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Abstract — In the field of remote sensing, the process
of segmentation and classification of satellite images is
a challenging task attributable to different types of tar-
get detection. There are problems in recognizing a target
and clutter region. Then, there is a necessity to consider
these problems regarding the classification of satellite
image using an effectual approach. In this approach, a
deep learning dependent automated segmentation, detec-
tion, and classification of satellite images is carried with
artificial intelligence methods. Initially, the input image
is preprocessed, segmented using Edge-ROI and YOLO
v3 based segmentation in which the parameter is tuned
by means of multi-heuristic tuna swarm optimization
(MH-TSO) approach and is classified using hybrid mul-
tivariate improved residual network (ResNet) and U-
Net classifier approach. The stage of Edge-ROI segmen-
tation and YOLO v3 based segmentation is employed
to extract regions. The preprocessing is carried using
median average filtering along with adaptive histogram
equalization. A scheme of deep learning-based multi-
variate improved residual neural network for classifica-
tion of satellite images is proposed effectively. The pro-
posed technique performance is estimated for three kinds
of dataset, namely Salinas, Pavia University, and Indian
Pines satellite image datasets, and the results obtained
are shown, which proves the efficiency of the suggested
mechanism.

Index Terms — Hybrid multivariate improved residual
neural network and U-Net, multi-heuristic tuna swarm
optimization, remote sensing, satellite image, YOLO v3
segmentation.

L. INTRODUCTION
At present, scholars have focused on image clas-
sification which is thus regraded as a pivotal technol-
ogy for the recognition of pattern and a computer vision
scheme. Usually, the satellite images are in a digital
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form [1]. The technique of image processing could be
employed for the retrieval of precise set of data from
the stored images [2][3]. Therefore, this technique will
be obliging in improving the visual perception and to
modify or repair an image which depends on blurring
of image, image deformation, or image deterioration [4].
Few methods are still available to analyze the image
which relies on some specified issue requirements [5-
7]. Image segmentation and classification algorithms are
utilized in various regions of image in a thematic group.
The kinds of image segmentation are categorized as four
types from varied range of angles like feature space clus-
tering, region-based, model-driven, and threshold-based
[8,9]. Presently, the feature space clustering approach
is regarded as the most significant and popular method
for image segmentation due to its easy calculation, sim-
ple principle, and good segmentation. Furthermore, the
images are normally segmented using a single clustering
technique, and it is probable to get stuck in a local opti-
mum since the boundaries are blurred and this displays
unclear boundaries with deprived visual effects.

The primary problems are not only lies in captur-
ing images, it also lies in processing the captured infor-
mation in a fast manner and disseminating them at any
instant of stated target classification and detection which
is estimated with their accuracy range [10]. The key tech-
nique for such issue which is associated to the target
recognition was thus to separate several mechanisms of
target by recognizing the one which is fascinating from a
residual one. The method of classification is still a com-
plex task and it is a valid concern for the detection of tar-
get satellite systems [11,12]. There are problems in rec-
ognizing target and clutter regions. Thus, it is a necessity
to consider these problems regarding the classification of
satellite image using an effectual approach.

This paper is systematized as follows. Section II
is the portrayal of several traditional techniques that
are prevailing. Section III offers a brief explanation

https://doi.org/10.13052/2025.ACES.J.400801
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regarding the overall work of the proposed methodology
and novel mechanism. Section IV is the performance and
comparative estimation of the proposed technique with
traditional ones. Section V concludes the entire work
objective.

II. RELATED WORKS

This section is a study of several techniques cur-
rently available. The author in [13] proposed Deep Con-
volutional Neural Network (DCNN) for the purpose of
classifying the targeted regions from the input images
with the utilization of convolution layers and without
fully connected layers. In [14], the author presented
an architecture that has limited training data that were
termed a deep CNN highway unit intended for target
classification in remote sensing images. The technique
presented was found to be better in attaining a targeted
region with a better range of specificity.

A target recognition model was presented in [15]
that has some additional features that were dependent on
CNN architecture with features for the remote sensing
images. The suggested CNN technique consists of two
steps. First is the extraction of features using max-pool
and average pooling functions. Then training was per-
formed with fully-connected layers. The suggested tech-
nique attains high recognition accuracy of about 94.38%
for about 10 classes in the military target’s detection in
the MSTAR dataset.

An automatic target detection of satellite images was
projected in [16] with the use of two kinds of machine
learning schemes which offers better classification accu-
racy. Primarily, the support vector machine (SVM) was
utilized along with a proper optimization approach for
developing a set of local features. Then, the novel struc-
ture of CNN was implemented and both methods were
analyzed with practical aspects.

A new technique of target recognition was suggested
in [17] for the purpose of target recognition using CNN.
Initially, from MSTAR datasets the targeted images are
classified with the use of CNN. Then, the features were
extracted from CNN output from convolution layer from
which the position of targets were located in the image
with the use of clustering and sampling approach. The
suggested technique not only comprehends detection of
target efficiently but also offers contented accuracy sim-
ilarly in classifier function.

A multi feature-based convolution neural network
(MFCNN) was presented in [18] for the recognition of
targets from input image. First, from the satellite images
the features were extracted. Then it was aggregated by
the complementary relations as a single column vec-
tor. Finally, the target was identified with the use of
fully connected networks. The suggested method has the
advantage that it has the capability to recognize targets of

PABITHA MUTHU, SIVA RANJANI, MANIKANDAKUMAR: DEEP LEARNING-BASED HYBRID MULTIVARIATE IMPROVED RESNET

MSTAR dataset images accurately on comparing other
existing methods and was capable of offering informa-
tion regarding the pose.

A speckle-noise-invariant CNN was projected in
[19] along with regularization for decreasing the noise
present in image and so as to recognize targets from
images. Image despeckling was performed using Lee
sigma filter to extract features. Then, the targets were
recognized from the despeckled images using CNN
training. The suggested CNN along with approach of
regularization improves the recognition accuracy on
relating traditional methods.

A recurrent neural network (RNN) [20] was pro-
posed for automatic target recognition (ATR). Once elec-
tromagnetic waves from a radar incident on the targets,
scattering of the incident energy might rise and this scat-
tered signal was recognized as a target radar signature.
The anticipated RNN based technique offers an accuracy
of 93% in terms of classification.

Remote sensing image classification was a typical
application [21]. In an attempt to augment the remote
sensing image classifier outcomes, multiple classifiers
combinations were utilized for classifying the Landsat-8
Operational Land Imager (Landsat-8 OLI) images. Few
classifier techniques and algorithms combinations were
scrutinized. The combined classifier encompassing of
five classifiers adherent was made. The consequences
of member in both classifiers were evaluated. The vot-
ing strategy was examined to take part the classification
consequences of classifier member. The results exem-
plifies that the classifiers have unrelated performances
and the grouping of several classifiers brings enhanced
outcome on comparing the single classifier, thereby this
approach conquers overall higher accuracy of classifica-
tion. An approach was supported in [22] regrading the
flexible multiple-features hashing learning context which
is meant for LSRSIR which took several features that
were balancing as an input which acquires the function
of feature mapping hybrid approach [23].

A pre-trained convolution neural network (CNN)
was presented in [24] for ATR. The main shortcoming
of ATR was that there was an availability of only limited
datasets for training purposes and for this reason a deep
learning model was employed. The projected scheme
was dependent on employing a pre-trained CNN specifi-
cally AlexNet which was employed for feature extraction
and after which the output features were trained using
multiclass SVM classifier. The pre-trained network pro-
posed offers an accuracy of about 99.4% for three tar-
geted modules or classes.

An approach in [25] aims at tackling problems asso-
ciated with ATR. The suggested scheme depends on the
approach of transfer learning at which three varied CNN
that were pretrained are employed as feature extractors
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Fig. 1. Overall flow depiction of suggested scheme.

along with the integration of SVM. In this approach,
the suggested classifier models are AlexNet, Google Net,
and VGG16. On analyzing the performance, those three
CNNs were capable of competing the issues of ATR at
which AlexNet offers accuracy of about 99.27%.

A comparison was made in [26] among pre-trained
CNN and SVM for the recognition of target so as to
extract features and it was found that CNN offers bet-
ter accuracy than others. Since there were several tech-
niques employed for the classification and recognition of
target in satellite images, there is a need to enhance the
accuracy level so as to attain better detection of targets.

III. PROPOSED WORK
Our proposed methodology is explained briefly in
this section. The overall flow depiction of the suggested

v

Classified outcome

method is given in Fig. 1. A deep learning-based model
is implemented in this work for the better recognition
and classification of targets from the satellite images.
Initially, the input image is preprocessed, segmented
using Edge-ROI and YOLO v3 based segmentation at
which the parameter is tuned by means of multi-heuristic
tuna swarm optimization (MH-TSO) approach and was
classified using hybrid multivariate improved residual
network (ResNet) and U-Net classifier approach. The
stage of Edge-ROI segmentation and YOLO v3 based
segmentation is employed to extract regions. The pre-
processing is supported using median, average filtering
along with adaptive histogram equalization. A scheme of
deep learning-based multivariate improved residual neu-
ral network for classification of satellite images is pro-
posed.



A. Input image pre-processing

Once the input image is collected, preprocessing
is the initial and significant step for classifying satel-
lite images. The process of preprocessing is employed
so as to confirm the accessibility and reliability of the
input images. In this, every step is significant since it
aims at reducing the workload of further functions. This
preprocessing step is carried out with the use of filters,
histogram equalization techniques for detecting uninten-
tional errors which could impair the capability of arti-
facts to prevent noise in the image. The abnormality
areas are extracted from the satellite images. A non-
linear filtering system is termed as adaptive median filter
that is most widely employed in eradicating noise present
in image. The major benefit of this noise reduction pro-
cess is that it is an archetypal step to yield better perfor-
mance. Figure 2 shows the input image and noisy input
image.

Input Image Noisy Image

Fig. 2. Input image and noisy image.

This is the preliminary step of the suggested
approach which eliminates background noises. Salt and
pepper along with Gaussian noise will be present in satel-
lite images which should be removed to attain a high-
quality image. The preprocessing step is accomplished
to delete these redundant noises in the image. Unnec-
essary errors are identified by employing filtering and
histogram techniques. In this phase, the extracted noise
is filtered through an adaptive filtering technique which
is employed for the purpose of isolating noise from the
image and it acts as a non-linear optical filterer. A typi-
cal approach for noise eradication is carried for improv-
ing the efficiency of the system and thus to augment the
image contrast. Gaussian noise will be rectified by means
of adaptive Wiener filter (AWF). The filtering process
aids in offering bright and clear images. The use of this
AWEF aids in offering smooth and less variant images.

A non-linear spatial filter that is most widely
employed is the median filter which in turn replaces the
pixel values by the gray level medians in the desired
neighborhood of that pixel. The adaptive median filter is
a kind of statistic order since their response depends on
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pixel ranking of the image area covered by means of a
filter. It is widely employed since this offers reduction of
noise by blurring fewer edges. This noise reducing effect
depends on two major factors: number of noise pixels
involved in the computation of median and the spatial
extent of their neighborhood.

Normally, for augmenting the consistency of the
system, histograms are equalized. Histogram equaliza-
tion is regarded as the computerized process of enhanc-
ing the image contrast. The most significant values of
sensitivity are increased by this. The spectrum strength
of the image is widened. After this process the average
image contrast is augmented.

Let us assume q signifies the normalized histograms
for intensities that are all possible. This can be expressed
as:

q" = (number of pixels with x intensity /total number of

pixels), 1
where x =0, 1..., x-1.

Thus, the histogram equalized image is signified as:

bi.j

Hjj=base((x—1) ) p*. 2)
x=0

Here, base signifies the adjacent integer and is
equivalent in transforming the intensity of pixel. The
probability distribution function PDF of this is expressed
as:

NG =N /N, @)

The probability distributed standardization function
can be signified as %—1;1

At the time of preprocessing, the grayscale chan-
nel is blocked. Usually, the poor contrast image appears
with satellite objects. The process of preprocessing is
employed for augmenting the greyscale channel’s con-
trast. Histogram equalization is a technique employed for
escalating the image contrast and is followed by growing
usual values of intensity effectively. This is expressed as:

histogram equalization (q) =intensity sum of the pixel/

pixel average number.
“)
This approach not only enhances image quality but
also augments the performance of the system.

B. Edge-ROI and YOLO-V3 based segmentation
approach for extraction of regions

Detection of boundaries in the image border is car-
ried out in this step. Understanding the characteristics of
image edge detection is the most crucial step since edges
comprise significant and necessary information and fea-
tures. An image size is reduced considerably after filter-
ing process so as to retain indispensable functional prop-
erties of an image. Typically, edge detection is employed
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for extracting boundaries or edges of image and is exten-
sively used in image segmentation process. In the ini-
tial derivatives of the image, edges are sensed by gradi-
ent approach at which the edges are minimal. For this
reason, suitable thresholding is employed to attain sharp
edge isolation. Region of Interest (Rol) is evaluated that
is divided to compute dimensions at which target edges
will be extracted from the desired region. Figures 3 and
4 show the segmented image at frame 0 and frame 30.

The approach of segmentation determines whether
the neighbor of the region should be included or not.
A regional mechanism is employed for combining the
sub regions or pixels as bordered areas. A pixel aggrega-
tion is the simpler one which begins with collection of
seed point from grown regions once the neighbor pixel
has same features which will be attached to every seed
points. This is expressed as:

seg,mg result at frame: 0

Zero level contour at frame: 0

250 250

Fig. 3. Segmented image at frame 0.

segmg result at frame: 30

Zero level contour at frame: 30
R s

250 250

Fig. 4. Segmented image at frame 30.
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ROISCgm"’ntaﬁ"“:ZEJ}EQZ Vs (Li, L) M.log. +y / cidx,
)

where ROISegmentation refers to region of interest seg-
mentation, velocity gradient is represented by Vo,
L;,L;j denotes the lower and higher pixel values of
image, M signifies pixel numbers block of the image,
log,, denotes the image’s spatial size, y signifies the
image’s frequency coefficient, c; denotes the pixel dis-
tance.

The image frequency co-efficient is thus tuned by
means of MH-TSO technique. The optimal features
selection thus enhances the segmentation outcome. The
optimal range of features are thus selected using MH-
TSO algorithm.

Initial step is the spiral foraging model at which
tuna will swim once it is nursed thus forming spiral
ones for derivation of shallow water feed which is sim-
ply attacked. Next step is the parabolic foraging at which
corresponding tuna thus swims subsequently making a
parabola shape for enclosure of its prey. Using these
techniques, tuna forage successfully. Mathematical mod-
eling of this optimization technique is:

y" = rand. (ub —Ib) + Ib, i=1,2,....NP, (5
where yé" refers to the ith initial individual, ub and b
are the upper and lower boundaries of search space, NP
refers to the number of tuna population and rand signi-
fies the random vector which is uniformly distributed and
ranges from O to 1.

The anticipated mathematical modelling of spiral
foraging is:

+1
yi =

{ al'(ytmnd—i_ﬁ"ytmnd_y?‘)—i_az‘yg’ i=1
o (ytrand+ﬁ‘ |ytmnd _y”) +062.y:~717 i= 273""7Np’
(6)
where y! . signifies the reference point which is ran-
domly generated at search space. Specifically, typical
algorithms that are metaheuristic might transmit wide
global exploration at a previous stage and then transfer
to exact local exploitation slowly.
The anticipated mathematical
parabolic foraging is:

modelling of

1
yi =
Vioor +1and. (y’best —yﬁ-) +TF.p%. (yzest —yﬁ) , if rand < 0.5
TF.p*y,, if rand >0.5
@)
¢ (t/tmax)
p= (1 - > ) 3)
tmax

where TF refers to the random number having the value
1 or -1. The tuna hunt cooperates over two approaches of
foraging and identifies the prey.

Deep learning-based YOLO v3 is employed for the
segmentation process to get accurate segmented regions.



Typical versions of YOLO do not have localization error
resolution. The newer version of this was not capable of
identifying the smaller objects. YOLO v3 is designed
for handling the existing limitations and thus offers an
enhanced output during testing phase. Version 3 offers
enhanced outcome for small size objects. It does not
offer precise output for huge objects. The YOLO v3
architecture depends on Darknet-53 strategy that utilizes
3x3 and 1 x 1 convolutional filters having scarce shortcut
connections with 53 convolution layers which is twice
as fast as ResNet-152. YOLO v3 is stimulated through
Feature Pyramid Network (FPN) that covers heuristics
like up-sampling, residual blocks and skip connections.
It provides Darknet53 as a ground network, that inte-
grates 53 more layers to detect objects more easily.
Like FPN, YOLO v3 utilizes 1x1 convolution to detect
objects. Feature maps are produced at three different lev-
els. It down samples the input by a factor of 32, 16
and 8 at three varied levels. On employing a stride of
32, in the 82nd layer the result tensor is 13 x 13 fea-
ture map which is used to detect with the help of 1x1
convolution. After applying a stride of 16, the detection
is done after the 94™ layer. Adding some convolutions
on the 79" layer is done and then combined with 61%
layer on 2x upsampling to get a 26x26 feature map. After
applying a stride of 8, detection is made in the 106™
layer with the help of 52 x 52 feature map. Some con-
volutions are combined to 91% layer and then integrating
with the 36™ layer with the help of 1x1 kernel, the down-
sampled feature maps are integrated with the up-sampled
maps at various locations to get fine grained features to
detect the smaller objects of different sizes. The varied
feature maps 52x52, 2626, and 13x 13 are employed
for detecting huge, medium, and smaller objects corre-
spondingly.

C. Classification using hybrid multivariate improved
ResNet and U-Net classification

A ResNet and U-Net classifier is employed in this
section after the segmentation process. The satellite
image is recognized and is classified so as to recog-
nize areas of vegetative lands from the input satellite
images. This is the method employed for pre-trained con-
volution. CNN permits the valuation of inconsistencies
among one or two objective variable quantity and one or
both of them. The hybrid multivariate improved residual
network and U-Net classifier offers a likelihood and the
statistical distributions are usable. First, CNN reads the
input thereby performing a resizing operation by measur-
ing class likelihoods of validation phase. CNN in scrips a
substantial development in the analysis and identification
of images.

A hybrid multivariate improved ResNet and U-
Net classifier is well-organized in the following layer
forms: Convolution layers, Pooling layers, ReLU lay-
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ers, Fully connected layers. This has predetermined pre-
processing procedures, taking into consideration other
images for classification purposes. This hybrid multivari-
ate improved ResNet and U-Net classifier is employed
for several determinations in many fields.
Hyperparameter selection is done manually or auto-
matically. In this model, manual selection is carried out
due to the highly complex nature and computational
cost of the automatic models. The dataset is evaluated
by the suggested ResNet classifier model by employing
an optimization approach. The hyperparameters that are
needed for estimating the model parameters are hidden
layers, activation functions, data augmentation, kernel
size, padding, and stride. The hyperparameters that are
employed for controlling the training algorithm behavior
are learning rate, batch size, momentum, and number of
epochs. In this model, batch normalization is employed
after the convolution layer and before the activation
function. This technique is employed with suitable opti-
mizer like stochastic gradient descent (SGD) optimizers
at which learning rate and weight decay of ResNet sys-
tem provides an improved stage of final trainings and
validation accuracy that overcomes issue of overfitting
thereby reducing the computational complexity of train-
ing process. Hyperparameter tuning parameters for the
presented ResNet system are shown in Table 1.

Table 1: Hyperparameter tuning parameters for the pre-
sented ResNet system

Hyperparameter Value
Batch size 128
Epochs 200
Rate of learning 0.04
Momentum 0.9
Weight decay 5e~*
Drop out fully 50%
connected
Optimizer Stochastic gradient descent
Activation function ReLU

This classifier makes it possible to estimate the
inconsistency among one or more of the variables. The
multipath improved ResNet classifier estimates the prob-
abilities. In this method, the classifier will initially calcu-
late, redistribute, and then interpret the class probability
of the image:

Fea =det[p] —k (classify (N))?, )
where Fea signifies the feature, p denotes the pointed fea-
ture. The following expressions are made:

det [p] =B B2, (10)

classify (p)=p1 Bz, (11)
where B B, represents the features classified. The CNN
classification was concluded as:

684



Fea = Bi2—L(Bi+ B,)%, (12)

where L is the empirical constant.

Algorithm 1: Multivariate network

classification

improved-residual

Input: Feature selected and extracted-processed image &,
Qutput: Classified image 1),

Convolution layer

Sample’s data feature vector 1s
F; = [F,, F,, ..., E,] where n is the number of input features.
The output results are computed

T
conv¥ = Fun,(B, + Z WEnEL

m=1

Where conv¥ is convolution feature map of the K" layer and
uth feature map.

Funy(.) 1s activation function for the convolution layer.

B, is bias term of the u™" feature map.

th th

wt is weight for the u™" feature map and m*" filter index.
T is the kernel / filter index.
K is the layer index.
Max-pooling layer:
The pooling of a feature map in a layer
R = max (G, o)
where W, is the pooling window size and
P, is the pooling stride
Residual block:
The activation of this gate is calculated by
Fun, = S;(wt**°[F,, blk,_,, mem,_;]1 + B,)
where F, is the input feature vector.
blk,_, is the previous block output.

mem,,_, is the previous block memory.

M,tuec
denotes separate weight vectors of each feature vector.

S, is logistic sigmoid function.
B, is bias vector for the feature map.

The output gate is the section at which the current block
output is being generated.

mem,, = F,.. * mem,_,tanh([l,, blk,_,,mem,_,]1+ B,)
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where B, is the bias results for convolutional layer.
S, = a(wt"<[E,, blk,_,,mem,]) + B,
blk, = §;.tanh (mem,,)
where blk, is the current block output and

B, is bias vector.

U-Net architecture comprises a constricting growing
lower side and upper side. The constricting side consist
of two 3x3 convolution layers intended for the iterative
model. These two convolutional layers are the modified
U-Net layer, and the down sampling layer has a func-
tion of 2x2 extreme pooling with two steps. The count
of channel attributes becomes twice in every down sam-
pling step. At the growing path, every step comprises
of upsampling attributes that are tracked through a 2x2
convolution layer which in turn halves the counts of
attributes. Finally, the block of 1x1 convolution is thus
employed for mapping the sets of 64 attributes vectors
for the class number. Moreover, normalization is added
to the input layer at the actual U-Net structure. It was
assured that input data dispersion at each layer is sta-
ble at the time of input normalization. The entire data is
utilized to learn the full convolution through the compu-
tation of feed forward and the back propagation process.

