0.91. Fig. 2(b) and (c) shows
the 1-D and 2-D MIMO array models. There are Nx patches
along the x-direction and Ny patches along the y-direction.
The spacing in the y-direction is fixed to ly , and the spacing
in the x-direction is di ∈ d, which is randomly valued between
0.25λ and 0.45λ (λ is the free-space wavelength). The boundary
conditions in all directions are opened. Observing the active
element patterns in Fig. 2, we can find the patterns are severely
distorted, and the efficiencies are decreased, which proves that
the coupling effect is significant.

B. Channel Model

R is the covariance matrix of the antenna array, which is a
function of the correlation matrix Φ and the efficiency matrix Ξ
according to [37]

R = Φ ◦Ξ (1)

where ◦ is the entry-wise product. Assuming that there are N
antennas, the correlation matrix incorporating mutual coupling
is

Φ =

⎡
⎢⎢⎢⎣

1 ρ12 · · · ρ1N
ρ∗21 1 · · · ρ2N

...
...

. . .
...

ρ∗N1 ρ∗N2 · · · 1

⎤
⎥⎥⎥⎦ (2)

where ρij could be calculated using embedded radiation patterns
E(Ω)[11], and the embedded efficiency matrix Ξ is expressed
by

Ξ =
√
e
√
e
T

(3)

withe = [eemb1, eemb2, . . . , eembN ]T , the embedded radiation ef-
ficiency of the nth antenna could be calculated by S-parameters
assuming negligible ohmic loss [11].
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Fig. 3. Network training results. (a) Results for the covariance matrix. The MSE decreases with the increase of epoch. The mean error matrices (the same size
as the covariance matrix) of the analytical method, NET1 method and NET1′ method, compared to simulation results (ground truth). (b) Results for efficiency
vector. The MSE decreases with the increase of epoch. Three cases were calculated using the analytical method, NET2 method and NET2′ method, compared to
simulation results (ground truth).

TABLE I
NETWORKS’ PARAMETERS

Without considering the mutual coupling, we could approx-
imately calculate the corresponding analytical parameters with
their analytical forms. The analytical embedded radiation pattern
of the nth antenna is [38]

E(Ω)′ = Ei s o(Ω) exp (jkΩ · rn) (4)

where kΩ is the wave vector and rn is the position of the
nth antenna. According to Hannan’s limit [32], the analytical
embedded antenna efficiency of the nth antenna is

e′embn =
πSn

λ2
(5)

where Sn is the elementary area of the nth antenna element.

C. Network model

We build five networks, including our method and the com-
pared networks. The differences among them are given in Table I,
where Φ′ and Ξ′ represent the analytical values.

Generally, the most crucial difference is the inputs. Physical
preprocessing is introduced compared to commonly used direct
networks. Moreover, we also set up NET3, which serves as the
commonly used direct prediction model. We use CNNs, which
feature two convolutional layers and three linear layers. Except
for these above, all the networks possess the same construction

for fair comparison. The first layer uses 30 filters of size 3 × 3
with a stride of 1 to maintain the input size. The second layer
increases the number of filters to 60, using the same filter size,
which helps capture more complex features. Each convolutional
layer is followed by a rectified linear unit activation function.
Following each convolutional layer, a max pooling layer with a
2 × 2 window and a stride of two is used. Linear layers with
appropriately sized cells output correctly sized predicted values.
We use the Adam optimizer with a learning rate of 0.005. The
loss functions for networks are defined as the mean square error
(MSE).

D. Capacity Estimation Model

We use the water-filling algorithm [39] for power allocation
and calculate the channel capacity. The channel capacity, in this
case, can be calculated by [11], [14], [40]

max
P

C = E

{
N∑
i=1

log2

(
1 +

Pi

σ2
× λi

)}
(6)

where E denotes the ensemble average, N represents the an-
tenna number, σ2 represents the noise power, Pi represents the
power allocated to the ith antenna, which is calculated using the
water-filling algorithm based on λi, λi represents the eigenvalues
of RHwH

†
w and Hw denotes the spatially white MIMO chan-

nel with independent identically distributed complex Gaussian
entries, simulating the fluctuations of a Rayleigh channel.