Algorithm 2: Deep U-Net algorithm for prediction

Optimize threshold value using gradient descent that

increases Jaccard Index
Step 1 : For each sample data, optimization takes place:
[nput sample data = 1800
Convert input sample data to pre-processed data=Pre_data
D orig = D channel of Pre datav
Normalize D_orig values between 0 and 1
Employ equalization to D channel of Pre_data
Train_data [channel 0,1,2] = convert pre —
processed data into sample data
Train_data [channel 3] = D_orig
Add Train_data to sample set
Step 2: Train U — Net with10000 repetitions
Chosen from the 7200 sample data
Step 3 : Set threshold value as 0.5
Step4 : For each 1800 sample data
Prediction of targeted region
Employ bin fill
threshold limit is used to
obtain the relevant product

Step 6 : Employ bin fill

Classification is performed using hybrid multi-
variate improved ResNet and U-Net classifier. As a result
of the classification process, vegetative land covers are



identified effectively. The performance investigation of
the anticipated system is revealed in the performance
analysis section.

IV. PERFORMANCE ANALYSIS
This section is the presentation of comprehensive
elucidation of the performance analysis of the pro-
jected system. The proposed methodology performance
is enumerated by calculating several metrics of perfor-
mance including accuracy, specificity, precision, recall,
F-measure and sensitivity.

A. Accuracy
Accuracy A; depends on the number of targets that
are classified correctly and is evaluated by:
TP+TN
- TP+TN+FP+FN’
where TP is True Positive, TN is True Negative, FP is
False Positive, FN is False Negative.

13)

i

B. Recall sensitivity
Sensitivity measures how many positives are cor-
rectly identified as positives and is defined as
TP

=" 14
" TP+FN (19

C. Specificity
Specificity measures how many non-targets are cor-
rectly identified as non-targets and is defined as
TN

Sy=— . 15
P TN+FP {as)

D. Precision

Precision is defined as the ratio of the number targets
that are classified to the number of targets present in an
image

TP
Precision = ———. (16)
TP+FP

E. F-Measure

F-Measure is obtained by combining precision and
recall

2 % [Sion )
F —measure = pre'c.lszon reca . (17
precision+ recall

The datasets employed in this work are listed below.

F. Dataset description

1. Indian Pines

This is the segmentation of hyperspectral image
dataset. The input source data encompasses of hyper-
spectral bands over a sole scenery in Indiana, USA
(Indian Pines) dataset that has pixels of about 145x145.
In support of each pixel, data set encompasses of bands
with spectral reflectance of around 220 which indicates
several portions of electromagnetic spectrum in the range
of wavelength 0.4—2.5-107°,
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2. Salinas

Denoted as the dataset of hyperspectral image which
is gathered through 224-band AVIRIS sensor over the
Salinas Valley, California, and is characterized over high
spatial resolution (about 3.7-meter pixels). The enclosed
area encompasses of 512 lines having the sample of
around 217, and the water absorption bands of about 20
were being discarded. This image is being accessible as
the data of senor radiance and it includes bare soils, veg-
etables, and vineyards fields. The ground truth Salinas
encompasses of 16 classes.

3. Pavia University

The dataset Pavia University is a hyperspectral
image type which is accumulated by a labelled sensor
as a system of reflective optics imaging spectrometer
(ROSIS-3) over Pavia City, Italy. It encompasses of pix-
els 610x340 by 115 spectral bands. The image is thus
divided as nine classes having total labelled samples
of about 42,776, with trees, meadows, gravel, bitumen,
asphalt, bare soil, brick, metal sheet, and shadow.

G. Performance analysis of suggested system

Denoised Image

Fig. 5. Denoised image.

Performance assessment of the anticipated result is
revealed in Fig. 5. This shows the denoising process
effect on the input image. Likewise, Fig. 6 indicates the
segmentation outcome obtained as a result of the effec-
tive segmentation process by varying the level of itera-
tions. The range of iteration set are 100, 200, and 500.

The segmented outcome with various iteration val-
ues (100, 200 and 500) is shown. Figure 7 is the seg-
mented outcome attained for 100 iterations. Figure 8
is the segmented outcome attained for 200 iterations.
Figure 9 is the segmented outcome for 500 iterations.

Classified outcomes are illustrated in Fig. 10 which
is assessed for the dataset Salinas. The identified and
classified regions from the satellite image Salinas dataset
is revealed. Each color signifies one parameter or area
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Segmented image result

segmented Image

(teration=500)

Fig. 6. Segmented outcome.

Brocoli_green_weeds 1

Brocoli_green weeds 2

segmented Image (lteration=100)

Fallow

Fallow_Rough_Plow
Fallow_Smooth
Stubble
Celery
Grapes_untrained
Seli_vinyard develop

Corn_senesced_green_weeds

Lettuce romaine 4wk
Lettuce_romaine_Swk
Fig. 7. Segmented image at iteration 100. Lettuce_romaine_6wk

Lettuce romaine Twk

Vinyard_untrained

segmented Image (lteration=200)

Vinyard_verticles_trellis

Fig. 10. Classified outcomes for Salinas dataset.

Asphalt
Meadows
Gravel
Trees
Painted_Metal_Sheets
Fig. 8. Segmented image at iteration 200. Bare_Soil

Bitumen

. . . . . . Self Blocking Bricks
of vegetative land categorization. The categorization is

labelled in Fig. 10 for clarity.

The portrayal of classified consequence for Pavia
University dataset is projected in Fig. 11. The recognized
and classified regions from the satellite image Pavia Uni-
versity dataset are exposed. Each color indicates one
parameter or area of different vegetative land category.
The categorization is labelled in Fig. 11 for clarity.

The representation of classified result for Indian
Pines dataset is given in Fig. 12. The classified and rec-
ognized regions from the satellite image Indian Pines Fig. 11. Classified outcomes for Pavia University dataset.

Shadows




Alfalfa

Corn=notil

Cero-min
Corn
Grassipasture
Grass-trees
Grass-pasure-mowed

Hzy-windrowed

Oais
Soybeans-notill
Soybeans-min

Soybeans-clean

Wheat

Wood

Buildings_Grass_trees_drives

Stone_Stee!_tower
Fig. 12. Classified outcomes for Indian Pines dataset.

dataset are given. Each color implies one parameter or
area of vegetative land categorization. The categorization
is labelled in Fig. 12 for clarity.

Table 2 illustrates performance investigation of
anticipated methodology in terms of PSNR, SSIM, MSE,
NCC and IEF.

H. Comparative analysis of proposed system

The classifier function is estimated and the out-
comes for each dataset taken are given and the outcome
is compared with existing algorithms for exposing the
efficiency of proposed system. Table 3 shows the Sali-
nas dataset performance analysis. The epochs are varied
and the activation function is increased to estimate the
outcomes of proposed system classifier.

Table 4 shows the Pavia University dataset perfor-
mance analysis. The epochs are varied and the activation
function is increased to estimate the outcomes of pro-
posed system classifier.

Table 5 shows the Indian Pines dataset performance
analysis. The epochs are varied and the activation func-
tion is increased to estimate the outcomes of proposed
system classifier.
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Table 3: Salinas dataset performance analysis

Salinas Dataset

Epochs 50 150 250 350
Activation
Function
Tanh 98.75 | 98.16 | 99.32 | 99.78
Leaky ReLU | 97.12 | 97.28 | 97.34 | 98.91
ReLU 96.27 | 96.39 | 96.51 | 96.36

Table 4: Pavia University dataset performance analysis

Pavia University Dataset

Epochs 50 150 250 350
Activation
Function
Tanh 96.24 | 96.75 97.36 | 97.28
Leaky ReLU | 95.87 | 95.48 95.37 | 96.71
ReLLU 94.25 | 94.58 94.68 94.12

Table 5: Indian Pines dataset performance analysis

Indian Pines Dataset

Epochs 50 150 250 350
Activation
Function
Tanh 91.72 | 91.57 | 92.38 | 92.66
Leaky ReLLU 90.28 | 91.24 | 92.34 | 93.51
ReLL.U 91.45 | 92.35 | 92.68 | 93.11

Table 6 shows the comparative analysis of proposed
system classifier result. The performance of projected
algorithm is related with prevailing performances like
Deep CNN, VGG-16, and ResNet-50 to demonstrate the
effectiveness of anticipated mechanism hybrid multivari-
ate improved ResNet-50 and U-Net classifier. The classi-
fier’s elapsed time is 54.064668 sec, OA (total accuracy)
is 72.91%, AA (average accuracy is 89.83%), and kappa
value is 0.684.

Table 6: Comparative analysis of proposed classifier out-
come

Measures | Deep |VGG-16| ResNet- Hybrid
Table 2: Performance analysis of proposed system error CNN S0 Niultlvarlate
mproved
measure ResNet-50 and
Measure Proposed U-Net
Method Accuracy | 84.6579 | 87.0083 | 91.1588 | 96.0345
Peak signal to noise ratio (PSNR) 46.4019 Sensitivity| 5.6000 | 7.0000 | 9.3333 18.6667
Mean Square Error (MSE) 1.2202 Specificity| 100 100 100 100
Structure Similarity Index (SSIM) 0.999 Precision 100 100 100 100
Normalized Cross Correlation (NCC) 1.003 Recall | 5.6000 | 7.0000 | 9.3333 18.6667
Image Enhancement Factor (IEF) 09717 F-Measure| 0.1061 | 0.1308 | 0.1707 0.3146
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The performance of projected algorithm is com-
pared with existing techniques like OF (original spec-
tral feature), PCA (principle component analysis), and
SF (sparse feature) [27] in Fig. 13 to demonstrate the
effectiveness of anticipated mechanism for varied classes
in terms of accuracy for Pavia University dataset.

The performance of the projected algorithm is com-
pared with existing techniques like OF, PCA, and SF
in Fig. 14 to demonstrate the effectiveness of the antic-
ipated mechanism for varied classes in terms of OA,
kappa, and AA for Pavia University dataset.

The performance of the projected algorithm is com-
pared with existing techniques like OF (original spec-
tral feature), PCA (principle component analysis), and
SF (sparse feature) in Fig. 15 to demonstrate the effec-
tiveness of the anticipated mechanism for varied classes
in terms of accuracy for the Salinas dataset.

Pavia Dataset

90

Accuracy(%)
@ @
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= Class?
=—©— Classe
=0~ Classg

Proposed

70

69

. .
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50
OF +[23] PCA+[2.3]

Methodelogies

Fig. 13. Comparative analysis of accuracy for Pavia Uni-
versity dataset.

Pavia Dataset
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Accuracy(%)
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QA(%) Kappa(%) AA(%)
Methodologies

Fig. 14. Comparative analysis for Pavia University
dataset in terms of OA, kappa, and AA.
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Fig. 15. Comparative analysis of accuracy for Salinas
dataset.

The performance of the projected algorithm is com-
pared with existing techniques like OF, PCA, and SF in
Fig. 16 to demonstrate the effectiveness of the antici-
pated mechanism in terms of OA, kappa, and AA for
Salinas dataset.

The performance of the projected algorithm is com-
pared with existing techniques [28] like TSVM, LGC,
LPA, LPACC, SS-CNN, consistency regularization and
pseudo-labelling in Fig. 17 to demonstrate the effec-
tiveness of the anticipated mechanism in terms of OA,
kappa, and AA for Indian Pines dataset.

The performance of the projected algorithm is
compared with existing techniques like TSVM, LGC,
LPA, LPACC, SS-CNN, consistency regularization, and
pseudo-labelling in Fig. 18 to demonstrate the effec-

Salinas Dataset
T

Accuracy(%)

(I CF -+ [2.3]

Kappa(%) AA(%)
Methodologies

Fig. 16. Comparative analysis for Salinas dataset in terms
of OA, kappa, and AA.
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Fig. 17. Comparative analysis for Indian Pines dataset in
terms of OA, kappa, and AA.
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Fig. 18. Comparative analysis for Salinas dataset in terms
of OA, kappa, and AA.

tiveness of the anticipated mechanism in terms of OA,
kappa, and AA for Salinas dataset.

The performance of the projected algorithm is
compared with existing techniques like TSVM, LGC,
LPA, LPACC, SS-CNN, consistency regularization, and
pseudo-labelling in Fig. 19 to demonstrate the effec-
tiveness of the anticipated mechanism in terms of OA,
kappa, and AA for Pavia University dataset.

The accuracy of the existing model is compared with
the proposed accuracy in Table 7, which shows enhance-
ment over other compared models [29,30]. The accuracy
of the proposed model is attained as 99.8050%.

Table 8 shows the performance comparison of vari-
ous models on the Indian Pines dataset. The metrics ana-
lyzed are OA, AA, and kappa for proposed and exist-
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Classification results on Pavia University Dataset
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Fig. 19. Comparative analysis for Pavia University
dataset in terms of OA, kappa, and AA.

Table 7: Accuracy comparison with existing models

Model Accuracy
Deep CNN 88.412
VGG-16 90.9150
ResNet-50 92.5727
MS-RPNet 99.6500
MFFCG 98.9400
Proposed 99.8050

ing schemes MS-RPNet and MFFCG-2 [29,30]. The pro-
posed model shows the following results: OA=99.38%,
AA=99.06%, and kappa=99.78%, which is higher than
existing values.

Table 9 shows the performance comparison of var-
ious models on the Pavia University dataset. The met-
rics analyzed are OA, AA, and kappa for proposed and
existing schemes MS-RPNet and MFFCG-2. The pro-
posed model shows the following results: OA=99.87%,
AA=99.86%, and kappa=99.73%, which is higher than
existing values.

Table 10 shows the performance comparison of var-
ious models on the Salinas dataset. The metrics analyzed
are OA, AA, and kappa for proposed and existing scheme
MFFCG-2. The proposed model shows the following

Table 8: Performance comparison of different models on
Indian Pines dataset

Metrics MS-RPNet | MFFCG-2 | Proposed

OA (%) 98.8700 94.2500 99.3800

AA (%) NA 93.9900 99.0600
kappa (%) 98.0500 93.2900 99.7800
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Table 9: Performance comparison of different models on
Pavia University dataset

Metrics | MS-RPNet MFFCG-2 | Proposed

OA (%) 99.7600 90.3400 99.8700

AA (%) NA 94.1400 98.8600
kappa (%) 99.6800 93.5200 99.7300

Table 10: Performance comparison of different models
on Salinas dataset

Metric MFFCG-2 Proposed

OA (%) 87.1700 98.6700

AA (%) 86.4900 99.0500
kappa (%) 85.1600 99.7100

results: OA=98.67%, AA=99.05%, and kappa=99.71%,
which is higher than existing values. From analysis, it
was obvious that the proposed model shows enhance-
ment over other existing models.

V. CONCLUSION

In this approach, a deep learning-based automated
technique for the detection, segmentation, and classifica-
tion of satellite images was carried out. Initially, the input
image was preprocessed, segmented using Edge-ROI and
YOLO v3 model at which parameters are tuned by means
of multi-heuristic tuna swarm optimization (MH-TSO),
and was classified using hybrid multivariate improved
residual network and U-Net classifier approach. The
analysis was compared with traditional methods to vali-
date the effectiveness of the proposed scheme. The pro-
posed technique performance is estimated for three kinds
of dataset: Salinas, Pavia University, and Indian Pines
satellite image datasets. The analysis shows that the pro-
posed system offers better rate of recall, precision, and
F-measure than existing techniques. The outcomes show
that the designed method overcomes the issues of exist-
ing satellite image classification methods through classi-
fying the satellite image in an effective manner. In future,
this work can be extended by integrating attention mech-
anisms or transformer based models to further improve
feature representation, and also by applying this frame-
work to other domains like urban planning, agricultural
monitoring, and disaster assessment for evaluating their
broad applicability.
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Abstract — The design of antennas for specific purposes
often results in significant time costs due to the lengthy
simulation processes required. Adopting deep learning-
based approaches in antenna design can offer more effi-
cient solutions. In this study, deep learning methods were
applied to accurately and efficiently predict the resonant
frequency value of the hollow shaped cylindrical dielec-
tric antenna. For this purpose, a total of 1000 simula-
tions were performed for the considered antenna, and
corresponding operational frequencies in 6-12 GHz fre-
quency band were obtained. The data was diversified to
search for an optimal solution. A total of 800 simulation
results were employed for training, and a series of oper-
ations were performed to develop the training model. As
a result of these improvements the mean squared error
(MSE) was observed to decrease to 0.128. In order to
evaluate the performance of the model, the output was
obtained by using randomly assigned input parameters.
This revealed a difference of 0.49% between the actual
result and the model output, which indicates improved
prediction accuracy and reliability of the model.

Index Terms — Antenna design, deep learning, dielectric
resonator antenna, hollow shaped antenna.

L. INTRODUCTION

Dielectric resonator antennas (DRAs) are pre-
dominantly designed for operation at microwave and
millimeter-wave frequencies, particularly in applications
such as 5G, WiMax, WLAN, and radar [1-3]. The per-
formance of antennas utilized in these technologies is
of paramount importance, especially concerning signal
accuracy and efficiency in high-frequency bands. The
frequency range of 6-12 GHz is a notable bandwidth
for applications that demand high resolution and low
latency. DRAs operating within this frequency range are
distinguished from conventional metal antennas by their
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low loss, wide bandwidth, high efficiency, and compact
structures [4, 5].

Achieving the desired antenna performance dur-
ing the design phase is challenging. Many software
tools provide features for optimizing antenna parame-
ters. Deep learning algorithms offer the capability to per-
form multi-parameter optimization across a wide range,
which not only enhances antenna performance but also
accelerates physical prototyping processes. The integra-
tion of deep learning and machine learning techniques
into antenna design has thus opened up a innovative field
of research focused on improving antenna performance.

In [6], Ranjan et al. highlight the advantages offered
by machine learning-assisted algorithms in optimiz-
ing hybrid DRA designs. This research encompasses
improvements in antenna performance achieved through
optimizing combinations of dielectric materials and geo-
metric structures. Kushwaha et al. [7] focus on the opti-
mization of cylindrical DRAs, addressing the contri-
butions of machine learning to specific DRA geome-
tries. This approach enables the optimization of crit-
ical performance indicators for DRA in the X-band,
such as gain, radiation pattern, and bandwidth. The
study by Pachori et al. [8] emphasizes the contributions
of machine learning-based modeling in predicting the
performance of multiple-input multiple-output (MIMO)
antennas. This research demonstrates the significant
potential of machine learning algorithms in accelerat-
ing the optimization process by enabling rapid and accu-
rate predictions of antenna performance. In [9], Fu and
Leung examine how evolutionary algorithms, when inte-
grated with machine learning, can enhance efficiency in
antenna design. These hybrid methods not only enable
high-accuracy optimization of antenna parameters but
also reduce computational costs throughout the process.
This study illustrates how machine learning can work
synergistically with evolutionary algorithms to meet the
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complex electromagnetic requirements of DRAs in the
X-band, showcasing the multifaceted benefits these two
fields bring to antenna design.

Numerous studies apply deep learning techniques to
datasets of antenna and filter designs to produce fast and
reliable results [10-17]. Depending on the processing
speed of the computer and the size of the data set, initial
calculations may take time; however, once the desired
data is obtained, this method remains both relevant and
efficient.

Although the main focus of the study is to investi-
gate the role of deep learning in antenna design, another
objective is to design an antenna with high gain and wide
impedance bandwidth operating in the 6-12 GHz fre-
quency region, which distinguishes it from conventional
cylindrical DRAs. Various methods have been applied to
improve impedance bandwidth in DRAs. These meth-
ods generally enhance impedance bandwidth by alter-
ing the permittivity distribution within the dielectric res-
onator [18-21]. In a related study aimed at improving
impedance bandwidth [22], cavities of different diam-
eters were introduced into a cylindrical DRA structure
to modify the effective dielectric constant, achieving an
improved impedance.

Overall, in contrast to traditional antenna designs,
the physical parameters of the dielectric used in DRAs
are typically analyzed through machine learning tech-
niques [6-8, 23]. What distinguishes this study from sim-
ilar ones is the involvement of more parameters in the
application of machine learning methods in DRAs, as
well as the incorporation of deep learning techniques,
thereby introducing a novel approach.

Deep learning, as a subset of machine learn-
ing, employs multi-layered artificial neural networks
(ANN) that automatically learn complex patterns and
extract meaningful features from large and unstructured
datasets. Unlike traditional machine learning, which
relies on manual feature selection and works best with
structured data, deep learning can identify complex
structures directly from raw data, making it especially
effective for difficult and high-dimensional problems
[24, 25]. Building on these advantages, the deep learning
models used in this study were further improved, result-
ing in enhanced predictive performance.

In the current study, the Latin hypercube sampling
(LHS) algorithm was applied to accurately and effi-
ciently predict the resonant frequency value of a hol-
low shaped cylindrical dielectric antenna. In order to
increase the impedance bandwidth, two gaps were cre-
ated within the cylindrical dielectric. These gaps were
designed in such a way that they do not disrupt symme-
try. The LHS algorithm was used to determine the design
parameter values for the antenna to operate at the desired
frequency.
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The main purpose of LHS is to provide sampling
points that represent a wide range of the design space.
This comprehensive sampling offers better diversity,
allowing for statistically reliable results to be obtained
[26, 27]. To enhance prediction accuracy, a multi-layer
ANN was developed and optimized using the adap-
tive moment estimation (Adam) optimization algorithm,
widely recognized for its effectiveness in training deep
learning models [28, 29]. In addition, advanced tech-
niques such as early stopping and adaptive learning rate
adjustments were employed to refine the deep learning
model.

This paper is organized as follows. Section 2
explains the proposed cylindrical DRA design specifica-
tions as well as the dataset used in this study. Section 2
also describes the methodology for predicting the reso-
nant frequency value of the DRA, the multi-layer ANN
and deep learning models, and the optimization algo-
rithm. In section 3, the obtained results are discussed.
Conclusions and perspectives for future works are pre-
sented in section 4.

II. MATERIALS AND METHOD

A series of systematic steps are followed to accu-
rately and efficiently predict the resonant frequency
value of the hollow shaped cylindrical DRA. This pro-
cess is illustrated in Fig. 1 which shows the five main
steps the proposed design procedure includes: antenna
design, LHS, algorithms and data, model improvement,
and predicted results.

AntennaDesan Create 1(_)00 discrete sequence of 6
input parameters

Y .

/

) Standardize and normalize the |
original data to test model for 3
different data content

|

Use 6 machine learning algorithms

to create a model
Calculate MSE )

E
Compare tested data with Improve the model — Use Deep
original data, plot results Learning Techniques

Calculate MSE

Conduct 1000 Simulations
Output: 1000 Resonant Frequencies

Fig. 1. Design procedure flowchart.

A. Antenna design

Figure 2 shows the proposed hollow shaped cylin-
drical DRA components and the design parameters. As
shown in Fig. 2, the proposed antenna has eight physical
and two electrical design parameters: ry, 2, 3, ¥4, s, hy,



ha, h3, €, and loss tg. In order to numerically obtain the
data set, a commercial full-wave electromagnetic simu-
lation program Computer Simulation Technology (CST)
was used [30] in the simulations. The designed antenna
was fed using a 50Q waveguide port and a microstrip-
slot coupling mechanism. The parameters utilized in cre-
ating the dataset, moving outward from the center, are:
r1, 2, and the height from the ground of the solid object
between these two values, h1; 3, r4, and the height from
the ground of the solid object between these two values,
hy. The other parameters of the antenna were kept con-
stant. The dielectric substrate height is 1.52 mm, while
the outer radius and height of the dielectric cylindrical
antenna are rs = 6 mm and h3 = 4 mm, respectively.
Since changes in slot size have minimal impact on the
results, they were not considered when generating the
dataset.

Microstrip feed

port

(b)

Fig. 2. (a) Antenna design and (b) antenna scheme.

B. Latin hypercube sampling

LHS is a statistical technique used for sampling a
multi-variable space. Unlike random sampling methods,
LHS generates samples where each variable is evenly
distributed across its value range. LHS divides the sam-
ple space into a specified number of cells and takes only
one sample from each cell. This ensures that different
values are selected for each variable, allowing the entire
value range to be represented simultaneously for all vari-
ables.

A dataset was prepared for the six parameters in the
design (ry, r2, 13, r4, h1, and hy), and simulations were
performed. As shown in Table 1, the boundaries for each
parameter were set as (r; € [0, 1.50], »» € [1.50, 3.00],
r3 € [3.50, 4.25], rq € [4.25,5.00], by € [0, 3.00], hy €
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Table 1: LHS dataset

# ry r r3 ra h1 h2

1 0.366 | 2.055 | 3.826 | 4.331 | 2.411 | 2.814

2 1.110 | 2.855 | 3.991 | 4.764 | 2.350 | 2.159

3 1.320 | 2.280 | 3.825 | 4.582 | 0.875 | 0.587
1000 | 0.027 | 1.550 | 4.016 | 4.318 | 0.929 | 2.234

[0, 3.00]). Subsequently, random values were assigned to
each parameter within its limits, generating 1000 differ-
ent inputs.

C. Algorithms and data

In this study, the resonant frequency value was pre-
dicted using different machine learning methods with the
values of ry, ra, 13, r4, hy, and hy. First, to assess the pre-
dictive success of traditional machine learning methods,
the following machine learning algorithms were tested:

* RandomForestRegressor

* GradientBoostingRegressor
 HistGradientBoostingRegressor
» ExtraTreesRegressor

* AdaBoostRegressor

* BaggingRegressor

For each model, hyperparameter optimization was
conducted using the Random Search method to obtain
the best-performing model for the respective machine
learning algorithm. Random search efficiently tunes
hyperparameters by randomly sampling the search space,
often outperforming similar strategies in many machine
learning models [31, 32]. RandomizedSearchCV, an
implementation of the random search strategy combined
with cross-validation, was employed to optimize the
hyperparameters of our machine learning models. Three
different scaling methods were applied to each model:
the original data, as well as two preprocessed versions
(normalized and standardized), to test whether data pre-
processing affected model performance.

The performance of each model was obtained using
mean squared error (MSE) on the test data. In equation
(1), n is the number of tested data, y; is the predicted res-
onant frequency by the model and y; is the resonant fre-
quency of simulation for the same sequence of six input
parameters:

n
MSE = %Z(yi—yé)? (1
i=1

MSE, which calculates the average of squared
errors, serves as a metric to evaluate the predictive accu-
racy of the model. The lower the MSE, the better the
model’s performance is considered to be.
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D. Model improvement

To achieve better prediction performance a multi-
layer ANN model was created and tested. For this pur-
pose, a model that utilizes the dense layer concept was
preferred. A dense layer is a layer in a neural network
where every neuron is connected to all the neurons in the
previous layer.

Based on the model’s output performance, the num-
ber of layers and neurons in each layer were optimized.
As a result, the proposed ANN consists of nine hidden
dense layers, in addition to an input layer and output
layer. The number of neurons in the dense layers is set to
64, 128, 128, 64, 64, 32, 32, 16, and 8, respectively, from
the first dense layer to the last. Considering factors such
as the bimodal, positive, and linear nature of the data, the
activation function preferred in this case is the Rectified
Linear Unit (ReLU) for all layers. The ANN structure is
illustrated in Fig. 3.

Dense

kernel {16x8)
bias (8)

Activation

Dense Dense

kernel (128x128) kernel {64x32)
bias {128) bias (32)

Activation Activation

sample
size x 6

Dense
kernel (8x1)
bias (1)

Dense Dense

kernel (32x32)
bias (32)

Activation

Dense

kernel (6x64)
bias (64)

Activation

kernel {128x64)
bias {64}

Activation

Dense

kernel (64x128)
bias (128}

Activation

Dense Dense

kernel {64x64)
bias (64)

Activation

kernel (32x16)
bias (16}

Activation

Fig. 3. ANN structure of the model.

Additionally, to prevent overfitting during the train-
ing phase, features such as early stopping, automatic
learning rate adjustment (ReduceLROnPlateau), and sav-
ing the best-performing model (ModelCheckpoint) were
used in an effort to obtain the model with the best perfor-
mance.

In the deep learning model, the MSE, which was
used in traditional machine learning methods during test-
ing, was preferred. The optimization algorithm chosen is
the Adam optimization algorithm.

III. RESULTS AND DISCUSSION
The bar graph in Fig. 4 illustrates the operating
frequency values obtained from simulations conducted
within the 6-12 GHz frequency range.
Since the designed antenna is expected to operate
actively within the 6-12 GHz range, it is observed that
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Fig. 4. Obtained operating frequency values.

the results concentrate in the 7-8.5 GHz and 9.5-11 GHz
region. However, a small dense region between these
is also shown in the graph, which does not align with
the general data distribution. This minor density makes
accurate predicting challenging. Subsequently, 800 of
the data were used for training and 200 for testing.

The original dataset was expanded through the pro-
cesses of normalization and standardization. This dataset
was used distinctly as input for both machine learning
and deep learning models. As the output, a single oper-
ating frequency value was obtained, allowing for a per-
formance comparison between the machine learning and
deep learning models.

Accordingly, initially, all the data was fed into
machine learning methods, and MSE was calculated
(Table 2).

Table 2: Performance of traditional machine learning
methods

# Model MSE Data

1 ExtraTreesRegressor 0.272| Normalized
2 GradientBoostingRegressor 0.276| Normalized
3 RandomForestRegressor 0.299| Normalized
4 | HistGradientBoostingRegressor |0.328 | Normalized
5 ExtraTreesRegressor 0.333 | StandardScale
6 BaggingRegressor 0.340| Normalized
7 ExtraTreesRegressor 0.350 Normal

8 | HistGradientBoostingRegressor |0.403 Normal

9 | HistGradientBoostingRegressor |0.403 | StandardScale
10 RandomForestRegressor 0.408 Normal
11 GradientBoostingRegressor 0.412 | StandardScale
12 GradientBoostingRegressor 0.416 Normal
13 RandomForestRegressor 0.422 | StandardScale
14 BaggingRegressor 0.429 Normal
15 BaggingRegressor 0.438 | StandardScale
16 AdaBoostRegressor 0.617| Normalized
17 AdaBoostRegressor 0.710 | StandardScale
18 AdaBoostRegressor 0.714 Normal




Table 2 indicates that ExtraTreesRegressor achieved
the best prediction performance, particularly with nor-
malized data, which resulted in an MSE of 0.272, fol-
lowed closely by GradientBoostingRegressor. In general,
normalization improved model performance, while stan-
dardization and raw data led to higher errors. AdaBoost-
Regressor performed the worst, with MSE values signif-
icantly higher across all preprocessing methods. These
findings suggest that tree-based ensemble methods,
especially ExtraTreesRegressor, are well-suited for this
dataset, with normalization playing a key role in opti-
mizing predictive accuracy.

In the next step, multi-layered ANNs were used, and
the number of neurons in these layers was optimized.
Then, early stopping and saving the best-performing
methods were applied. Finally, the improving process
was completed using the Adam optimization. With the
deep learning model, a value of 0.128 was achieved for
MSE. Thus, a performance improvement of 53% was
obtained compared to the lowest MSE value obtained
with traditional methods, which was 0.272. Figure 5
presents a comparison of actual simulation results with
predicted values.

Additionally, the MSE distribution of the entire test
set, which contains 200 data points, was calculated. As
seen in Fig. 6, the best predictions fall particularly within
the 8-8.5 GHz and 10-11 GHz ranges, where sufficient
training examples were available, allowing the system to
learn effectively. Poor predictions were obtained below
7 GHz, which is the band edge. The sharp peak at 7
GHz, along with the limited number of training exam-
ples below 7 GHz, have led to uncertainty, causing the
model to generate incorrect interpolations. In contrast,
better predictions were observed in the 9-10 GHz range
and at the upper band edge above 11 GHz. This can be
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Fig. 5. Predicted and real values.
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Fig. 6. MSE of the test set.

explained by the fact that most of the test data is concen-
trated around 10 GHz, providing the model with more
examples to learn from. As a result, the model was able
to capture the underlying patterns more effectively in this
region, leading to improved predictions.

In order to show the prediction performance of the
resonant frequency value of the proposed deep learn-
ing methods for the hollow shaped cylindrical dielec-
tric antenna, a numerical analysis was performed with
random input parameters by using CST simulation
software.

As shown in Fig. 7, DRA operates at 10.25 GHz
with a bandwidth of 1.14 GHz and return loss of 37.96
dB. When the same input parameters were fed into the

S11 (dB)

_40 1 1 1 1 1
6 7 8 9 10 11 12

Frequency (GHz)

Fig. 7. Simulation results for design parameter values ry
=1.5mm, r, =2.5mm, r3 = 3.5 mm, ry =4.75 mm, r;s
=6 mm, Ay = 2.5 mm, hp = 2.5 mm, and 43 = 4 mm.
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proposed deep learning model, the obtained operating
frequency was 10.30 GHz. It was observed that the two
results closely match.

On a computer with 256 GB of RAM and an
Intel Xeon Gold 6426Y processor and Nvidia RTX
A5000 graphics card, 1000 simulation processes for
this design were completed in approximately 16 hours,
with each simulation taking around 57 seconds. The
entire training and testing of the machine learning was
completed within 150 seconds. Running deep learning
processes took an additional 15 seconds. This process
resulted in an improved MSE value when compared to
the machine learning approach. To achieve better pre-
dictions, the deep learning process was rerun, which
took 2 hours to complete. Once the training model was
established, the prediction results were generated instan-
taneously. While traditional machine learning meth-
ods demonstrated solid performance, the deep learning
model achieved a remarkable improvement, showcasing
its superior predictive capabilities. Deep learning offers a
promising approach for achieving even greater predictive
performance.

IV. CONCLUSION

In this study, a novel approach was implemented
to predict the resonant frequency value of the hollow
shaped cylindrical dielectric antenna operating in the
6-12 GHz frequency band using a combination of tra-
ditional machine learning and deep learning methods.
Through the use of Latin hypercube sampling (LHS), a
diverse dataset of 1000 simulations were generated. Var-
ious preprocessing techniques, including normalization
and standardization, were applied to enhance data rep-
resentation, and multiple machine learning models were
evaluated for performance. Among traditional methods,
the ExtraTressRegressor demonstrated the best perfor-
mance, achieving an MSE of 0.272.

To further improve prediction accuracy, a multi-
layer ANN was developed, optimized using the Adam
optimization algorithm. Advanced techniques such as
early stopping and adaptive learning rate adjustments
were employed to refine the deep learning model. This
approach achieved an MSE of 0.128, representing a
53% improvement over the best-performing traditional
method.

In order to show the performance of the improved
model, a simulation was performed using random input
parameters, and the simulation result was compared with
the model output. The operating frequency obtained
from the simulation was 10.25 GHz, while the model
output was 10.30 GHz. Thus, the difference between the
two results remained at a level of 0.49%. The consistency
between the predicted and simulation results underscores
the efficacy of the deep learning model.
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The findings highlight the potential of integrat-
ing machine learning and deep learning techniques to
enhance predictive accuracy in antenna design. This
methodology not only accelerates the design process
but also improves reliability, paving the way for further
advancements in the field of electromagnetic simulation
and optimization. Future work could focus on expanding
the dataset and exploring alternative optimization tech-
niques to further enhance the prediction accuracy.
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Abstract — In the context of long-distance detection
and obstacle occlusion, the limited observation angle
of electromagnetic imaging poses significant challenges
for accurate reconstruction. To address this issue, we
propose a hybrid electromagnetic reconstruction algo-
rithm based on a generative adversarial network (GAN).
This algorithm utilizes the diffraction tomography (DT)
method to generate an initial image, which serves as
input for the GAN. Through adversarial training between
the generator and the discriminator, the algorithm pro-
duces a reconstructed image with enhanced accuracy.
Firstly, unlike complete learning-based reconstruction
methods that rely solely on scattering field data, our
approach effectively integrates both scattering charac-
teristics and a priori information from the DT image
model, thus improving the accuracy and generaliz-
ability of the neural network. Secondly, compared to
other linear approximation algorithms, the DT algorithm
incorporates fast Fourier transform (FFT) to enhance
computational efficiency. Thirdly, this study employs a
Fourier spatial data extrapolation technique to mitigate
the limitations of insufficient data and improve imaging
fidelity. Numerical simulations demonstrate that even at
a narrow observation angle of 90°, the proposed algo-
rithm exhibits excellent reconstruction performance and
notable generalization ability.

Index Terms — diffraction tomography (DT), generative
adversarial network (GAN), inverse scattering, limited
angle.
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L. INTRODUCTION

In recent years, with the rapid development of arti-
ficial intelligence, deep learning technology has made
great progress in the electromagnetic field [1, 2], which is
expected to bring new ideas for solving inverse scattering
problems. Using deep learning to solve electromagnetic
inverse problems, the direct approach is to take the mea-
sured scattering data as input of the neural network and
output the detected target image, which is called com-
plete learning or direct learning reconstruction [3]. In the
complete learning reconstruction, neural networks basi-
cally operate as a black box, with the user’s workload
being minimal while the neural network undertakes a
heavy task. Due to the unnecessary computational cost
spent on learning known physical models or laws, only
very simple scatterers can usually be reconstructed.

Recent advancements indicate that the integration of
physics-based and data-driven methodologies can sub-
stantially improve the analysis and prediction of com-
plex systems. A prominent strategy involves address-
ing the inverse scattering problem by incorporating deep
learning as a complementary computational tool within
the framework of traditional physics-based methods.
For instance, Guo et al. [4] employed the supervised
descent method to solve a two-dimensional microwave
imaging challenge. They utilized a neural network to
learn the average descent direction between the initial
and target models, thereby accelerating model updates
and avoiding computationally intensive partial deriva-
tive calculations. This approach not only streamlines the

https://doi.org/10.13052/2025.ACES.J.400803
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process but also substantially reduces overall computa-
tional costs compared to conventional non-learning algo-
rithms. Another effective strategy is to leverage deep
learning techniques to generate an initial estimate for
the traditional electromagnetic inverse scattering model.
Chen et al. [5] trained a convolutional neural network
(CNN) to learn a complex mapping function from mag-
netic resonance T1 images to dielectric property images.
The dielectric image generated by this CNN serves as
the initial estimate for microwave imaging, which is then
refined through a physics-based image processing step.
Similarly, Sanghvi et al. [6] used the signal subspace
component of the total contrast source as input to train
a CNN, obtaining an initial estimate of the total contrast
source. This estimate is subsequently refined using tradi-
tional iterative optimization techniques.

Additionally, another strategy takes data-driven
methods as the main imaging approach, in which the
input data, labels, loss functions, and neural network
structures are designed based on physical laws [7]. Some
scholars propose a two-step inversion strategy that com-
bines traditional electromagnetic imaging algorithms
with neural networks [8, 9]. From a computational effi-
ciency perspective, linear approximation inversion algo-
rithms are commonly employed, where the preliminary
imaging results serve as inputs for the neural network
instead of scattering data [10, 11]. This approach signif-
icantly reduces the learning complexity of the network
[12, 13].

While deep learning holds significant potential for
electromagnetic inverse scattering, its practical appli-
cation encounters several critical challenges: (1) Data
scarcity: Collecting adequate high-precision scattering
field data in real-world scenarios is both expensive
and resource-intensive, and the limited availability of
observation angles further compounds this issue; (2)
Model generalizability: Purely data-driven approaches
are prone to overfitting to the training data distribu-
tion, which limits their adaptability to complex targets
or non-ideal conditions; (3) Physical consistency: Black-
box models may produce solutions that contradict fun-
damental electromagnetic principles, resulting in physi-
cally implausible outcomes.

Traditional physics-based methods, such as diffrac-
tion tomography (DT) [14, 15], establish explicit map-
pings between scattering fields and target parameters
through Fourier transforms and linear approximations.
Despite being constrained by limited observation angles
and approximation inaccuracies, these methods offer
physically meaningful constraints and computationally
efficient initial estimates. In our hybrid physics-data-
driven framework, the physical priors of DT are inte-
grated into GAN [16, 17] training to effectively tackle
the aforementioned challenges. Specifically, DT’s low-
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complexity initial estimates alleviate the learning bur-
den on the network, while Fourier-based data extrapola-
tion [18] augmented with prior knowledge mitigates data
insufficiency. Furthermore, adversarial training improves
both generalizability and physical consistency.

This paper is organized as follows: Section II intro-
duces the physical model and formulation of the inverse
scattering problem. In Section III, we present a hybrid
reconstruction algorithm based on GAN. Section IV pro-
vides numerical and experimental results along with their
analyses. Finally, Section V summarizes the conclusions.

II. THE ELECTROMAGNETIC INVERSE
SCATTERING PROBLEM

Consider a two-dimensional electromagnetic inverse
scattering problem. As illustrated in Fig. 1, DOI rep-
resents an imaging region in free space containing an
unknown scatterer that needs to be detected. The trans-
mitting antenna, located in the observation region S,
emits electromagnetic waves to illuminate the imaging
region DOI. This induces currents on the scatterer, gen-
erating scattered fields. The receiving antennas measure
the scattered fields. Then the electromagnetic parameter
distribution in imaging region is calculated by inversion
algorithms, and the target’s spatial position, contour, and
internal structure are reconstructed. Assuming that the
permeability of the unknown scatterer is the same as the
background medium, the objective of reconstruction is
the distribution of the relative permittivity in the imag-
ing region.

The scattering integral equation is shown as follows:

Et0t<p) :Einc (P)+
2 l t( ~/ 1 ’
ks /DOIg(p,p)O(p’)E“’ (p)dp'.pES (1)

where p represents the position of the receiving antenna,
p’ represents the position of any point in the imag-
ing region. g(p,p’) = ﬁ'Hél)(kb|p—p’|) is the two-
dimensional Green’s function in free space where H(()U
is the zeroth order Hankel’s function of the first kind
and kj, is the wavenumber of the background medium.
O(p’) = &(p’) — 1 represents the contrast distribution,
E“(p) represents the total field, E™(p) represents the
incident field, and the integral term corresponds to the
scattered field E5?(p).

III. THE HYBRID RECONSTRUCTION
ALGORITHM BASED ON GAN

A. Diffraction Tomography

In Eq.(1), the total field equals the superposition
of the incident field and the scattered field. When the
scattered field is much weaker relative to the incident
field, the incident field can be used to approximate the
total field according to the first-order Born approxima-
tion. Furthermore, assuming that both the transmitting
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Fig. 1. Electromagnetic inverse scattering model.

antenna and the receiving antenna are located in the far
field region of DOI, after a series of derivations, the scat-
tered field can be expressed as [19]:

iy iks(pr|+Iog)

ESca Pr.pP ~_ 0
ProPe) = o T @
/ ik PrpR)P . O(p')dp’
DOI

where E5(p;,pg) denotes the scattered field detected
by the receiver located at position vector pp, which is
generated by the transmitter situated at position vector
pr. Py and Py represent unit vectors in the p, and pg
directions, respectively.

Eq. (2) is the formula of the DT algorithm, where
the term on the right-hand side conforms to the form of
a Fourier transform. Therefore, after measuring the scat-
tering field data at the observation points, the contrast
distribution can be obtained by applying simple coeffi-
cient multiplication and inverse Fourier transform. Dis-
cretizing the imaging region into N pixels, the computa-
tional cost of DT is only O(NlogN). The computational
complexity of other linear inversion approaches such as
the backpropagation method (BP) is O(Nj,cNyNlogN)
(20, 21], where Nj, is the number of incidences, and Ny
is the number of iterations for solving the forward prob-
lem.

B. Data Extrapolation Based on Fourier Transform

The practical realization of an optimal antenna con-
figuration for achieving comprehensive coverage around
the imaging area poses substantial engineering chal-
lenges. The restricted viewing angle range reduces diver-
sity in scattering data, posing a challenge for pre-
cise reconstruction. To address these challenges, this
study integrates a Fourier transform-based extrapola-
tion method, incorporating a priori knowledge, to infer
missing data in addition to the conventional DT algo-
rithm, thereby enhancing the accuracy and reliability
of the results. The following is a concise overview of
the steps for implementation, with comprehensive details
provided in reference [18].
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For convenience, the equation (2) is abbreviated as
E(p)~Z(0(p"), peS, p'eDOL  (3)
The limitation of the observation angle results in

only a restricted segment of E(p) being measurable,
which is denoted as

Ei(p)=E(p)g(p),

where g(p) = {

Step 1: The contrast distribution in the imaging
space is obtained by inverse Fourier transform of the
scattering data.

1, p € known area, “4)

0, otherwise.

Ou(p") = 7 (Ea(p)), (5)
where .Z ~! is the inverse operator of .% .

Step 2: The target distribution is updated by adjust-
ing the contrast values obtained in the previous step
based on a priori information.

~ {on ('), if Ou(p') >0

0,(p) = 6
) 0, otherwise ©)

Step 3: The updated contrast data is transformed by
the operator .% to obtain the corresponding scattering
data. B B

Ey(p) =7 (0u(p")). @)

Step 4: The initial measurement data is employed for

local recovery of the previously updated scattering data.