III. RESULTS AND DISCUSSION

We obtain the active element radiation patterns and the effi-
ciencies of the antenna element of 1200 groups of 5 × 3 sized
randomly arranged nonuniform arrays. In total, 70% of them are
the training datasets, and the rest are the test datasets.
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Fig. 4. Test errors under different dataset sizes. When the group number of the
dataset is smaller than 1200, the dataset is randomly chosen from the original
1200-sized datasets, and the test set error is tested several times and averaged
to ensure stability. (a) Results for NET1 and NET1′. (b) Results for NET2 and
NET2′.

A. Network Training Result

Fig. 3 presents the results of the correlation matrix Φ and the
efficiency vectore, respectively. For NET1 and NET1′ in (a), due
to the incorporation of physical information, NET1 converges
faster than NET1′. The mean error between the analytical result
and the ground truth result is significantly larger than that of
NET1 and NET1′, highlighting the superior performance of
the ANNs. The average MSEs of test datasets of NET1 and
NET1′ are 6.3e−5 and 1.1e−4, respectively. The comparison
of the mean error of NET1 and NET1′ also reveals that NET1
performs better, which is an advantage provided by physical
preprocessing.

Similarly, For NET2 and NET2′ in (b), the predicted values of
NET2 and NET2′ are remarkably close to the ground truth val-
ues. The average MSEs of test datasets are 7.7e−4 and 7.5e−4,
respectively. Despite similar average MSEs, NET2 outperforms
NET2′ in cases where an element’s efficiency significantly dif-
fers from its neighbors, as illustrated by the red circles, demon-
strating the benefit of physical preprocessing. Using NET2,
93.8% of efficiency errors in the test sets cluster between −0.05
and 0.05, compared to 83.4% using NET2′. However, the effi-
ciency values calculated by Hannan’s limit are generally smaller
than the ground truth, primarily due to our array being small and
nonuniform, and thus strongly affected by edge effects [41].

We also examined the networks’ learning efficiency using dif-
ferent sizes of training datasets, as shown in Fig. 4. In Fig. 4(a),
NET1 performs better than NET1′ in the dataset of all the tested
sizes. In Fig. 4(b), NET2 performs better than NET2′ when the
dataset size is less than 1000. Increasing the training dataset
or model complexity may lower test error but at the cost of
more time and resources, yet our method’s error already meets
engineering standards. The physical preprocessing simplifies the
features our network needs to learn, especially for networks with
complex mappings, thereby requiring fewer datasets to achieve
comparable training results and reducing the cost of dataset
construction.

B. Capacity Estimation Results

Fig. 5(a) is a schematic diagram of water-filling using different
methods. The blue line is inversely proportional to the channel

Fig. 5. Capacity estimation results. (a) Power allocation using four different
methods. (b) Channel capacity using corresponding power allocation under
different SNR conditions. The blue dot line represents the results of our method.
(c) Frequency distribution histogram of the error between the analytical result
and our method result relative to the theoretically optimal solution.

quality, and the difference between the orange and blue lines
represents the allocated power of the channel. The channel
quality predicted by our method closely matches that calculated
from full-wave simulation (the theoretically optimal allocation).
However, the analytical solution and NET3 allocation both result
in significant estimation errors in channel quality, leading to poor
power distribution. Furthermore, while full-wave simulation
requires 40 min to 90 min for a randomly constructed 5× 3 sized
nonuniform CAA, our trained neural network achieves capacity
estimation within 50 ms. Fig. 5(b) illustrates the impact of
different methods on channel capacity estimation under different
SNR conditions, with our method (blue line) approaching the
theoretically optimal channel capacity. Fig. 5(c) is a statistical
graph comparing the error between our neural network and
the analytical method for 300 test sets against the theoretically
optimal channel capacity. Instances of poor performance are
uncommon using our approach, indicating the high resilience of
our model.

IV. CONCLUSION

We developed a novel ANN model that improves capacity
estimation accuracy by incorporating mutual coupling through
physical preprocessing. This model excels particularly with
nonuniform CAA, outdoing traditional analytical methods and
commonly used direct prediction models. It reduces dataset
costs, accelerates network convergence, and illustrates the ben-
efits of integrating physical information with machine learning
for advancing communication system design and evaluation,
making it a promising candidate for further antenna array opti-
mization. Future research will investigate the model’s capability
to be applied to various scales and types of antenna arrays and
array optimization.
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