Evi1(p) = Ea(p) + [Er(p) — E(p)] 2(p)

_ {El (p), p €knownarea - 3)

E(p),

Step 5: When the termination condition is met, the
iteration ends; otherwise, return to Step 1 and increase
n by 1. By iteratively following these steps, it becomes
feasible to preserve the original measurement data while
gradually inferring missing data, thereby significantly
enhancing the quality of target reconstruction. The effec-
tive contrast range for numerical simulation is defined as
[0,0) in this study aligning with the typical parameters
commonly employed in inverse scattering problems. For
practical engineering scenarios, more sophisticated prior
conditions can be specified.

The Fourier extrapolation enhances reconstruction
accuracy through two key mechanisms. First, Fourier-
domain completion. Under limited observation angles,
the measurable scattering data corresponds to a trun-
cated segment of the target’s Fourier spectrum. By iter-
atively applying prior constraints (e.g., non-negativity
of contrast, spatial sparsity) during extrapolation, we
infer missing high-frequency components (as described
in Eq. (8)). This process mitigates artifacts and refines
edges in the DT image, providing higher-quality inputs
for the GAN. Second, physical consistency enforcement.
The iterative updates outlined in Eqgs. (6)—(8) ensure
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that the extrapolated data are consistent with both the
measured scattering fields and prior knowledge (e.g.
expected permittivity ranges). This approach suppresses
non-physical oscillations in the reconstructed image,
which are commonly encountered in purely data-driven
methods under sparse measurement conditions.

C. Generative Adversarial Network

In this paper, we utilize the GAN as the network
model for the data-driven component of the hybrid inver-
sion algorithm. The GAN framework comprises two
key components: a generator and a discriminator [22].
The unique adversarial training mechanism allows the
model to more effectively capture complex data fea-
tures and generate high-precision images, making it
especially suitable for addressing the inverse scatter-
ing problem discussed in this paper. However, tradi-
tional purely data-driven GANs face challenges in han-
dling missing data under limited observation angles
and may produce non-physical solutions. Our algorithm
incorporates physical constraints through DT initializa-
tion and Fourier-space extrapolation. Firstly, DT’s lin-
ear approximations efficiently generate initial target esti-
mates, avoiding direct learning of complex scattering
mappings. Secondly, extrapolation utilizes prior knowl-
edge (e.g., target contrast range, spatial sparsity) to con-
strain solution spaces and suppress non-physical outputs.
Finally, the U-Net generator retains the low-frequency
features of DT via skip connections, while the Convo-
lutional Block Attention Module (CBAM) [23] module
enhances edge reconstruction, thereby ensuring syner-
gistic optimization of physical principles and data-driven
features.

ACES JOURNAL, Vol. 40, No. 08, August 2025

1) Generator. The structures of the generator and
discriminator networks are illustrated in Fig. 2. In this
work, the generator model adopts the structure of U-Net
[24]. U-Net is a convolutional neural network commonly
used for image segmentation. It has a U-shaped struc-
ture consisting of a symmetric encoder and decoder. The
encoding part encodes the input rough image through
a sequence of convolutional layers to obtain higher-
dimensional feature representations. The decoding part
decodes the latent space vector through a series of
upsampling to reconstruct an image resembling the train-
ing data eventually. The feature maps of corresponding
dimensions in the downsampling and upsampling pro-
cesses are fused by employing the skip connection struc-
ture. In this paper, during each downsampling process,
the CBAM is incorporated to enhance the representation
capability of the generator network. This is achieved by
selectively emphasizing informative features while sup-
pressing irrelevant ones. The reconstruction accuracy of
the relative permittivity and position of the target scat-
terer is further improved.

2) Discriminator. Compared with other network
architectures, the GAN stands out due to its incorpo-
ration of a discriminator. The discriminator network
contains several convolutional layers and finally passes
through an average pooling layer followed by a sig-
moid activation operation. In this study, the discrimina-
tor receives two distinct types of input data: one consists
of real images from the training set, which represent the
true distribution of scatterers; the other comprises syn-
thetic images generated by the generator G. The discrim-
inator’s role is to estimate the probability that an input
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sample originates from the training data rather than from
the generator, thereby assessing the authenticity of the
generated samples and providing feedback to the gener-
ator. This feedback mechanism prompts the generator to
iteratively refine its parameters to produce increasingly
realistic samples.

3) Training process. The generator and discrimina-
tor are trained in an adversarial manner until a Nash
equilibrium is reached. This can be mathematically
described as:

rréiGn H(liix V(66,60p) =Ejrea _p,, (reary[10gDsy, (1eah]

+E ot ., (rouehy[102(1 — Doy, (G (I"*5")))].
€))
Here, [E denotes the mathematical expectation of the
data distribution, 1% represents the real image, Jrough
denotes the rough image input to the generator, while 6g
and 6Op refer to parameters to be trained in the generator
and discriminator, respectively.
The loss function for the generator is defined as:
Lg = aL3\n + Lyisk- (10)
The first term on the right-hand side of the equa-
tion represents the adversarial loss, where o serves as
a weighting parameter, and Lyisg denotes the pixel-wise
mean square error between the generated image and the
real image distribution. The specific formula is as fol-
lows:

rough

N

In this paper, the generator is pre-trained using
Lysg prior to adversarial training in order to acceler-
ate the learning process and prevent convergence to local
optima. The adversarial loss is defined as:

LN = —log (Dgy (Ggg (IR°E1)) ). (12)

This equation indicates that the control parame-
ters Op of the discriminator remains constant, while the
parameters Og of the generator is optimized to enable the
output image to deceive the discriminator to the greatest
extent possible.

Similarly, when the generator parameters Og are
held constant, training the discriminator parameters 6p
enhances its ability to accurately differentiate between
real and generated images. Throughout this adversarial
training process, the discriminator’s ability to discern
between real and synthetic samples also progressively
improves. Ultimately, the model converges to an equilib-
rium where the generator produces samples so realistic
that the discriminator can no longer reliably distinguish
between real and generated data.

IV. NUMERICAL ANALYSIS
A. Test One: Circular Scatterers
The simulation setup is defined as follows. The
imaging area is a square with each side measuring 0.8

(1)
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m, divided into a grid of 64 x 64 pixels. The center of the
imaging area serves as the coordinate origin. The obser-
vation area is equipped with 17 transmitting antennas
and 17 receiving antennas, uniformly distributed along
an arc spanning from 0° to 90°, with a radius of 2 m from
the origin. Each transmitting antenna successively emits
incident waves containing three frequencies (that is, 0.5
GHz, 1.0 GHz and 1.5 GHz) to illuminate the imaging
area. Meanwhile, all receiving antennas synchronously
capture the scattered fields generated by each individual
incident wave.

The target is a circular homogeneous dielectric with
a relative permittivity ranging from 1.2 to 3 (contrast
of 0.2 to 2 with a step size of 0.1) and a radius range
between 0.03 m and 0.08 m (with a step size of 0.01
m). The center coordinates are distributed within the
range (—0.2 to 0.2,—0.2 to 0.2) m. 3000 sets of train-
ing data and 300 sets of testing data were generated
via simulation using the Method of Moments (MoM).
The GAN adopts the Adam optimizer with 8; = 0.9 and
B2 = 0.999. The learning rates for the generator and dis-
criminator are both set to 1 x 107>, The batch size is
set to 8, and the training process has been conducted
for 200 epochs. The adversarial loss parameter ¢ is set
to 1 x 1073, The setting of these hyperparameters was
guided by relevant literature [22][24], and their opti-
mal values were identified through systematic numerical
experiments.

By comparing the simulation results with the GAN-
based direct inversion algorithm (referred to as "GAN”)
and the hybrid algorithm combining BP and GAN
(referred to as "BP+GAN”), we validate the performance
of the proposed hybrid electromagnetic reconstruction
algorithm that combines extrapolated enhanced DT and
GAN (referred to as "DT+GAN”). Specifically, the GAN
algorithm utilizes scattered field data directly, whereas
BP+GAN uses images reconstructed by the BP algo-
rithm as input for its neural network. The results are pre-
sented in Fig. 3, where the first column displays the test
sample with a radius of 0.04 m and a contrast value of
1.1. Meanwhile, the second column exhibits the sample
with a radius of 0.07 m and a contrast value of 0.8. The
hybrid inversion methods exhibit a superior capability
in differentiating scatterers from the background, signif-
icantly outperforming the direct learning reconstruction
method. In particular, the DT+GAN method achieves a
more precise reconstruction of contrast values compared
to the BP+GAN approach.

To quantify the reconstruction accuracy, the imaging
error is calculated using the following formula[25]:

N ~ 2
100% La=1|0(P) —O(p)
N YV o))

error =

13)
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Fig. 3. The reconstruction results of a single circle under
0° —90° observation. The first row illustrates the ground
truth distribution, while the second, third, fourth, fifth,
and sixth rows depict the reconstruction results of BP,
DT, direct GAN, BP+GAN, and DT+GAN respectively.

The contrast of a cell in the imaging region predicted
by the neural network is denoted as O(p), while O(p)
represents the actual contrast of the corresponding posi-
tion. Here, N refers to the number of cells in the imaging
region. The cumulative distribution functions (CDFs) of
the inversion error of BP+GAN and DT+GAN in the test
set are shown in Fig. 4. The average reconstruction error
for BP+GAN is 4.63 x 10~°%, while for DT+GAN it is
2.54 x 107%%.
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Fig. 4. CDFs of the reconstruction error for a single cir-
cular object.

The average execution times for the components BP,
DT and GAN in hybrid algorithms based on 300 test
samples have been analyzed. The BP algorithm recorded
an average execution time of 0.0749 s, while the DT
algorithm was significantly faster at 0.0050 s. The GAN
component, when integrated with both BP and DT in the
hybrid algorithms (BP+GAN and DT+GAN), demon-
strated an average processing time of 0.2357 s, with
negligible variation across different configurations. The
execution time is measured on a computer equipped with
an Intel i5-12400F CPU and an NVIDIA GeForce RTX
4060 GPU. These results highlight the superior compu-
tational efficiency of the DT algorithm compared to BP,
even when an extrapolation step is included. The differ-
ence in solution efficiency can be attributed to the fact
that the computation time of the BP algorithm increases
significantly with the increase in the number of exci-
tation waves, while this factor has a relatively minor
impact on the DT algorithm.

To assess the generalization capability of the inver-
sion algorithms, two dielectric circles were employed
as reconstruction targets to evaluate the above neu-
ral networks. By testing 300 randomly generated sam-
ples, the BP+GAN model achieves an average error of
5.90 x 1073%, whereas the DT+GAN model achieves
an average error of 5.20 x 1073%. Fig. 5 illustrates
the reconstruction results for two samples, while Fig.
6 plots the CDFs of the reconstruction errors. In Sam-
ple 1, the contrast values of the two circles are set to
1.6 and 0.4, with corresponding radii of 0.03 m and
0.05 m, respectively. In Sample 2, the contrast values
are adjusted to 0.2 and 0.7, with corresponding radii of
0.03 m and 0.06 m, respectively. The simulation results
demonstrate that both direct GAN and BP+GAN tend
to lose information regarding the target with low con-
trast during the reconstruction of the two-circle target,
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Sample Samp &2 whereas DT+GAN does not exhibit this issue. Although
A A there is a slight deviation in capturing scatterer structure
details, DT+GAN successfully achieves accurate inver-

Ground sion of both the target location and contrast value.

Truth
B. Test Two: Handwriting Digits

In this section, the reconstruction target is derived
from the MNIST dataset [26], a widely utilized database
of handwritten digits in the field of machine learn-
ing. The scatterers are modeled as dielectric materials
with randomly assigned relative permittivities ranging
between 1.2 and 3.0. Each image is upscaled from its
original size of 28 x 28 pixels to 64 x 64 pixels to align
the spatial resolution with the imaging setup described in
Section IV-A. This adjustment standardizes the problem
scale across tests and increases the number of unknowns,
thereby intensifying the complexity of the inverse prob-
lem. Such a practice enables robust comparisons of
reconstruction fidelity under heightened computational
demands. The imaging model and neural network param-
eters were set identical to those used in test one. A simu-
lation employing the MOM generated a training set con-
sisting of 10,000 samples, along with a validation set of
1,000 samples and a testing set of 300 samples. Fig. 7
presents reconstructed profiles from two representative
examples, while Fig. 8 displays the CDFs of the recon-
struction errors. Since both BP and DT are linear approx-
imate inversion algorithms, and given the large training
dataset used in this experiment, the difference in recon-
struction quality between the BP+GAN model and the
DT+GAN model is not pronounced.

To evaluate the generalization performance of the
algorithms, a randomly distributed circular scatterer is
introduced into the imaging region, following the set-
tings from test one, which may cause partial occlu-
sion of the handwritten digits. Fig. 9 displays images
of two reconstructed samples, whereas Fig. 10 illus-
trates the CDFs of the reconstruction errors. The results
indicate that, compared to BP+GAN, DT+GAN demon-
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Fig. 5. Reconstruction results of two circular structures
in the test of generalization ability.

1 ‘ p—— strates superior generalization capability, allowing for
P BP+GAN . .. .. cp - .
09t S 1 better differentiation of distinct targets within the imag-
08 / 1 ing region and achieving a reconstructed contrast value
o7l that is more closely aligned with the ground truth.

o
o
T

C. Test Three: Experimental Data
In this section, we validate the proposed reconstruc-
tion method using experimental data provided by the
Fresnel Institute. The measurement system is detailed
in reference [27]. The scatterer is an off-centered circu-
lar cylinder with a significant vertical dimension, pre-
‘ ‘ ‘ ‘ senting an almost two-dimensional structure. Slightly
° 000 T o0 o0z deviating from the previous simulation model, the trans-
mitter remains fixed while the scatterer rotates about
Fig. 6. CDFs of two circle reconstruction errors used to the central vertical axis from 0° to 350° in incre-
evaluate generalization ability. ments of 10°. To assess the reconstruction performance
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Fig. 11. Reconstruction results using the experimental
data (from data set “dielTM_dec8f.exp” at 4 GHz [27]).

under a limited viewing angle, we restrict the rotation
angle to the range of 40° to 140° using measurements
from the “dielTM_dec8f.exp” dataset at a frequency of
4 GHz.

The neural networks trained in the first test were
utilized for verification. Due to alterations in the imag-
ing model and changes in the dimensions of scattering
data, the direct application of the GAN method becomes
impractical. Fig. 11 illustrates the reconstruction results
obtained using BP, DT, BP+GAN, and DT+GAN meth-
ods. A white ring on the diagram marks the exact posi-
tion of the scatterer. Its circular cross-section possesses
a radius of 15 mm, with its center positioned at coor-
dinates (0,—30) mm. The estimation of the real part of
the relative permittivity yields & = 3 +0.3. The limited
observation angle introduces a discrepancy between the
BP image and the actual target. Additionally, the imaging
model in this scenario significantly deviates from that of
the training data, especially concerning the antenna posi-
tioning. Specifically, while the excitation wave angle in
the training data spans from 0° to 90°, it ranges from
40° to 140° in this case. This substantial difference leads
to considerable deviations in the reconstruction out-
comes of the BP+GAN technique. However, by employ-
ing data extrapolation technology, the DT algorithm can
still effectively capture the orientation and size informa-
tion of scatterers under challenging imaging conditions.
Moreover, integrating GAN into DT-based reconstruc-
tions (DT+GAN) not only improves the reconstruction
accuracy of scatterers but also reduces surrounding arti-
facts.

Experiments demonstrate that integrating physical
priors significantly alleviates the core challenges in deep
learning. Specifically, DT’s rapid initial estimates reduce
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reliance on large-scale training data; data extrapolation
and prior constraints improve generalizability under nar-
row observation angles; and adversarial training, guided
by physics-informed interactions between the generator
and discriminator, effectively suppresses non-physical
solutions.

V. CONCLUSION

This paper proposes a hybrid electromagnetic recon-
struction algorithm that combines DT and GAN to
address the limited viewing angle problem in elec-
tromagnetic imaging. This algorithm achieves greater
accuracy in reconstructing the scatterer’s position, con-
tour, and contrast than the complete learning recon-
struction method. This improvement can be attributed
to the incorporation of physical mechanisms that effec-
tively reduce the learning complexity of neural net-
works. Furthermore, compared to other two-step meth-
ods like the BP+GAN approach, this algorithm achieves
higher solving efficiency by utilizing the fast Fourier
transform. Additionally, the introduction of data extrap-
olation technology effectively addresses reconstruction
challenges arising from limited viewing angles. Future
research will continue to leverage physical mechanisms
to address the inherent nonlinearity and challenges in
the mapping process, while extending validation to a
wider variety of scatterer geometries, such as multi-
layered structures, and a more diverse range of observa-
tion angles, thereby further evaluating the generalization
capabilities.
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Abstract — This paper presents an enhanced pre-tuned
particle swarm optimization (PT-PSO) algorithm for
fault compensation in conformal array antennas, address-
ing both complete element failures and faulty phase
shifters. Unlike conventional PSO, which initializes par-
ticles randomly across the entire search space (often
requiring more iterations and risking local minima), PT-
PSO introduces a pre-tuning mechanism that arranges
initial amplitudes and phases to guide convergence.
Combined with non-dominated sorting, this approach
improves multi-objective optimization efficiency by
reducing the search space and minimizing local min-
ima, enabling rapid convergence to near-optimal excita-
tion weights. To validate its effectiveness, a 1 x8 X-band
cylindrical conformal patch array was designed and sim-
ulated in HFSS. Results show that PT-PSO successfully
restores first sidelobe levels (FSLL) and peak gain under
both complete and partial failure scenarios, ensuring
accurate pattern recovery. Compared to non-dominated
PSO and convex optimization, PT-PSO achieves simi-
lar pattern quality with significantly lower computational
complexity. The proposed method is particularly applica-
ble to radar and wireless communication systems, where
maintaining beam integrity under hardware faults is crit-
ical.

Index Terms — Beamforming, conformal array, PSO,
sidelobe level.

L. INTRODUCTION
Maintaining a low sidelobe level (SLL) is essen-
tial for improving spatial resolution, interference rejec-
tion, and overall beamforming performance across a
wide range of applications. In radar systems, low SLL
reduces clutter and false alarm rates [1-2]. In com-
munication systems, it suppresses co-channel interfer-
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ence and enhances signal-to-noise ratio (SNR). High-
resolution imaging and precise target detection (criti-
cal in domains such as automotive radar and microwave
medical imaging) also rely on tightly controlled side-
lobe behavior to avoid ghost targets, imaging arti-
facts, and performance degradation in safety-critical
environments.

In beamforming phased array systems, SLL sup-
pression and beam shaping are typically achieved
through amplitude-only weighting or complex weight-
ing (amplitude and phase). Traditional methods such as
Taylor tapering and Dolph-Chebyshev distributions, as
well as metaheuristic algorithms like Genetic Algorithm
(GA), Particle Swarm Optimization (PSO), and Differ-
ential Evolution (DE), are commonly used to design
optimal excitation weights. Conformal beamforming
arrays have been adopted in diverse real-world platforms,
including UAV and space vehicle communications [3],
adaptive wireless communication systems [4], airborne
satellite communication [5], millimeter-wave synthetic
aperture radar (SAR) [6], and wearable medical imaging
technologies [7].

The beamforming process in the above-mentioned
systems is obtained using a transmitter/receiver mod-
ule (TRM). Improper management of switching or dam-
age to TRM (such as due to failure of CMOS transis-
tors) can lead to faulty array antenna elements, severely
affecting the performance of the communication sys-
tem. When an element in the array becomes faulty,
either due to complete amplitude failure (zero ampli-
tude) or malfunctioning of phase shifter (generating ran-
dom phases), it can deteriorate the entire beamforming
radiation pattern. Most of the existing literature [8-13]
has focused on addressing edge-element failures, where
various optimization techniques are used to redistribute
complex weights among working elements to recover
gain, SLL, and nulls. In beamforming array systems,
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central elements play a more significant role in deter-
mining the gain, shaping the main beam, and control-
ling the first sidelobe level (FSLL). Unlike the edge ele-
ments, the center elements act as the core components
of the array, carry maximum amplitudes, and signifi-
cantly influence the overall performance of the radia-
tion pattern. The random faults in central phase shifters
introduce destructive interference among array elements
and distort the entire array pattern. Studies [14-15] have
achieved SLL and gain for the broadside and scanned
patterns by calibrating phase perturbations in both edge
and center elements. However, these calibration tech-

ACES JOURNAL, Vol. 40, No. 08, August 2025

niques require array output power measurement and
depend on calibration hardware setups. The recent soft-
ware techniques for pattern correction of faulty linear
arrays have been reported in [16-21] and for planar
arrays in [22-24]. Non-dominated PSO has been stud-
ied for conformal array in [25]. A comprehensive com-
parison of state-of-the-art techniques for center element
failure correction, as discussed in [8-25], is presented in
Table 1.

The proposed research employs a sub-optimal novel
pre-tuned particle swarm optimization (PT-PSO) algo-
rithm, which is shown to be more efficient than optimal

Table 1: Literature review

Ref | Technique(s) | Recovery |Array Type Findings Limitations
Used Type
[8-13] | GA/PSO/ | Amplitude- | Linear/ SLL, nulls, and pattern shape | No central complete/partial
IFFT/PSO-CS only/ Planar/ recovered under random edge failure
Complex | Conformal elements complete failure
weights
[14- Phase Phase-only | Arbitrary | Compensates SLL, gain, HPBW | Output power measurement
15] | perturbation- array shapes | in corrected pattern due to phase | Dependent on calibration
based perturbation hardware setup
calibration Ineffective for complete
TRM failure
[16] Recursive | Phase-only Linear Element failure detection Limited recovery of 4-5 dB
Intelligent Correction of SLL from -12.5 dB in SLL
Optimizer to -18.3 dB with 5 edge and No partial failure of central
(RIO) center phase shifter failures phase shifters
Only linear arrays
[17] | NU-CNLMS, | Amplitude- Linear SLL of -10 dB and null recovery | Limited recovery of 2-3 dB
GA only under 8 edge and center failures in SLL
No partial failure of central
phase shifters
Only linear arrays
[18] | Improved Bat| Complex Linear SLL of -35 dB recovery under 10 | Central complete failure
Algorithm weights edge elements complete failure | recovery limited to -20 dB
(IBA) SLL of -20 dB recovered under | No partial failure of central
complete failures at 3rd, 6th, 13th, phase shifters
19th, 30th Only linear arrays
[19] PSO Complex Linear Full recovery for edge element | Failed to meet -20 dB target
weights failure for central complete failures
Beam shape recovery for central | No partial failure of central
failure with SLL up to -15.5 dB phase shifters
Only linear arrays
[20] | PSO, Taguchi | Complex Linear Effective edge complete failure Central complete failure
weights recovery recovery limited to -16 dB
With central complete failure SLL Main beam distortion,
to -16 dB recovered HPBW nearly doubled
under center failure
No partial failure of central
phase shifters
Only linear arrays
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Table 1: Continued.

Ref | Technique(s) | Recovery |Array Type Findings Limitations
Used Type
[21] CUSUM- | Amplitude- Linear/ Single-bit failure in edge and No complete failure of
based method | only and Planar central attenuators and phase central elements
complex shifters Defective elements/bits
weights SLL of -25 dB (broadside), and position not stated
-20 dB (scanned) recovery No conformal array recovery
HPBW recovery in planar under
complete failure of 10 elements
[22] | GA, PSO, SA| Complex Planar Improved SNR under edge and | Did not evaluate SLL, gain,
weights center failures HPBW, or nulls
No partial failure of central
phase shifters
Only planar arrays
[23- GA Phase-only Planar Center faulty phase shifters No complete central failure
24] investigated successfully
[25] | NS-MOPSO | Phase-only | Conformal Center faulty phase shifters No complete central failure
investigated successfully
This PT-PSO Complex | Conformal | SLL of -30 dB recovery under | Increased sidelobes outside
Work | (Pre-Tuned weights central complete failure while mask in complete failure
PSO with maintaining gain, HPBW
Non- Central partial failed phase
Dominated shifters reported
Sorting) Faster convergence and more
efficient than non-dominated PSO
in [25] and CVX

convex (CVX) [26] and non-dominated PSO optimiza-
tion algorithm [25] in terms of lower complexity and
faster convergence while maintaining competitive beam-
forming performance. Unlike prior studies that primar-
ily focus on edge-element failures, linear/planar geome-
tries, or require hardware-based calibration, this work
addresses a key research gap: accurate and efficient
restoration of beamforming performance under cen-
tral element failures in conformal arrays using purely
software-based excitation optimization. The presented
approach focuses solely on reconfiguring the excita-
tions to recover the desired pattern and applicable on a
wide variety of phased array systems beyond the spe-
cific antenna structure. The chosen cylindrical conformal
array introduces geometric non-linearity while maintain-
ing computational tractability, and the method is exten-
sible to more complex array configurations. Two major
issues related to the center faulty element(s) in a 1x8
beamforming cylindrical array have been investigated
using PT-PSO: the first challenge is to recover the SLL
and peak gain in the presence of a complete failure of the
center elements, while the second is to restore the orig-
inal pattern in the case of center faulty phase shifters.
Then its performance is compared with CVX and stan-
dard PSO algorithms.

II. ELEMENT FAILURE CORRECTION
USING PRE-TUNED PSO

The eight-element patch antenna array on a cylin-
drical conformal surface is shown in Fig. 1. The individ-
ual antenna elements are fed with attenuators (to con-
trol amplitudes) and phase shifters (to control phases)
to obtain the desired beamforming array pattern. In
case of any faulty attenuator/phase shifter (shown as
red in Fig. 1), the desired beamforming pattern is dis-
torted increasing the SLL and reducing the peak gain.
These array parameters are severely affected in case of
complete/partial failure of center elements particularly.
Unlike traditional linear or planar arrays, the cylindrical
conformal array used in this work introduces geometric
non-linearity due to its curved surface and tilted element
orientation [27]. These characteristics make beamform-
ing control more challenging, thereby providing a more
rigorous test environment for evaluating the robustness
of the proposed excitation-based optimization method.
The flow chart of the proposed PT-PSO for element
failure correction on a conformal beamforming array is
shown in Fig. 2.

The proposed PT-PSO incorporates two key
enhancements: pre-tuning of the initial population and
non-dominated sorting [25]. The complex excitation
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weight vector is expressed as:

Ai 401; Aé 402; Azzlv écé,
Al Loy |A5| Lo, Ay | Loy

w= . ) . . (D
At Lot A\ sab (A% sl

where A, and o, represents the amplitude and phase on
nth antenna respectively. The proposed PT-PSO begins
by initializing the parameters N (array size), P (parti-
cles), and Maxlter (maximum iterations). Correspond-
ing to each p'" particle and n™ antenna element, random
velocity vh and weight wh vectors are generated. These
vectors can be real (for partial element failure) or com-
plex (for complete element failure) as indicated in Fig. 2.
In the next step, for the complete failure case, 10% of the
population is pre tuned using standard Dolph-Chebyshev
for amplitudes and compensated phase technique [28,29]
for conformal arrays. After pre-tuning, the PT-PSO eval-
uates objective functions, updates weight vectors, and
personal best and global best weight vectors following
the non-dominated PSO method outlined in [25]. The
objective functions reported in [25] are incorporated in
the proposed PT-PSO as:

F = (JAF (05) ¢l — |AF (65)pr_pso])” +

FSLL recovery
I f )
[AF(8)rer| — |AF (0)pr—psoll”s  (2)
2 x FF 4,

where AF (6;),.; represents the original reference pattern
(without element failure) at the desired scan angle 6; and
AF (65)pr_pso 18 the corrected array pattern using com-
plex weights (1) computed with PT-PSO in case of com-
plete/partial element failure.

The PT-PSO offers significant improvements over
the non-dominated PSO method by incorporating pre-
tuning, which minimizes the initial population’s fitness
values and reduces the computational complexity. Unlike
[25], where particles are randomly distributed across
the entire search space (leading to frequent trapping in
local minima), PT-PSO focuses the search near optimal
minima. This refinement accelerates convergence and
decreases the number of iterations required.

The integration of amplitude and phase tapering
techniques, along with tier-based updates for personal
and global bests, allows PT-PSO to achieve faster con-
vergence and more precise solutions for multi-objective
problems. In PT-PSO, inertia weight decreases gradu-
ally from 0.6 to 0.3 over iterations to maintain preci-
sion. Unlike standard PSO, where inertia weight starts at
0.9 (allowing large exploration steps initially), PT-PSO
employs pre-tuned populations with a reduced search
space, requiring smaller steps to avoid leaving this space
and to facilitate convergence toward the optimal solution.
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The cognitive parameter ¢l and social parameter c2 are
setto cl =3 and 2 = 0.6.

III. RESULTS AND DISCUSSION

To evaluate the correcting pattern capability of the
proposed PT-PSO, two cases of failure are investigated:
(A) complete failure — attenuator(s) connected to the
array elements fail and therefore those amplitude(s) are
considered as zero, and (B) partial failure — phase
shifter(s) connected to the array elements become faulty,
generating random phase(s). The -30 dB FSLL and peak
gain are the goals to be recovered after failures.

A. Complete failure

In this work, central attenuator no. 4 in Fig. 1 is
assumed to be failed and its amplitude is set to zero.
This choice is taken to evaluate the performance of the
PT-PSO for a more critically power contributing central
antenna element in generating the array pattern as com-
pared to the edge element, where the power contribution
is minimal. As shown in Fig. 3, the FSLL increases and
the entire pattern is distorted due to complete failure of
the central element. The mask region (-45° to +45°) is
applied, within which the restoration of array pattern is
required for most of the real-world practical applications
[29]. To compensate for the defected pattern, the PT-
PSO are implemented on the faulty array to redistribute
the complex weights on the remaining working elements
to generate the corrected pattern that meets the crite-
ria of the mask. The original (without failure) and PT-
PSO (with failure) recalculated amplitudes/phases are
reported in Table Al. As shown in Fig. 3, the recal-
culated weights with PT-PSO have restored the desired
FSLL and peak gain within the desired mask region.

"Af Mainbeam

Antenna

array-\

Conformal
surface

} Phase shifters

£ £ 7 } Attenuators
3||S 0.51m £
= dI e £
<
@
~
=
2.95mm
’%Correctly working Correctly working
A . Phase shifter
Faulty Beamforming Faulty

Attenuator Pattern “" Phase shifter

Fig. 1. A 1x8 conformal patch array excited with atten-
uators and phase shifters.
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PSO0 initialization using
parameters N, P, Maxiter

éN= 8 (Array size)
|——= P=300 (No. of Particles)

; MaxIter = 500 (No. of Iterations)

¥

Randomly generate |

weight vector (w)

i Amplitude tuni L !

i m?l,ergflm't;g Applying pre-tuning on 10%
e e T Rk rticl

H Phase tuning > papcles

| N complex variables

Complete failure Partial failure

N complex velocity vector (v) and

N real velocity vector (v) and weight
vector (w)

N real variables

'

| Non-dominated PSO [25] |

Fig. 2. Flow chart for the proposed PT-PSO.
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Fig. 3. Simulated pattern recovery of a 1x8 cylindrical array with center (4") faulty attenuator (a) MATLAB and (b)

HFESS.

As expected, the sidelobes outside the desired mask are
increased. There is also a 0.7 dB difference in peak gains
of the original and corrected array patterns, which cannot
be recovered. For comparison, the results obtained with
optimal CVX [26] are also shown in Fig. 3. Although the
pattern recovering capability of optimal CVX is almost
the same as the sub-optimal PT-PSO, its complexity is
higher than PT-PSO. This is discussed in section IV. The
original and corrected weights for complete failure are
reported in Table Al.

B. Partial failure

For partial failures, single and adjacent central phase
shifters are considered. It is assumed that faulty phase
shifter(s) can give any random value 0-27. These random
perturbations in original phases causes destructive inter-
ference between the antenna element’s patterns, which
deteriorates the entire array pattern. In this work, cen-
tral phase shifter 4" and adjacent phase shifters 4™ and

5t are considered as faulty, and a phase of 7 is added
to the original phases to demonstrate maximum defor-
mation in the array pattern and the resulting correction
capability of PT-PSO. The simulated original, defected
and corrected patterns are shown in Fig. 4. As shown in
Fig. 4 (a), the gain loss is 1.8 dB and increase in FSLL is
5.9 dB as compared to the original pattern due to single
center element phase fault. The PT-PSO has successfully
restored the main beam and FSLL to the desired pat-
tern. The corrected phases are computed on the basis
of keeping the same phase difference between antenna
elements as the phase difference in original phases. This
way the corrected patterns in both scenarios have exactly
the same gain and FSLL as the original pattern. The case
of adjacent phase shifter’s fault in Fig. 4 (b) is more
severe in terms of gain drop by 5.5 dB and 9 dB increase
in FSLL as compared to single phase shifter fault.

The phases recalculated with PT-PSO are able to
correct the deformed pattern close to the original pattern.
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Fig. 4. Simulated pattern recovery of a 1x8 cylindrical
array with (a) single center (4™) faulty phase shifter and
(b) double adjacent (4™ and 5) faulty phase shifters.

In double faulty phase shifters, when the fault preserves
the original progressive phase, the PT-PSO-derived cor-
rected phases successfully restores both gain and FSLL
to match the original pattern. When the progressive
phase is altered by the faulty phase, PT-PSO adapts
by optimizing the phases of the remaining functional
phase shifters, thereby reducing FSLL while maintaining
the original gain, ensuring robust performance despite
hardware limitations. Original and corrected weights are
reported in Table Al.

To demonstrate the generality and scalability of the
proposed PT-PSO algorithm, we have extended the anal-
ysis to include central element failure correction for
larger conformal arrays of sizes 1x 16, 1x32, 1x64, and
1x 128 as shown in Fig. 5. These results clearly illus-
trate that the proposed approach is effective regardless
of array size. In all configurations, central elements were
deliberately selected for failure to evaluate the algorithm
under the most severe fault scenarios. Specifically, fail-
ures were introduced in the following elements:
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1x8: 4th element

1x16: 8th and 10th elements

1x32: 16th, 17th, and 19th elements

1 x64: 30th, 32nd, 33rd, and 35th elements

1x128: 59th, 62nd, 64th, 65th, 67th, and 70th
elements

In each case, the PT-PSO algorithm successfully
restored the radiation pattern, achieving SLL<-30 dB
within the SLL region (-45° to +45°). These results sup-
port the method’s robustness and applicability across a
wide range of conformal array sizes.

30 : : : : :
1x8
1x16
207 1x32 |
— 1x64
10} 1x128 |
&
=
= 0r
5
&
10}
20
30 ' ' ' ‘
30 60 9 120 150 180

6 (deg)

Fig. 5. Center element(s) failure recovery in 1 xN con-
formal arrays.

IV. COMPUTATIONAL COMPLEXITY

In non-dominated PSO [25], the randomly generated
particles are distributed across the entire search space,
which contains multiple local minima. As a result, parti-
cles can become trapped in these local minima, requir-
ing more iterations to achieve a sub-optimal solution
in cases of complete/partial failure. In contrast, PT-PSO
pre-tunes the randomly initialized particles by recalculat-
ing amplitude distribution similar to Dolph-Chebyshev
to achieve the desired SLL and compensating the phases
to achieve the main beam for failed array. This tuning
process reduces the search space, thereby minimizing
the number of local minima and decreasing the iterations
required to reach the sub-optimal solution. The compar-
ison between non-dominated PSO and PT-PSO is pre-
sented in Fig. 6, where both methods were initialized
with the same population.

For non-dominated PSO, the convergence began
with an initial objective function value (F) of 2.96 dB
using (2) and reached a sub-optimal value of -30.75 dB
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after 529 iterations. In contrast, PT-PSO, after tuning the
weight vectors, started with an initial F value of -5 dB
and achieved convergence much faster, requiring only
150 iterations to reach sub-optimal F value of -31.57
dB. This demonstrates that PT-PSO not only converges
more quickly but also reduces the chance of particles
becoming stuck in local minima, significantly lowering
the computational time by decreasing the number of iter-
ations required.

Figure 7 compares the computational complexity of
three algorithms: CVX, non-dominated PSO, and PT-
PSO. The CVX algorithm employs Newton’s method to
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Fig. 7. Computational complexity (O(f(N)) comparison
of CVX (Newton method), non-dominated PSO [25],
and PT-PSO with respect to N.
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iteratively solve the Karush-Kuhn-Tucker (KKT) condi-
tions derived from the constraints and objective func-
tions. Newton’s method optimizes search directions and
step sizes based on penalty functions, making it efficient
for problems with well-structured Hessians. The compu-
tational complexity of CVX depends on the array size
(N) and the handling of the Hessian matrix, resulting
in a complexity of O(iterations- N> -log(1/N)), primar-
ily driven by the matrix calculations in each iteration. In
contrast, non-dominated PSO and PT-PSO rely on sort-
ing particles into Pareto-optimal tiers, with a computa-
tional complexity of O(N?) for the sorting process. Con-
sequently, their overall complexity is O(N? - iterations),
where the number of iterations significantly impacts their
performance. This process continues until the stopping
criteria is met.

As N grows, the complexity of all three algorithms
increases. However, the results shown in Fig. 7 reveal
that PT-PSO has the lowest complexity compared to non-
dominated PSO and CVX. Particularly, CVX required 11
iterations, non-dominated PSO required 529 iterations,
and PT-PSO converged in just 151 iterations. PT-PSO’s
efficiently optimizes the weight vector while avoiding
the computationally steep matrix operations inherent in
CVX. Furthermore, PT-PSO achieves faster convergence
compared to non-dominated PSO, further reducing its
overall complexity. For high-dimensional problems, PT-
PSO demonstrates a significant improvement in compu-
tational complexity among the three.

To benchmark the performance of the proposed PT-
PSO method, a comparison is provided with widely
adopted metaheuristic techniques reported in the liter-
ature, including GA [17,22-24], IBA [18], Simulated
Annealing (SA) [22], and standard PSO [19-20,22,25].
These methods have been primarily applied to linear and
planar arrays under various failure scenarios. As sum-
marized in Table 1, PT-PSO achieves a SLL improve-
ment of 21 dB, restoring the corrected SLL to -30 dB,
along with enhanced main beam recovery, reduced gain
loss, and faster convergence (particularly in cases involv-
ing both complete and partial failures of central ele-
ments) where traditional algorithms often degrade in per-
formance. Additionally, the pre-tuned initialization sig-
nificantly reduces computational cost, making PT-PSO
highly suitable for real-world conformal array applica-
tions involving complex geometries.

V. CONCLUSION
This study presented a pre-tuned particle swarm
optimization (PT-PSO) algorithm for fault compensation
in conformal phased arrays, addressing both complete
element failure and phase shifter faults. By combining
pre-tuned initialization with non-dominated sorting, PT-
PSO achieved efficient SLL and gain recovery with faster
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convergence and lower computational complexity than
[25] and convex methods. Validation on a 1x8 cylindri-
cal conformal array showed successful SLL restoration
to -30 dB and minimal gain loss under severe central fail-
ures. The method is scalable to larger arrays and adapt-
able to conformal geometries. Its primary limitation is
increased SLLs outside the constrained angular region
in complete failure scenarios. Future work includes
hybrid software-hardware SLL suppression using RIS,
extension to complex conformal surfaces (e.g., spheri-
cal arrays), and compensation for amplifier-related non-
linearities and gain loss. These enhancements position
PT-PSO as a scalable and fault-resilient solution for
advanced beamforming applications in radar, communi-
cation, and medical imaging systems.
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Table Al: Optimized excitation weights (amplitude/phase and phase-only) for complete and partial element failures
using PT-PSO and CVX algorithms

Broadside Pattern with -30 dB FSLL Element Phase Failure Corrected by PT-PSO
. : th
Original Corrected CVX Cor r;cstf)d PT- Single Center (4™) Ad“'ac‘:::lt dCSemn)ter o
Ky Phases Ay Phases Aomgs Phases | Original | Defected | Corrected | Defected | Corrected
) ) ) © ©) ©) © ©
0.2710 | 186.15 | 0.3208 | -167.32 | 0.4012 | 91.03 215 215 52 215 30
0.4926 | 148.33 | 0.0523 | -23.54 | 0.0063 | 233.94 | 176 176 0 176 3
0.8128 | 127.10 | 0.8960 | 144.29 | 1.0000 | 37.33 155 155 12 155 321
1.0000 | 114.56 | 0 0 0 0 142 142+180 | 142+180 142+180 | 142+180
1.0000 | 113.32 | 1.0000 | 131.34 | 1.0000 | 24.97 142 142 331 142+180 | 142+180
0.8321 | 128.09 | 0.0231 | -100.02 | 0.0697 | 168.56 | 155 155 1 155 321
0.5275 | 148.96 | 0.4592 | 158.01 | 0.4362 | 53.41 176 176 29 176 3
0.2946 | 187.01 | 0.0466 | -27.32 | 0.0412 | 233.58 | 215 215 53 215 30

Amp=amplitude

Red numbers represent the amplitudes/phases of failed/faulty elements
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Abstract - This work presents a quad-band
metamaterial-loaded cavity-backed substrate inte-
grated waveguide (SIW) MIMO antenna engineered
for sub-6 GHz communication standards such as 5G
and WLAN, as well as X-band applications. The use
of a cavity-backed SIW architecture enables reduced
fabrication complexity and straightforward integration
with planar circuits, supporting compact and efficient
antenna design. The antenna structure incorporates a
modified rectangular split ring resonator (RSRR) slot
along with an open-ended rectangular slot embedded
within the SIW cavity-backed radiator. This configura-
tion generates four resonant bands operating at 2.4, 3.3,
5.0, and 7.0 GHz. To enhance radiation characteristics,
modified RSRR-based metamaterial unit cells are placed
along the y-direction in front of the radiating elements.
These cells contribute significantly to gain enhancement
and enable circular polarization at the designated fre-
quencies. The proposed antenna demonstrates realized
gains of 5 dB, 8 dB, 6 dB, and 5 dB at the respective
bands, supported by a consistent radiation efficiency
of approximately 88%. The antenna also exhibits a
stable unidirectional radiation pattern across all oper-
ating frequencies, making it suitable for directional
multi-port MIMO configurations. To suppress inter-
element interference, a cavity-backed parasitic structure
is introduced, effectively reducing mutual coupling
between radiators. Comprehensive MIMO performance
analysis is carried out using standard metrics, including
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envelope correlation coefficient (ECC), total active
reflection coefficient (TARC), channel capacity loss
(CCL), and mean effective gain (MEG), confirming
strong isolation and diversity capability. Experimental
validation aligns closely with simulation results, estab-
lishing the proposed antenna’s reliability and potential
for use in high-performance, multi-band wireless
systems.

Index Terms — Cavity-backed SIW, gain enhancement,
metamaterial-loaded antenna, quad-band antenna, sub-6
GHz communication.

L. INTRODUCTION

In the current era of wireless communication tech-
nology and 5G, where wireless devices are rapidly
evolving, there is a significant demand for enhanced
data transmission capacity and link reliability [1].
Researchers have suggested multiple approaches to
address demand, and MIMO technology has emerged
as one of the most effective ways to improve data
rates [1]. MIMO antennas, which stand for multiple-
input multiple-output, are able to boost channel
capacity and link reliability without using additional
resources [2]. On the other hand, circularly polarized
(CP) antennas effectively battle multipath fading, which
results in minimal propagation losses [3]. Because of
this, circularly polarized MIMO antennas are essential
for the operation of contemporary wireless networks.

https://doi.org/10.13052/2025. ACES.J.400805
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Circularly polarized wideband MIMO antennas have
been developed [3]; nevertheless, circularly polarized
multi-band antennas are more appropriate for contem-
porary communication systems. Numerous methodolo-
gies for attaining circular polarization have been reported
in the literature. Circular polarization is attained by
employing variously shaped slots and the deliberate posi-
tioning of a patch on these slots in [4-6]. The circu-
lar polarization is attained via a metamaterial super-
state in [7, 8]. Further, to get minimal mutual coupling,
high gain, and compact dimensions, numerous design
issues must be addressed. In recent years, researchers
have introduced various MIMO antennas without circu-
lar polarization and with circular polarization in the lit-
erature [9-26].

The substrate-integrated waveguide (SIW) cavity
technology has emerged in the last decade, offer-
ing various applications and innovative strategies for
existing uses. The incorporation of the SIW enables
the simultaneous design of an antenna and its corre-
sponding circuitry on a single plane, hence improv-
ing dependability relative to conventional circuitry,
which occupies limited board space. To enhance the
bandwidth of the SIW cavity-backed slot antenna,
researchers have explored several ways over several
years [27, 28].

In environments with significant dispersion, such
as industries, a high-gain antenna is essential. The
antenna’s gain is improved by the utilization of multi-
layer substrates [29], metamaterials [30], and dielec-
tric resonators [31], as reported in the literature. The
integration of metamaterials into various antennas sub-
stantially enhances antenna gain performance [32]. The
metamaterial array is situated in front of the antenna to
boost the gain [32, 33]. Furthermore, the antenna gain
is enhanced by situating the metamaterial array above
the antenna in [34]. The antennas above demonstrate
various methods for circularly polarized MIMO antenna
implementation, mutual coupling reduction, bandwidth
enhancement, and gain enhancement, but few sub-6 GHz
MIMO antennas offer a wider bandwidth and higher
gain in a compact planar configuration. A metamaterial
layer superstate improved gain in stated antennas, but
also made them bulky. This paper proposes a sub-6GHz
circularly polarized metamaterial-loaded quad-band
cavity-backed substrate integrated waveguide (SIW)
MIMO antenna for 5G, WLAN, and X-band appli-
cations to address these issues. section II covers
MIMO antenna design and development, section III
covers experimental results, and section IV covers
diversity performance. The proposed antenna is com-
pared to existing works in section-V and concluded in
section-VI.
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Fig. 1. (a)-(f) Development of the proposed SIW cavity
backed radiator.

I1I. MIMO ANTENNA STRUCTURE AND ITS
EVOLUTION

A. SIW cavity-backed radiator evolution

The configuration of the proposed SIW cavity-
backed slot antenna is depicted in Fig. 1 (a)-(f). The
design consists of a square-shaped SIW cavity, formed
by the arrangement of metal vias in a square configura-
tion, as illustrated in Fig. 1 (a). The cavity dimensions are
determined based on equation (1) and (2), which induce
first-order resonance at approximately 5 GHz as depicted
in Fig. 2.

() () o
Fsiw = 27\/87 Letr Wett ) )
2

d2

0.95s’ 0.95s @
The SIW cavity is created by embedding metal posts
within the dielectric substrate, which serves as the lateral
conducting walls, as depicted in Fig. 1 (a). The diame-
ter (d) and pitch of metallic vias (S) are determined with
the criteria of d/s > 0.5 and d/Ay < 0.1 to ensure min-
imal energy loss from the cavity sidewalls. To enhance
the bandwidth of the SIW cavity radiator, a shorting pin
is positioned 3 mm from the left side of the cavity and
8 mm from the top wall of the cavity, as depicted in
Fig. 1 (a). The shorting pins create a short circuit in the
current path, resulting in resonance. The enhancement
in bandwidth is accomplished by stimulating two hybrid
modes: resonance from the SIW cavity and shorting pins
positioned in close proximity to each other. Initially, an
inverted C-shaped radiating slot has been removed from
the center of the SIW cavity, positioned 2 mm from the
upper sidewalls and 5 mm from the left and right side-
walls of the cavity, as illustrated in Fig. 1 (b). The posi-
tioning of the inverted C-slot has a significant impact

Letr = Ly Wetr = Wy —



on the current path of the first-order resonance mode,
resulting in a shift of the corresponding resonant fre-
quency towards the lower end, approximately 3.1 GHz
as depicted in Fig. 2. Furthermore, a second-order reso-
nance is generated at 4.1 GHz due to the reactive loading
effect of the C-slot, as illustrated in Fig. 2. The integra-
tion of the C-slot leads to a decrease in series inductance;
however, it simultaneously introduces series capacitance
within the cavity circuit.
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Fig. 2. Reflection coefficient of the proposed series-fed
dipole radiator.

Further, the two modified SSRR-shaped radiating
slots (modified SSRR slot-1 and slot-2) have been
removed from the centre of the SIW cavity-backed
radiator, positioned at a distance of 2mm from the upper
sidewalls of the inverted C-shaped slot and Smm from
the left and right sidewalls of the inverted C-shaped slot,
as depicted in Fig. 1 (c). The placement of the C-slot
significantly affects the current path for first and sec-
ond order resonance, resulting in altering the resonant
frequencies of 2.9 GHz and 4.4 GHz. The third-order
resonance occurs at 5.5 GHz due to the reactive load-
ing effect of the modified SSRR slot-1 and 2 placement,
as illustrated in Fig. 2.

Additionally, two modified SSRR-shaped radiat-
ing slots (modified SSRR slot-3 and slot-4) have been
removed from the centre of the SIW cavity backed radi-
ator, positioned 8§ mm from the upper sidewalls of the
inverted C-shaped slot and 5 mm from the left and right
sidewalls, as depicted in the Fig. 1. The arrangement of
the third and fourth modified SSRR-shaped slots signif-
icantly change the current pathways of the first, second,
and third order mode resonances. Consequently, the res-
onant frequencies for these modes are adjusted to 2.4
GHz, 3.3 GHz, and 5 GHz, respectively, while the fourth-
order resonance occurs at 7 GHz due to the reactive
loading effect of the modified SSRR slots 3 and 4, as
illustrated in Fig. 2. Ultimately, the proposed radiator,
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featuring an inverted C-shaped slot and modified SSRR
slots, generates four resonance modes at 2.4 GHz, 3.3
GHz, 5 GHz, and 7 GHz, suitable for WLAN, sub-6 GHz
5G, and X-band applications as depicted in Fig. 2.

B. Metamaterial for gain enhancement and circular
polarization conversion

The proposed modified SSRR metamaterial units are
loaded in-front of the unit cell radiator to improve gain
and provide polarization conversion. The proposed mod-
ified SSRR unit cell and rectangular connected modified
SSRR metamaterial 5x2 array are depicted in Fig. 3 (a).
The proposed metamaterial unit cell consists of a hexag-
onal shaped ring stub, which is placed inside the the
modified SSRR split-ring stub as depicted in Fig. 3 (a).
Further, the outer SSRR and inner hexagonal-shaped
ring connected through the rectangular-shaped stub as
depicted in Fig. 3 (a). The metamaterial used in the pro-
posed design consists of 5 x 2 modified SSRR unit cells,
and all the unit cells are connected using horizontal and
vertical rectangular stubs. Further, 5 x 2 modified SSRR
unit cells are printed in front of the antenna in end-fire
directions, as illustrated in Fig. 1 (e). The 0.5 mm peri-
odic distance maintained in x- and y-direction between
the two modified SSRR unit cells. Performance anal-
ysis of the metamaterial is carried out by placing the
metamaterial unit cell between two waveguide ports, and
different boundary conditions (perfect electric conduc-
tor (PEC) and perfect magnetic conductor (PMC)) are
applied in x- and y-axis. Further, entire characterization
is carried out in CST Microwave Studio software. The
y-axis is the direction in which an electromagnetic wave
that is propagating normally is directed. On the y-axis,
the typical trajectory of the electromagnetic wave’s inci-
dence is aligned with the y-axis. The electromagnetic
interactions that take place within the modified SSRR
metamaterial unit cell, which are driven by the incident
waves, are responsible for the generation of resonance
in both the transmitted and reflected waves. The y-axis
is responsible for the facilitation of the excitation of the
modified SSRR metamaterial unit cell. This is because
the electromagnetic wave starts from the SIW cavity-
supported antenna and propagates into the unit cells in
that direction (y).

The permeability, permittivity, and refractive index
are critical parameters for precisely evaluating the per-
formance characteristics of the proposed metamaterial
unit cell. The permeability, permittivity, and refractive
index of the proposed metamaterial unit cell are depicted
in Figs. 3 (b)-(d). The figure illustrates that the suggested
metamaterial exhibits a negative real near-zero refrac-
tive index (NZRI) and epsilon-negative (ENG) charac-
teristics at 2.4, 3.3, 5, and 7 GHz frequency ranges.
The findings indisputably illustrate that the proposed
SSRR metamaterial exhibits near-zero properties within
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Fig. 3. Analysis of the proposed SSRR metamaterial unit

permittivity, (c) permeability, and (d) refractive index.

the operational bands. Consequently, this specific oper-
ating frequency zone (2.4, 3.3, 5, and 7 GHz) can be uti-
lized to boost gain and modify the polarization of the
proposed antenna.
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Fig. 4. Comparison of (a) Gain and (b) Axial Ratio of the
proposed radiator with and without metamaterial.

The gain of the proposed antenna, both with and
without metamaterial, is depicted in Fig. 4 (a). Figure 4
indicates that the proposed antenna exhibits gains of 3.3
dB, 2.8 dB, 3.1 dB, and 4.1 dB at frequencies of 2.4
GHz, 3.3 GHz, 5 GHz, and 7 GHz, respectively. The
proposed antenna exhibits a gain of 5.5 dB, 8 dB, 6 dB,
and 8 dB at frequencies of 2.4 GHz, 3.3 GHz, 5 GHz,
and 7 GHz, respectively, subsequent to the incorpora-
tion of the metamaterial unit cells. The gain of the pro-
posed antenna with SSRR metamaterial loading has been
substantially enhanced without altering the resonant fre-
quencies, as shown in Fig. 4 (a). In addition, metamate-
rial, in general, has the ability to alter the polarization.
The proposed metamaterial unit cells are positioned in
front of the antenna in the y-direction, which results in
the transformation of the linear polarization into the cir-
cular polarization. In addition, the proposed metamate-
rial is capable of performing the function of a linear-
to-circular polarization converter at the 2.4, 3.3, 5, and
7 GHz band, as shown by the axial ratio characteristic
depicted in Fig. 4 (b). The axial of ratio of the proposed

8
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7

cell: (a) Unit-cell structure and metamaterial array, (b)

antenna is greater than three decibels at all of the work-
ing frequencies (2.4, 3.3, 5, and 7 GHz), as can be seen
in Fig.4 (b).

MIMO Design Step:1 MIMO Design Step:2

‘SIW Parasitic Decoupling Stub
‘Radiator-2

@)

()

Fig. 5. Proposed MIMO antenna (a) without cavity
backed parasitic stub decoupling structure, (b) With cav-
ity backed parasitic stub decoupling structure.

C. Two-port MIMO antenna design

The antenna should have a high channel capacity, a
high gain, and a good link reliability in order to facilitate
communication in an environment that has a significant
pathloss owing to scattering. As a result, we suggested
the two-port circularly polarized metamaterial-loaded
quad-band SIW MIMO antenna for use in sub-6GHz 5G,
WLAN, and X-band applications in industries. The pro-
posed circularly polarized MIMO antenna is designed
by placing two SIW based metamaterial loaded radiators
adjacent to each other, sharing a common ground plane,
as illustrated in Figs. 5 (a)-(b).

The dimensions of the proposed MIMO antenna
are shown in Table 1. The proposed MIMO antenna
with dimensions is depicted in Fig. 5. As depicted in
Fig. 5 the side-by-side placement design alleviates the
mutual coupling between radiators; however, it is still
inadequate for MIMO operation. Therefore, a separate



Table 1: Dimension of the proposed MIMO antenna

P=D P=D P=D

L =40 Ly =17 We=0.3
L;=6.8 Lip=6.4 W;=0.6
Ly=0.4 Lyi3=1.8 Wg=15.8
L3=0.6 L4=22.8 L—=Wgy=0.3
Ly=6.5 R=0.5 Wi=1.8
L;=0.3 W=35 Wi=5.6
Le=3 W,=14.8 Wip=15.8
L,=12.8 Wy=3 Wiz=1.8
Lg=0.6 W3=9.2 Wi =31
Lg—22.8 Wy=74 Wis=6
Lyp=0.3 W;=1 Wi=6.2

decoupling structure is required to diminish the mutual
coupling between the radiators. Consequently, we pro-
posed a SIW cavity-backed parasitic stub decoupling
structure. The SIW-based cavity-backed parasitic rectan-
gular stub is positioned on both sides of the substrate,
situated between the SIW-based radiator as depicted in
Fig. 5. The SIW-based cavity-backed parasitic decou-
pling structure comprises parasitic rectangular stubs on
both sides of the substrate in parallel. The SIW cavity
is created by positioning circular shaped vias in a verti-
cal configuration, which connect the front and back con-
ductors as depicted in Fig. 5. The parasitic stub SIW
cavity functions as a stop band filter between the radi-
ators of the MIMO antenna. Due to these characteris-
tics, the SIW cavity obstructs the flow of surface cur-
rent between two simultaneously stimulated radiators.
The proposed antenna effectively minimizes mutual cou-
pling between radiating elements through the incorpora-
tion of a cavity-backed substrate-integrated waveguide
(SIW) decoupling structure. This integrated SIW cavity
not only enhances isolation but also preserves compact-
ness, making it highly suitable for multi-port MIMO con-
figurations.

III. EXPERIMENTAL RESULTS AND
DISCUSSIONS
A. Reflection coefficient and mutual coupling

The VNA measurement configuration for the pro-
posed MIMO antenna is illustrated in Fig. 6. The
comparison of the simulated and measured reflection
coefficient and mutual coupling of the proposed MIMO
antenna is illustrated in Figs. 7 (a)-(b).

Figure 7 (a) illustrates that the proposed MIMO
antenna exhibits a reflection coefficient (S11/522) of less
than -10 dB at frequencies of 2.4, 3.3, 5, and 7 GHz,
both for the simulated and measured results. Similarly,
Fig. 7 (b) illustrates that the proposed MIMO antenna
exhibits mutual coupling (S12/S21) of less than -15 dB
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Fig. 6. Photograph of the fabricated antenna and mea-
surement setup of the proposed MIMO antenna.
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Fig. 7. Performance analysis of the proposed MIMO
antenna: (a) Reflection coefficient, and (b) Mutual cou-

pling.

[

for frequencies of 2.4, 3.3, 5, and 7 GHz, as evidenced by
both the simulated and measured results. The simulated
and measured results are in strong agreement.

B. Radiation pattern and efficiency

The radiation pattern measuring setup of the pro-
posed MIMO antenna is illustrated in Fig. 8. The E- and
H-plane 2D cross- and co-polarization radiation patterns
of the proposed antenna at 2.4, 3.3, 5, and 7 GHz are
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Fig. 8. Proposed MIMO antenna’s radiation pattern mea-
surement setup in an anechoic chamber.

depicted in Figs. 9 (a)-(h). Figures 9 (a)-(h) illustrates
that the proposed antenna exhibits cross-polarization lev-
els below -10 dB in both the E-plane and H-plane at the
operational bands. Additionally, Figs. 9 (a)-(h) illustrate
that the proposed antenna exhibits co-polarization lev-
els below -8 dB in both the E-plane and H-plane at the
working bands. The proposed MIMO antenna exhibits
an omnidirectional radiation pattern across all opera-
tional bands (2.4, 3.3, 5, and 7 GHz), as illustrated in
Figs. 9 (a)-(h).

The simulated and measured radiation patterns are
in strong agreement. The simulated and measured effi-
ciency of the proposed MIMO antenna is depicted in
Fig. 10. Figure 10 illustrates that the proposed MIMO
antenna exhibits above 90% efficiency across all opera-
tional bands (2.4, 3.3, 5, and 7 GHz).
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IV. DIVERSITY PERFORMANCE OF
PROPOSED MIMO ANTENNA
The proposed system is assessed using several diver-
sity performance indicators, including ECC, DG, CCL,
TARC and MEG.

A.ECC

The envelope correlation coefficient, which is more
commonly referred to as the ECC, is a statistical mea-
sure that is used to quantify the degree of correlation that
occurs between the components of the MIMO antenna.
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Fig. 9. Measured radiation patterns of the proposed antenna showing both co-polarization and cross-polarization com-
ponents: (a) E-plane at 2.4 GHz, (b) at 3.3 GHz, (c¢) at 5 GHz, (d) at 7 GHz, (e) H-plane at 2.4 GHz, (f) at 3.3 GHz,
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It is feasible to determine it using scattering param-
eters by using equation (3) in a lossless environment,
which is characterized by the uniform distribution of
power among antenna elements. However, this equation
is only valid in situations when there is no loss. There-
fore, the ECC can also be estimated in terms of the emit-
ted far-field by employing Equation 4. In the case of
uncorrelated MIMO antennas, the ideal value of ECC
is zero. However, for actual MIMO antennas, the ECC
value should be less than or equal to 0.5. The ECC pro-
posed MIMO antenna is depicted in Fig. 11 (a). It can
be observed from Fig. 11 (a) that the proposed MIMO
antenna exhibits an ECC value of less than 0.04 at 2.4,
3.3,5 and 7 GHz.

B. Diversity gain (DG)

Diversity gain, a measure of the enhancement in sys-
tem performance as a result of the diversity technique, is
another essential metric and is computed by equation (5).
An improved system’s performance is shown by a larger
diversity gain value. Its number should be around 10 for
MIMO antenna performance that meets expectations.

DG =104/1— |[ECC|>. (5)

The DG of the proposed MIMO antenna is depicted

in Fig. 11 (b). It can be observed from Fig. 11 (b) the

proposed MIMO antenna exhibits a DG value of almost
10at2.4,3.3,5, and 7 GHz.

C.TARC
TARC is a statistical measure utilized to accu-
rately evaluate the correlation among the elements of the

(1= (sufrisap)) (1= (2P 1527))

MIMO antenna. The TARC of the two ports in a MIMO
antenna system can be computed using equation (6). The
TARC of the MIMO antenna must be below 0 dB for best
performance.

TARC = \/|(511 +512€j9)|2; [(S21 +Szzej6)|2_ (6)
The TARC of the MIMO antenna is illustrated in
Fig. 11 (c). The Figure 11 (c) demonstrates that the
suggested MIMO antenna has a TARC of less than -15
dB. Consequently, the suggested MIMO antennas exhibit
less correlation among the radiators.

D. MEG

MEG is another critical statistic for evaluating
the performance of MIMO antennas, as it estimates
the average received signal strength for each radiator.
MEGi denotes the ratio of the mean power received by
the ith element to the mean power incident on the jth
element from the identical source. MEG can be com-
puted using equation (7), and the MEG value should fall
between the range of -3 to 3 for optimal MIMO perfor-
mance.

N
MEG; = 0.5 [1 -y siﬂ . 7
i=1

The MEG of the MIMO antenna is illustrated in
Fig. 11 (c). Figure 11 (c) demonstrates that the sug-
gested MIMO antenna has acceptable MEG values over
the operating band.

E. CCL

MIMO antennas are designed to enhance chan-
nel capacity. Nevertheless, the correlation among the
antenna elements results in losses. CCL, or channel
capacity loss, is a metric used to estimate the maxi-
mum feasible limit for signal transmission while min-
imizing significant loss. The calculation of CCL can
be performed using equation (8). The CCL should
be maintained below 0.4 Bits/Hz/Sec in practical
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Table 2: Comparison of the proposed work with existing work

Ref. Total Size (mm?) Operating Frequency (GHz) Mutual Coupling (dB) Peak Gain (dBi) Efficiency (%) Decoupling Method ECC
[10] 48 x 48 x 1.6 2.25-2.41,3.36-3.65, 4.7-6.25 <-15 1.5-29 80-88 Self-isolated <0.0086
[11] 25 x 25 x 1.57 4.36-6.90 <-20 2 >90 Self-isolated <0.08
[12] 25 x 25 x 1.57 3.4-3.6,5.15-5.85 <-15 2 >86 Parasitic stripline <0.11
[13] 35 x 35 x 1.57 3.1-5.2 <-15 2.6 >90 Self-isolated <0.05
[35] 75 x 150 x 1.6 (8 elements) 34-3.6 <-15 2.5 60-70 Parasitic structure <0.012
[15] 40 x 35 x 1.6 (2 elements) 3.5,55,6.5 <-15 3.49 >80 Polarization diversity <0.05
Proposed 40 x 35 x 1.6 (2 elements) 24,33,5,7 <-15 6.2 >90 SIW cavity backed parasitic stub  <0.04
applications. measured outcomes in agreement. The proposed antenna
Closs = —log, det (llfR ) ; is suitable for sub-6 GHz 5G, WLAN, and X-band
i D applications.
R\ __ i Mij
JU
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i =1—(1Sal>+ S5 ©) i
Pii = ii ijl ) [1] A. Kumar, C. S. Rai, and M. K. Khandelwal,

pij = — (S§i Sij +Sj; S -

Figure 11 (e) illustrates a representation of the CCL
of the MIMO antenna. Figure 11 (e) demonstrates that
the proposed MIMO antenna exhibits a CCL of less than
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Abstract — This study presents a novel pattern reconfig-
urable antenna structure designed for wireless commu-
nication systems. The proposed antenna operates at a
center frequency of 7.2 GHz, which is particularly sig-
nificant for 5G and future 6G communication systems.
This frequency band is suitable for high-speed data trans-
mission and enhances user experience by improving sig-
nal quality. The antenna can provide various beam steer-
ing capabilities, making it adaptable for multiple appli-
cations, including mobile communication systems con-
figurations. The design methodology involves using a
circularly grounded monopole antenna. The equivalent
circuit models for the RF switches in both open and
closed states are provided, facilitating the analysis of
the antenna’s electrical characteristics. Simulation and
measurement results demonstrate that the antenna main-
tains a reflection coefficient (|S;;|) below -10 dB across
a bandwidth of approximately 500 MHz, confirming its
wideband performance. The findings indicate that the
proposed antenna structure is not only efficient but also
adaptable to various operational conditions, making it a
promising candidate for future wireless communication
applications.

Index Terms — Antenna beamforming, pattern reconfig-
urability, RF switches, UWB antenna, wireless commu-
nications.

L. INTRODUCTION
Reconfigurable antennas play a significant role in
wireless communication systems since they can dynami-
cally alter their radiation patterns, frequencies, and polar-
izations [1, 2]. These antennas achieve reconfigurabil-
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Accepted On: July 29, 2025

ity through various electronic solutions, including PIN
diodes [3], varactor diodes [4], RF-MEMS switches [5],
phase shifters, Microwave Liquid Crystal (MLC) tech-
nology [6], metasurfaces [7], and optical switches [8].

The advantages of reconfigurable antennas in terms
of radiation patterns can be categorized as follows: flexi-
bility, space efficiency, cost-effectiveness, improved sig-
nal quality [9], enhanced capacity and coverage [10],
and high data transmission rates [11]. These advantages
are critically important for meeting the requirements of
modern communication systems. One of the fundamen-
tal benefits of these antennas is their ability to adjust the
radiation pattern according to specific communication
scenarios dynamically. This feature enables the antenna
to direct signals and avoid interference in crowded envi-
ronments [12].

When examining the literature on pattern reconfig-
urable antennas, studies have investigated the ability of
antennas designed using RE-MEMS switches to dynami-
cally change their frequency and radiation patterns. Deng
et al. state that the Ka-band microstrip patch antenna
designed using RF-MEMS switches can achieve recon-
figurable radiation patterns. This study demonstrates that
RF-MEMS switches can effectively alter the antenna’s
radiation pattern [13]. Zhang et al. introduced an inno-
vative approach by presenting a pattern reconfigurable
planar array antenna characterized by a digital coding
method, which allows for flexible modifications of the
antenna’s radiation pattern [14]. Abdulhameed et al.
developed a technique to enhance antenna performance
by utilizing EBG (Electromagnetic Band Gap) struc-
tures and PIN diodes to control the radiation pattern of a
microstrip antenna in both elevation and azimuth planes

https://doi.org/10.13052/2025.ACES.J.400806
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[15]. Jmai et al. noted that their MMIC (Monolithic
Microwave Integrated Circuit) antenna design, integrated
with RF-MEMS switches, provides reconfigurability for
both frequency and radiation patterns [16].

In this study, a novel circularly grounded monopole
antenna concept capable of controlling the radiation
pattern for wireless communication systems has been
designed using RF-MEMS technology, analyzed in
a simulation program and experimentally tested. The
pattern reconfigurability of the radiation pattern was
achieved using 32 RF switches. A microcontroller was
employed to monitor the logical states of the electronic
components, specifically logic 1 and logic 0, while the
surface current density was altered to facilitate the con-
trol of the antenna’s radiation pattern. The proposed
antenna structure proves the beam steering capabilities
of the proposed antenna at 7-7.5 GHz frequency bands.

II. ANTENNA DESIGN METHODOLOGY
FOR PATTERN RECONFIGURABLE
MONOPOLE ANTENNA

The configuration of the suggested circular
monopole antenna is illustrated in Fig. 1, showing both
front and side views. The antenna incorporates copper,
characterized by an electrical conductivity of 5.8x10’
S/m, for its metallic reflectors and ground plane. In
contrast, FR-4, a dielectric material with a relative
permittivity of 4.3, is utilized as the substrate for the
antenna design. The primary purpose of utilizing a
circular structure in the design is to take advantage of
the fundamental symmetry conditions. The circularly
symmetry geometry brings the advantage of direction
independence, versatile communication capabilities,
wide bandwidth, and polarization diversity. In the
circular structure, the central ground is surrounded by

Fig. 1. Front and side views of the circular-shaped
grounded monopole antenna.

ACES JOURNAL, Vol. 40, No. 08, August 2025

32 identical patch reflectors to control the radiation
beams. The beam control is achieved through the logical
states of the RF switches, specifically logic 0 and logic
1, which correspond to the on/off states. These antenna
dimensions were chosen by considering many factors
such as the operating frequency of the antenna and the
desired performance characteristics. These dimensions
are provided in Table 1.

Table 1: Design parameters of recommended antenna

Parameter R L r a b
Dimension (mm) | 55 | 188 | 4 | 3.06 | 39.25

1. SWITCHING TECHNIQUE TO PROVIDE
PATTERN RECONFIGURABILITY

The RF switches (BGS 1 2WN6) operate up to 9
GHz. In Fig. 2 (a), the switching network located in
the substrate of the proposed antenna structure is illus-
trated, showing the connection configuration of 32 RF
switches between the reflector and RF ground. Figures 2
(b) and (c) provide detailed connection points for a sin-
gle RF switch. The design of the antenna allows for the
RF current paths in the substrate to change under various
switching conditions, depending on the on/off states of
the RF switches utilized in the antenna design.

The equivalent circuits for the on/off states of the
RF switch used in the proposed antenna structure are
shown in Fig. 2 (d). The equivalent circuit model of
the complete antenna structure is presented in Fig. 2
(e). These models represent the electrical characteris-
tics of the antenna through a simplified circuit model,
which facilitates the analysis of complex antenna struc-
tures. This approach enables a better understanding of
performance, optimizes the design process, and allows
for behavior analysis under different operating condi-
tions. To clarify the derivation of the equivalent circuit
model presented in Fig. 2 (e), the RLC (Resistance (R),
Inductance (L), and Capacitance (C)) component values
were calculated based on the electromagnetic behavior
and geometrical configuration of the antenna’s physical
structure.

The inductance (L) represents the current paths
along the metallic segments of the antenna, and it was
approximated using standard inductance expressions for
microstrip or wire segments, such as:

(Ho-1) 0
(2m)-[In(21/r)—1]°

The capacitance (C) reflects the coupling between
the patch reflectors and the ground plane, and it was esti-
mated using the parallel-plate capacitance model:
(&-&-A)

d )

L~

C= )
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Fig. 2. (a) The switching network located in the substrate of the proposed antenna structure, (b) RF switch connection
diagram, (c) RF switch block diagram, (d) equivalent circuit model of an RF switch in the on/off-state, and (e) electrical

equivalent circuit model of the antenna.

where A denotes the effective coupling area and d the
vertical separation.

The resistance (R) accounts for conductor losses and
is calculated based on the surface resistance R;. The sur-

face resistance is defined as:

1
R; = Wa (3)

where the skin depth § is given by:

This completes the estimation of the RLC parame-
ters based on physical and material properties.

IV. NUMERICAL ANALYSIS FOR THE
PROPOSED ANTENNA STRUCTURE
Figure 3 shows the antenna’s reflection coefficient

IS11| and the table of switching states when the RF
switches are in various switching states. For all switching
states, the antenna appears to have a constant |S; | value
below -10 dB in the 7-7.5 GHz band. The bandwidth of
the antenna structure is 500 MHz.
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Fig. 3. (a) Reflection coefficient of the antenna (|S;;|)
under various switching conditions characteristics and
(b) switching states.

The working principle of the pattern reconfigurable
circular monopole antenna is based on controlling the
far-field radiation patterns in the desired direction by
dynamically regulating the electromagnetic current paths
of the antenna through RF switches. The circular geom-
etry of the antenna consists of multiple segments, which
are turned on and off in certain combinations with the
utilization of RF switches. Combinations of RF switches
modulate the current density and thus the radiation pat-
tern. Depending on the on and off states of the RF
switches, the main lobe is formed in a specific (¢, Q)
direction and ensures that the radiation is limited in that
direction.

Figure 4 presents various switching conditions of the
antenna structure, showing the antenna visuals and sim-
ulated 3D and polar radiation patterns for each switch-
ing condition. The radiation patterns in polar form were
obtained at 7.2 GHz in the 6=45° plane, where maxi-
mum radiation occurs. Across all switching conditions,
maximum radiation is directed toward the 8=45° plane
where the RF switches are closed. This indicates that, by
adjusting the necessary switching conditions, it is possi-
ble to steer the radiation towards the desired direction.

ACES JOURNAL, Vol. 40, No. 08, August 2025

The total electric field pattern corresponding to each
switching state can be generally expressed as:

N
E(6,0) =) S, Fi(6,9), )
n=1

where E(0, @) is total electric field of the antenna con-
sidering to the switching states, S,= [SI, S2, S3, Sn] is
switching state (S,=1 element active, S,=0 element pas-
sive). The radiation function for the antenna structure can
be expressed as:

Fa(0,0) = A, - cos” ()¢ sn(0=45)<ox(@=0n) ()
where A, is amplitude coefficient of the n element, m
determines the magnitude of the main lobe, d,, is a dis-
tance of n element from the antenna center.

The total electric field pattern for the complex radi-
ation function is expressed by:

N
E(0,90)=Y Su- A,-e® £,(0,0)-T(0,2). (7)
n=1

The term I'(0, &) accounts for non-idealities due to
environmental effects and is defined as the sum of three
main contributions:

r(evg):Yg(6a®)+}/m(6’®)+%(67®)7 (8)
where 7,(0,9),Y.(0,9), and %.(0,2), and represent
the ground reflection and surface wave effects, mutual
coupling effects among antenna elements, and reflection
and scattering effects from surrounding objects.

Alternatively, this term can be approximated in a
simplified form:

I(6,0)=1(6,0)-/VOO} )
where 1(6,@) denotes overall attenuation factor (0 <
N < 1)and y(6,) represents the net phase shift from
all effects. We define phase angle as:

P, = k(x,-sinB -cos®+y,sinOsin@ +z,cos0),
2r

k=~ (10)

Finally, the individual radiation pattern of each ele-
ment is defined as:
fn(97®):Gn(67®)Pn(6’®)' (11)
The antenna’s ability to direct radiation toward any
desired point in different switching states enhances the
performance of communication systems, ensures energy
efficiency, and increases system flexibility. Considering
these advantages, this study enables modern communica-
tion systems to operate more effectively and efficiently.
Observing the radiation patterns in various switching
states, it is evident that the antennas can operate in sin-
gle, dual, or multiple radiation modes. A single beam
allows the antenna to focus in a specific direction, facili-
tating high-capacity data transfer with maximum energy.
In dual-beam steering, the antenna radiates in two differ-
ent directions, providing a wide coverage area and reduc-
ing signal interference, which offers significant advan-
tages.
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V. FABRICATION AND EXPERIMENTAL
INVESTIGATION

Fabrication of the antenna was carried out in a
microwave laboratory using the LPKF-E33 CNC-based
printed circuit device shown in Fig. 5 (a). The dielectric
material employed was double-sided copper-clad FR4
dielectric material. The monopole structure was fabri-
cated from copper wire. The top and back layers of the
produced antenna structure are illustrated in Figs. 5 (b)
and (c).

During the simulation phase, the beam steering
capability of the antenna was achieved by controlling
the on/off states of the RF switches. Each RF switch
was positioned between the reflector elements located
around the antenna and the ground plane. The on or off
state of these switches altered the distribution of surface
electromagnetic currents, thereby enabling the formation
of beam modes with different radiation directions. As a
result, the antenna could produce single, dual, or multi-
beam radiation patterns. However, during the fabrication
phase, due to the tiny dimensions of the RF switches
(approximately 0.7x1.1 mm?), it was not feasible to
directly integrate them into the physical antenna struc-
ture. Instead, thin metallic connections were soldered at
specific points to emulate the open or closed states of
the switches. Through this approach, the switching logic
used in the simulation was successfully replicated in the
experimental prototype.

(a) (b) (©)

Fig. 5. Fabricated antenna structure (a) on LPKF, (b) top
view and (c) back view.

|S11| measurements were performed using the Agi-
lent PNA-L vector network analyzer with an operat-
ing frequency range of up to 43.5 GHz, as shown in
Fig. 6 (a). The reflection coefficient and radiation model
measurement setup of the proposed antenna structure
are illustrated in Fig. 6 (b). As shown in the radiation
model measurement setup, a reference horn antenna was
utilized as the receiving antenna, while the fabricated
antenna structure served as the transmitting antenna.
The reflection coefficient plot of the fabricated proposed
antenna structure is presented in Fig. 6 (c) for vari-
ous switching states. The measured variations with fre-
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Transmitter
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(©

Fig. 6. Measurement set up (a) reflection coefficient, (b)
radiation pattern, and (c) measured reflection coefficient
characteristics.

quency for all combinations show a broadband charac-
teristic of the antenna at the 7.2 GHz center frequency.

The measured radiation patterns of the fabricated
antenna are presented together with the simulated ones
for five randomly selected switching states in Fig. 7.
These radiation patterns are almost in good agreement
for all selected switching states. However, there are some
ignorable mismatches which are caused by laboratory
imperfections and using metallic connections in exper-
iments that create insertion loss.

A detailed comparison of the proposed antenna with
recent state-of-the-art designs is presented in Table 2,
highlighting its distinctive advantages in terms of recon-
figurability and design efficiency.

As presented in Table 2, the proposed antenna struc-
ture achieves a 16° beam steering capability at 7.2 GHz
using RF-MEMS switches. Additionally, through vari-
ous combinations of 32 individually switchable reflec-
tor elements, the antenna can generate single, dual, and
multi-beam radiation patterns, which enhance energy
efficiency, coverage area, and interference mitigation.
The most significant distinction of this work from previ-
ous studies lies in the antenna’s ability to precisely steer
the beam toward a desired direction, which is not only
electronically controlled but also mathematically mod-
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Table 2: Literature comparison

Ref. | Switching |Frequency Beam | Reconfig-
Element (GHz) Steering | urability
Range Type
[13] | RE-MEMS 35 16° Pattern
[15] | PIN Diode 6 40° Pattern
[16] | RE-MEMS | 26-30.7 - Frequency
[17] | PIN Diode | 1.57-2 84° Pattern
This | RFE-MEMS 7.2 16° Pattern
Work

elled and validated. This feature significantly improves
the beam steering performance and facilitates integration
into modern wireless communication systems.

VI. CONCLUSION
This study comprehensively examines the signif-
icance and potential of the novel circularly grounded
monopole antenna in wireless communication systems.

The proposed antenna structure designed using RF
switches offers a critical advantage for meeting the
requirements of modern communication systems by
enabling dynamic adjustment of radiation patterns. The
findings indicate that at a frequency of 7.2 GHz, the max-
imum radiation intensity occurs at an 8=45° direction
when all RF switches are in the off position. This demon-
strates the capacity of the proposed antenna to steer radi-
ation toward desired directions by adjusting the switch-
ing conditions.

The antenna, operating in different switching states,
exhibits single, dual, and multi-beam radiation modes,
enhancing communication system performance and
ensuring energy efficiency. The ability to form a single
beam allows the antenna to focus on a specific direction,
offering high data transfer capacity. In contrast, dual-
beam steering provides significant advantages such as
broad coverage and reduced signal interference.

In conclusion, the designed pattern reconfigurable
antenna, with its flexibility, cost-effectiveness, and high
data transmission speed, can significantly improve com-
munication system performance and enhance user expe-
rience. The proposed antenna can be applied in 5G and
6G wireless communication systems and the Internet of
Things. Future research should focus on frequency and
polarization reconfigurability.
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Abstract — To accurately characterize the erosion
phenomenon of the armature in -electromagnetic
railgun launches, a two-dimensional magneto-thermal-
mechanical coupling model for melt-wave was devel-
oped. For the first time, a fully implicit finite volume
method was employed for equation discretization,
and an alternating direction implicit method was used
for coupling calculations to obtain both steady-state
and transient erosion characteristics of the armature.
The results demonstrate that the velocity skin effect
concentrates significant current at the armature tail,
driving the propagation of the melt-wave. The erosion
rate remains constant initially but increases significantly
when variations in electrical conductivity are considered.
After applying an external current, the erosion distance
increases sharply with current amplitude before leveling
off, and changes in the duration of current amplitude
also significantly influence the erosion distance. This
study provides a clear understanding of the armature’s
erosion behavior, offering a solid theoretical foundation
for further research on armature transition phenomenon.

Index Terms — Electromagnetic launcher, erosion depth,
melt-wave, transition, velocity skinning effect.

L. INTRODUCTION

Electromagnetic railgun, a novel launcher that pro-
pels projectiles out of the chamber using the Lorentz
force, holds great promise for both civilian applica-
tions and military advancements [1, 2]. Nevertheless, the
entire launching process occurs in an extremely complex
environment. Besides being affected by pulsed high cur-
rent, under the velocity skinning effect, a large amount of
Joule heat accumulates at the tail of the armature, leading
to thermal melting of the armature [3—5]. As the armature
moves, the ablation spreads towards the head, forming a
melt-wave, which undergoes a transition as it traverses
the armature [6, 7]. Consequently, exploring the melting
characteristics of the armature serves as the foundation
for preventing armature transition.
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Owing to the hazardous experimental environment
and intricate coupling scenarios, numerical simulations
are commonly employed to study melt-wave. In prior
research, Parks integrated the velocity skinning effect
into the study of armature transition and derived an ana-
lytical solution for the melt-wave erosion depth through
two distinct methods, revealing its correlation with the
armature velocity. Parks was the first to introduce the
concept of the melt-wave to predict transition, offer-
ing valuable inspiration for subsequent studies [8]. Ste-
fani respectively utilized the finite difference method and
the finite element analysis software EMAP3D to investi-
gate the one-dimensional melt-wave erosion depth and
proposed a pseudo melting algorithm to simulate abla-
tion [9]. Gong conducted numerical simulations of one-
dimensional, two-dimensional, and three-dimensional
armature melt-wave using the finite difference method
to comprehensively explore the variation patterns of the
melt-wave [10]. Tang discovered that the melt-wave and
electromagnetic force contribute to the armature’s transi-
tion by modeling the three-dimensional melt-wave [11].
Tan et al. [12] and Sun et al. [13] adopted the finite
element method with the Galerkin scheme. Tan et al.
applied the nodal ablation method, while Sun et al. uti-
lized the expanded magnetic boundary method to calcu-
late the erosion rate of the moving armature. The above-
mentioned literature predominantly relies on the finite
difference method and the finite element method. In con-
trast to these two methods, the finite volume method
offers significant advantages, as it can ensure both local
and global energy conservation and directly handle the
fluxes at the control volume boundaries [14, 15].

This paper presents, for the first time, a melt-
wave computational model based on the finite volume
method. By employing the approach of updating the
magnetic field boundary conditions, this model simu-
lates the actual melting process. Moreover, it investigates
the impacts of the velocity skinning effect, initial mag-
netic excitation, and velocity on the erosion distance, tak-
ing into account the temperature dependent conductivity.

https://doi.org/10.13052/2025.ACES.J.400807
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Additionally, the effects of different current waveforms
on armature melting are explored.

II. MODEL CONSTRUCTION AND
NUMERICAL DISCRETIZATION

A. Theoretical model

The two-dimensional electromagnetic railgun model
usually has symmetry, in which copper is selected as the
material for the rail and the armature material is 7075Al,
which slides along the rail in the positive direction of the
x-axis with the velocity v. Therefore, half of the arma-
ture and one side of the rail are selected as the calcula-
tion area, as shown in Fig. 1. In the calculation model,
in order to simplify the calculation, it is assumed that
the armature remains motionless and the rail slides in the
negative direction of the x-axis with the speed v.

20mm

v <—= Rail Smm

Armature Smm

Measuring line

10mm

Fig. 1. Computational model.

The two-dimensional electromagnetic railgun model
typically exhibits symmetry. In this model, copper is cho-
sen as the material for the rail, while the armature is
made from 7075 aluminum. The armature moves along
the rail in the positive direction of the x-axis at a velocity
v. For the purposes of analysis, we focus on half of the
armature and one side of the rail, as illustrated in Fig. 1.
To simplify the calculations, we assume that the armature
remains stationary while the rail moves in the negative
direction of the x-axis at speed v.

B. Discretization of the magnetic diffusion equation

After derivation of Maxwell’s system of equations,
the magnetic diffusion equation for the electromagnetic
launcher can be expressed as [16]:

‘LL)(VX(VXE))ZG<88§+V><((7XB))7 (1)

where 7 is time, U is velocity, o is conductivity, B is mag-
netic induction and U is vacuum permeability.

In this two-dimensional electromagnetic launcher
model, the magnetic induction intensity in the x and
y directions is neglected, and the magnetic permeabil-
ity is assumed to be independent of temperature. Con-
sequently, the magnetic diffusion equations are derived
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separately for the rail and the armature as follows [23]:

1 (J(dB)\ d (9B IB 9B
mm(x<m>+y(ayfy”ax—ar*”

I (9 (9B 9 (dB:\\ 9B
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whereB; and B, represent the magnetic induction in the
z direction experienced by the rail and the armature,
respectively. Additionally, 61 and o, denote the conduc-
tivity of the rail and armature, respectively.

LY
ey
l— y—>

oy

Fig. 2. Finite volume method calculation grid.

The finite volume method partitions the two-
dimensional computational domain of the rail cannon
into control volume units, allowing for the application of
conservation integrals to each unit volume [22]. Figure 2
illustrates the two-dimensional magnetic diffusion con-
trol volume grid, where point P, marked as nodes, cor-
responds to the control volume units. The four nodes
located in the southwest, southeast, northwest, and north-
east regions are represented by the points E, S, W, and N.
The corresponding four unit interfaces are denoted as e,
s, w, and n.

By integrating equation (2), the value of B; at point
P can be further expressed as follows:

741 7
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where D) = 1/y07, A is the area of the control volume
and A, =A,, = Ay, A, = Ay = Ax. Control volume AV =
AxAy. The values at points W, E, N, and § are Bf;_, I
Biiy1 j» BY; j1> and By, ., respectively. Denoting the
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By, j+1» and BY; ;,, respectively, equation (4) becomes:

1i,j At li,j —
A Ay
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DI Bll]+1+D1 VBlij1

The format of the implicit discrete equation that sat-
isfies the heat conduction conditions can be expressed as

oD 2D 3 B, — SR =

follows:

n n—1 n

apBy; ;—a Blz/ a.By; j+aWBli—1,j+ )

b
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ap = dg = Dl Ay

ap = a([)) +ae+ay+ap+as
For the armature, the discretized result is given by:
0 _ Axhy
p At
e = Oy = D2%7an =ds =
ap = ag +a.+a,+a,+a

a
ngﬂy . (8)

C. Discretization of the heat conduction equation
The heat conduction equation derived from Fourier’s
law can be formulated as follows:

K(Vx(VX?))zpc<é§+VX(l7x?)>—ﬁ,
(€))

where kis thermal conductivity, 7" is temperature, p is
density, and c is specific heat. J can be expressed as:
\/m 1 8B 1 0B
Y Ho 8y o Ox
The heat transfer equations for the armature and the
rail can be expressed as follows:

K (9(91) 0 (1)), 90 K _on
pict \ x \ odx y \ dy ox o ot~
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Let K; = k;/pic;i. The discretized heat conduction
equations for the rail and the armature can be formulated
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D. Boundary conditions and simulation methods
Once the external current is applied, the magnetic
fields produced by the two rails counteract each other
due to their opposing current directions. In regions where
the armature does not extend, no current flows, resulting
in a magnetic induction intensity of 0. Within the arma-
ture, the current predominantly flows along the shortest
path between the two rails, concentrating at the arma-
ture’s tail. To prevent sudden changes in the magnetic
field gradient for the rails that the current has traversed,
the boundary conditions for the armature’s magnetic field
are established as depicted in Fig. 3. Regarding the tem-
perature field, it is assumed that, initially, the tempera-
ture distribution within the armature is uniform at 300K,
representing room temperature. It is further specified
that all heat dissipates solely through internal conduction
and not through the boundaries. Additionally, the normal
temperature gradient along all edges is set to 0 [25].
The erosion treatment of the armature involves
phase transformation, with the current focusing on the
armature tail. This leads to a rapid temperature increase,
causing the material to start melting upon reaching its
melting point. Once the temperature surpasses the melt-
ing point it stabilizes, and any additional heat absorbed
is stored. Upon reaching the latent heat of melting, the
phase transition concludes, signifying the transformation
of the armature into a liquid state. Following exposure
to electromagnetic force, the liquid component separates
from the solid armature. When the armature on the grid
completely melts, assuming the molten metal separates
entirely from the armature due to the high-speed arma-
ture action, the armature and the rail lose contact. The
space between them is considered as air, with no current
passing through the armature, resulting in a current den-
sity of zero. Consequently, the magnetic field boundary
condition is then updated to reflect the unmelted region.

Fig. 3. Setting of magnetic field boundary conditions.

The model is partitioned into 0.1 mm square grids
with a time step of 0.1us. The magnetic field boundary
is updated using a method to simulate liquid armature
separation, and the melt-wave calculation is conducted
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using MATLAB. The calculation process is illustrated in
Fig. 4. By discretizing the magnetic diffusion and heat
conduction equations for the armature and rail, these
are transformed into linear equations. To calculate the
steady melt-wave, initial parameters are set, maintaining
the initial magnetic excitation or velocity while varying
another parameter to solve for armature and rail temper-
atures. For the transient melt-wave calculation, the cur-
rent output of each time step is computed to determine
the motion characteristics and magnetic field excitation
of the armature at that point. Subsequently, the magnetic
field and temperature distributions are resolved using the
finite volume method.

III. CALCULATIONS AND ANALYSIS
A. Calculation of steady state melt-wave

The magnetic induction intensity distribution of the
armature and rail is primarily influenced by the initial
magnetic field excitation and the speed of the armature,
as evident from equation (1) and Fig. 3. These factors
significantly impact the current density. Current density,
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as indicated in equation (9), plays a crucial role in alter-
ing the temperature distribution [24]. Therefore, it is
essential to investigate the correlation between magnetic
field excitation, armature speed, and the melt-wave. This
study examines the impact of the velocity skin effect on
the melt-wave and analyzes the temperature distribution
of the armature with and without velocity. The erosion
distance at various time points is investigated consid-
ering the influence of temperature on conductivity and
compared to that under constant conductivity. The entire
investigation is conducted based on By = 32T.

Figure 5 (a) illustrates the progression of melt-waves
at time intervals of 0.1 ms, 0.3 ms, and 0.5 ms with the
armature speed set at 0. Initially, elevated temperatures
are primarily localized at the region where the armature
tail interfaces with the track. Over time, the melt-wave
gradually extends towards the armature head, albeit at
a relatively sluggish pace. The temperature distribution
adjacent to the armature tail exhibits a wave-like pattern,
diminishing towards the outer regions of the orbit.

Figure 5 (b) illustrates the propagation of melt-
waves at various time points with an armature veloc-
ity of 100 m/s. In comparison to stationary armature,
the melt-wave exhibits a notably broader spread over
time, with armature erosion reaching 0.53 mm at 0.5 ms,
whereas, at velocity, the armature erosion region forms
a triangular shape, with erosion extending only to 0.13
mm at 0.5 ms. The advancement of the melt-wave at
100 m/s towards the armature head resembles a knife-
like progression. This phenomenon is attributed to the
speed skin effect, as depicted in Fig. 6. The rapid motion
of the armature results in current concentration at the
armature tail, leading to accelerated temperature rise and
increased armature melting speed, thereby propelling the
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Fig. 5. Comparison of melt-wave: (a) Distribution of
melt-waves when the armature is at rest and (b) Distri-
bution of melt-waves at an armature speed of 100 m/s.
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Fig. 6. Comparison of current density: (a) Distribution of
melt-waves when the armature is at rest and (b) Distribu-
tion of melt-waves at an armature speed of 100 m/s.

melt-wave towards the armature head. Consequently, the
temperature distribution along the trajectory gradually
decreases as the armature moves, eventually approach-
ing room temperature (300K) at the conclusion of the
melt-wave.

Figure 7 displays the conductivity-temperature pro-
files of 7075Al and copper, derived through data fitting
based on literature [17]. Subsequently, Fig. 8 illustrates
the propagation of the melt-wave at a velocity of 100 m/s
corresponding to the conductivity alteration. The erosion
rate is observed to be higher when conductivity changes,
primarily attributed to the conductivity variation accel-
erating magnetic diffusion. The temporal evolution of
magnetic induction intensity along the measurement line
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Fig. 7. Conductivity-temperature curve.
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Fig. 8. Melt-wave distribution of conductivity change at
armature speed 100 m/s.

is depicted in Fig. 9. Notably, under identical conditions,
the magnetic induction intensity is greater with conduc-
tivity variation compared to its absence, with the impact
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Fig. 9. Magnetic flux density distribution along the mea-
surement line under different conditions.



of conductivity alteration on magnetic diffusion intensi-
fying over time.

Table 1 displays the erosion rates calculated by the
model in this study using mesh sizes of 0.05 mm and
0.1 mm, respectively, in comparison with findings from
the literature [8, 11, 13, 18]. When v=100 m/s, the ero-
sion velocities calculated by the two mesh sizes are iden-
tical. In the remaining scenarios, the erosion velocity
discrepancy is a mere 0.1 mm. Given that the 0.1 mm
mesh provides sufficient calculation accuracy while con-
serving computational resources, the results align with
those of Parks and other researchers, falling within a
reasonable range. Consequently, the proposed finite vol-
ume method for melting wave calculation in this study is
deemed viable.

Figure 10 illustrates the correlation between melt-
wave erosion depth and time under various conditions.
The graph demonstrates a linear increase in erosion
depth over time, with a consistent slope representing ero-

Table 1: Comparison of erosion distances
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sion velocity. This observation aligns with Parks’ con-
clusion in the literature [18, 19] that the erosion velocity
formula v, = p1ul*v/pr®?E,, is time-independent.

Figure 11 illustrates a non-linear variation in erosion
depth in relation to the external magnetic field excita-
tion at v, = 150 m/s. An increase in magnetic excitation
results in a deeper penetration of the melting wave into
the armature head, leading to a larger growth amplitude.
The erosion distance discrepancy between conductivity
change and constancy is merely 0.1 mm at By = 20T,
whereas it escalates to 2.8 mm at By = 40T.

Figure 12 illustrates the impact of armature speed
on erosion depth at By = 40T. An increase in arma-
ture speed results in a corresponding increase in ero-
sion depth; however, this escalation gradually dimin-
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Fig. 11. Erosion distance in different magnetic fields.
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ishes. With higher velocities, the disparity in melting
distances between the two conditions remains relatively
constant.

B. Calculation of transient melt-wave

During the actual firing process, the armature is
driven by a pulsed high current, which can be expressed
as follows [20]:

Ipsin(mt /(2t1)), t <t

I= {]Oe—(f(—fl)//(tz7 ) t>n " (16)

Given I = 0.3MA, 1| = 0.4 ms, r, = 0.6 ms, and

the inductance gradient is L= 0.5uH/m, the electromag-

netic force F, velocity v, and the displacement / on the
armature in motion can be expressed as follows [21]:

F =0.5LI7, 17)
2

v= O'Sidt, (18)

lz/vdt. (19)

During the launching process, the initial excitation
of the magnetic field and the speed of the armature are
dictated by the external input current. Figure 13 illus-
trates the correlation between the external current, arma-
ture motion parameters, and time.

Figure 14 depicts the temporal evolution of armature
temperature distribution at critical time instants (0.2 ms,
0.36 ms, and 0.8 ms) post current initiation. At the ini-
tial phase (¢t = 0.2 ms) corresponding to armature accel-
eration onset, the measured maximum localized temper-
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Fig. 13. Current and armature motion parameter curves:
(a) External pulse high current waveform, (b) Electro-
magnetic force curve on the armature, (c) Armature
speed curve, and (d) Armature displacement curve.

ACES JOURNAL, Vol. 40, No. 08, August 2025

0 107 Temperature distribution in the armature region

-

2

¥ (m)

-3

-4

-5
0.01 0.011 0012 0.013 0014 0015 0016 0.017 0018 0.019 0.02
X (m)

0 107 Temperature distribution in the armature region

800
-

700
-2
600

¥ (m)

-3
500

-4

-5
0.01 0011 0012 0013 0014 0015 0016 0017 0018 0019 0.02
X (m)

0 107 Temperature distribution in the armature region

800
-

700
-2

¥ (m)

600

-3
500

-4

-5
0.01 0011 0012 0013 0014 0015 0016 0017 0018 0019 0.02
X (m)

Fig. 14. Distribution of armature melt-waves at different
moments after current connection.

ature reaches 401K, remaining substantially below the
bulk material’s melting threshold. The subsequent ther-
momechanical response reveals surface degradation ini-
tiation at ¢ = 0.36 ms, characterized by incipient phase-
change phenomena. Progressive joule heating culminates
in a solidified melt-wave penetration depth of 1.5 mm at
t = 0.8 ms, demonstrating time-dependent electrother-
mal coupling effects.

This study investigates the influence of external
current on melt-wave behavior by systematically vary-
ing the peak current magnitude and its temporal pro-
file. Figure 15 presents the time-dependent depth of ero-
sion evolution for currents of 0.24MA, 0.30MA, and
0.36MA. As shown in Fig. 13 (a), the current ini-
tially increases before gradually decaying. Correspond-
ingly, the melt depth in Fig. 15 exhibits an initial
growth phase followed by stabilization after 1 ms, result-
ing from a dynamic equilibrium between increasing
armature velocity and decreasing current density. Post-
stabilization depth of erosion stabilizes at 0.5 mm, 1.7
mm, and 3.2 mm for 0.24MA, 0.30MA, and 0.36MA,



respectively, indicating significant suppression of ther-
mal erosion with current reduction. However, excessive
current reduction compromises armature muzzle veloc-
ity, limiting practical applicability. Comparison with lit-
erature [13] confirms consistent temporal trends and
maximum depth of erosion (1.7 mm) at 0.30MA, vali-
dating the experimental methodology.

The concurrent increase in current and arma-
ture velocity synergistically enhances thermal erosion.
Figure 16 demonstrates that shorter armature accel-
eration durations correlate with earlier erosion initia-
tion and reduced stabilization distances. This correlation
arises because rapid current rise rates intensify instan-
taneous joule heating, accelerating phase-change pro-
cesses. As evidenced in Fig. 15, an optimization strategy
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involves elevating current amplitude while compressing
rise time to minimize melt formation without compro-
mising armature launch precision. This approach lever-
ages the competing effects of enhanced electromagnetic
propulsion and reduced thermal exposure duration.

IV. CONCLUSION

The penetration of the melt-wave through the arma-
ture surface creates a significant gap between the arma-
ture and the rail, leading to armature transition. There-
fore, this paper proposes, for the first time, a two-
dimensional numerical model of the melt-wave in elec-
tromagnetic railgun launches based on the finite volume
method. By comparing the results with those from four
previous studies, the model demonstrates consistency,
confirming the applicability of the finite volume method
for investigating armature characteristics in electromag-
netic railgun systems.

Steady-state calculations of the melt-wave reveal
that high temperatures initially concentrate at the arma-
ture tail and propagate toward the head, driven by the
velocity skin effect. Under constant conditions, the ero-
sion distance increases linearly over time. When consid-
ering the temperature dependence of electrical conduc-
tivity, the erosion distance increases more significantly.
Additionally, increases in initial magnetic excitation and
armature velocity also lead to greater erosion distances.

Upon applying an external current, changes in ini-
tial magnetic excitation and armature velocity are deter-
mined by the current waveform. As the launch time
increases, the erosion distance initially rises sharply
before stabilizing. Reducing the current rise time or mag-
nitude effectively inhibits the progression of erosion.

This study provides a theoretical foundation for
improving the launch lifespan of electromagnetic rail-
guns. To better approximate real-world launch condi-
tions, future research should consider the effects of non-
ideal contact on armature melting.
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Abstract — Traditional GNSS/INS (Global Navigation
Satellite Systems/Inertial Navigation Systems) coupled
navigation algorithms often struggle with accuracy in
GNSS-denied or challenging environments. This paper
introduces a novel adaptive fusion algorithm leverag-
ing an Adaptive Neuro-Fuzzy Inference System (ANFIS)
that dynamically adjusts sensor weightings based on
real-time signal quality and system performance. The
core innovation lies in the real-time integration of fuzzy
logic and neural network learning, enabling the sys-
tem to continuously adapt and optimize its decision-
making rules for navigation accuracy. A comprehensive,
dynamic error source model is constructed incorporat-
ing GNSS atmospheric delays, orbit errors, and INS
drift to enhance the learning-driven weight adjustment
mechanism. The resulting ANFIS-based fusion strategy
shows significant superiority over traditional Kalman-
based methods, achieving over 90% robustness across
harsh scenarios with an average execution time of 0.69
seconds, demonstrating improved adaptability, learning
capability, and fault resilience in dynamic environments.

Index Terms — Adaptive neuro-fuzzy inference system,
data fusion, GNSS/INS coupled navigation, signal loss,
system robustness.

L. INTRODUCTION

GNSS (Global Navigation Satellite Systems) and
INS (Inertial Navigation Systems) are widely used in
modern navigation technology, especially in autonomous
driving, aerospace, and drones. GNSS provides global
positioning information but is limited by signal shield-
ing, multipath effects, and atmospheric delays, especially
in environments such as high-rise buildings and tun-
nels in cities, which can easily lead to positioning errors
or signal loss. INS provides high-frequency dynamic
positioning through inertial sensors (accelerometers and
gyroscopes), but its errors accumulate over time, grad-
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ually decreasing accuracy. GNSS/INS (Global Naviga-
tion Satellite Systems/Inertial Navigation Systems) cou-
pled navigation technology came into being to overcome
the shortcomings of GNSS and INS. EGNSS refers to
the European Global Navigation Satellite System, devel-
oped by the European Union and primarily represented
by the Galileo program. It complements other systems
like GPS to improve positioning accuracy and reliabil-
ity, especially in Europe. Traditional methods such as
Kalman filtering have poor robustness in harsh environ-
ments and achieving high-precision and stable naviga-
tion is difficult.

Many researchers have applied different optimiza-
tion schemes in response to the challenges of GNSS/INS
coupled navigation technology. Abdolkarimi and Mosavi
[1] proposed an improved neuro-fuzzy system to han-
dle the prediction of INS positioning errors during
long-term GPS outages. Cong et al. [2] found that the
random error characteristics of inertial sensors and the
instability caused by GNSS signal interruption threaten
MEMS-based GNSS/INS vehicle navigation systems
and improved positioning accuracy through the data
fusion method of support vector machines. Traditional
extended Kalman filters (EKF) and unscented Kalman
filters (UKF) have been widely used in GNSS and INS
data fusion. Traditional GNSS/INS fusion methods like
EKF and UKF struggle in complex environments such
as tunnels and urban canyons due to their poor robust-
ness under GNSS signal degradation or loss [3-5]. Their
reliance on linearity and Gaussian noise assumptions
limits effectiveness in nonlinear and noisy real-world
conditions. Fixed parameters also reduce adaptability to
dynamic changes [6]. Moreover, cumulative INS errors,
particularly drift, remain uncorrected during GNSS out-
ages [7]. Conventional models cannot effectively address
nonlinear errors like multipath and atmospheric dis-
turbances [8]. Even fuzzy logic and machine learning
approaches often lack sufficient real-time adaptability in
dynamic scenarios.

https://doi.org/10.13052/2025.ACES.J.400808
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Given the limitations of traditional GNSS/INS data
fusion methods, the research community has been com-
mitted to exploring the fusion application of advanced
technologies such as fuzzy logic and neural networks
in recent years. Neural networks have significant advan-
tages in dealing with complex nonlinear problems, while
fuzzy logic can effectively deal with system uncer-
tainty. Early research shows that fuzzy inference systems
can improve robustness by adapting GNSS/INS fusion
weights [9—10]. However, most of these studies are based
on static models for analysis and research, and many also
face difficulties: lack of real-time adaptability and diffi-
culty adapting to complex and changeable dynamic envi-
ronments [11].

This study uses the GNSS/INS coupled naviga-
tion algorithm of Adaptive Neuro-Fuzzy Inference Sys-
tems (ANFIS) to integrate the adaptive characteris-
tics of fuzzy logic and the learning ability of neural
networks to achieve the function of quickly respond-
ing to environmental changes. Enhancing ANFIS for
GNSS/INS navigation involves integrating electromag-
netic signal propagation models that account for diffrac-
tion, reflection, refraction, and attenuation in complex
environments. These models provide key variables like
multipath effects, signal delays, and local electromag-
netic field variations, which can be used as inputs for
ANFIS. By including these propagation-aware param-
eters, ANFIS can more accurately detect signal degra-
dation and distinguish between different types of errors.
This allows for proactive adjustment of GNSS and INS
weightings in the fusion process, maintaining accuracy
even during signal obstruction or interference. Real-time
implementation can utilize ray-tracing, urban environ-
ment maps, or machine learning-based estimators. Over-
all, this integration boosts robustness, precision, and
adaptability of the navigation system in dynamic and
harsh conditions.

This paper introduces a GNSS/INS coupled navi-
gation algorithm using ANFIS, which integrates fuzzy
logic and neural networks to handle nonlinear and uncer-
tain environments. It achieves real-time data fusion
and dynamic weight adjustment based on environmen-
tal conditions, enhancing accuracy and robustness. The
approach models and corrects complex error sources
such as signal loss, sensor drift, and atmospheric interfer-
ence. With an average runtime of just 0.69 seconds, the
algorithm meets high-performance computing demands.
Its robust design parallels advanced numerical model-
ing in mechanics and offers transferable values across
domains. Applications include autonomous navigation,
structural monitoring, and real-time system control. By
constructing a precise error source model and design-
ing an adaptive data fusion strategy and dynamic adjust-
ment mechanism, the efficient fusion of GNSS and INS
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data is completed. Particularly when the GNSS signal
is unstable or interrupted, ANFIS can instantly adjust
the INS weight to ensure system continuity and accu-
racy [12]. Experimental results show that the algorithm
has a robustness of over 90% in various harsh environ-
ments and a running time of 0.69 seconds. Compared
with traditional algorithms, its performance is signifi-
cantly improved, overcoming the robustness challenge in
complex environments.

Traditional GNSS/INS-enabled navigation systems
struggle to maintain accuracy and resilience in complex
and difficult environments such as urban canyons, tun-
nels, and signal interference or multipath zones. GNSS
suffers from signal loss and degradation, whereas INS
errors build over time. Because of their linear assump-
tions and set parameter configurations, traditional data
fusion approaches such as UKF and EKF lack adaptabil-
ity and robustness in such environments. Furthermore,
current intelligent technologies, such as static fuzzy logic
and neural network models, frequently fail to respond in
real time to dynamic environmental changes.

This paper proposes a novel GNSS/INS coupled
navigation algorithm based on ANFIS. The main con-
tributions include:

1. Developing a comprehensive GNSS/INS error
model accounting for GNSS signal degradation
(e.g., atmospheric delay, multipath) and INS drift
and bias.

2. Designing an adaptive neuro-fuzzy system combin-
ing fuzzy logic and neural networks to dynamically
adjust GNSS/INS data fusion.

3. Implementing a strategy to automatically shift
reliance between GNSS and INS based on signal
quality and environmental changes.

4. Achieving over 90% robustness and maintaining
low positioning errors even under signal loss, inter-
ference, and multipath effects.

5. Demonstrating fast processing with an average run-
ning time of 0.69 seconds, outperforming EKF and
UKF methods in both speed and accuracy.

The primary aim of this study is to develop a
robust, high-precision, real-time adaptive GNSS/INS
coupled navigation system by leveraging the capabilities
of ANFIS. This system is intended to overcome the limi-
tations of traditional fusion methods and provide reliable
navigation performance under dynamic and harsh envi-
ronmental conditions.

II. RELATED WORK
Wau [13] enhanced a GPS/INS ultra-tightly-coupled
system using a neural-fuzzy adaptive Kalman filter,
where a fuzzy controller adjusts measurement noise
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based on innovations and a neural network optimizes its
parameters. This ANFIS-based approach improves accu-
racy and robustness in dynamic noise conditions, sup-
porting reliable GNSS/INS navigation. Lai et al. [14]
addressed high uncertainty in tightly-coupled GNSS/INS
systems using an adaptive fuzzy neural network-aided
progressive Gaussian filter. They jointly estimated step
size and measurement noise via a variational Bayesian
approach. A fuzzy algorithm adapted measurement
noise, while a neural network refined state error covari-
ance. This formed an ANFIS-based filtering framework.
The approach improved estimation robustness and accu-
racy. Experiments showed superior performance over
existing filters.

Yue et al. [15] developed a robust GNSS/INS nav-
igation algorithm for urban and GNSS-denied environ-
ments. A two-tier fusion scheme was used to enhance
accuracy. SVR-AKF adaptively fuses GNSS and INS
data by tuning Kalman filter parameters, ANFIS mod-
els and corrects INS drift during GNSS outages. This
approach effectively handled sensor nonlinearities and
uncertainties. Road tests confirmed improved position-
ing performance.

Wang et al. [16] used a centralized Kalman fil-
ter with loose coupling for efficient GNSS/INS integra-
tion. Feedback correction maintained accuracy over long
durations. The system is simple, reliable, and suitable for
low-power UAVs. It offers a solid baseline for intelli-
gent methods like ANFIS. ANFIS can adapt to nonlinear
errors and improve performance in dynamic conditions.
This foundation supports the development of an adaptive
neuro-fuzzy navigation algorithm.

Mahdi et al. [17] proposed a system integrating
RISS with GNSS using ANFIS for accurate navigation in
GNSS-degraded areas. ANFIS calibrated sensor errors,
enhancing reliability during outages. It outperformed tra-
ditional methods in 2D RMSE and maximum error. Real-
world tests confirmed its robustness. The method is scal-
able to low-cost IMUs. This makes it suitable for diverse
navigation applications.

Wang et al. [18] addressed GNSS/INS integration
challenges using tight coupling, non-holonomic con-
straints, and outlier rejection to enhance robustness and
accuracy. These methods are effective during GNSS out-
ages and sensor drift. ANFIS can further improve this by
learning nonlinear system behaviors and adapting in real-
time. Its data-driven approach outperforms traditional fil-
ters in dynamic conditions. Thus, Wang et al. provided a
strong foundation for integrating ANFIS into navigation
algorithms.

Gudivaka and Thanjaivadivel [19] presented an [oT-
based adaptive signal processing framework to enhance
robotic navigation through intelligent sensor fusion.
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Their adaptive fusion strategy is leveraged in this
research by integrating GNSS and INS data using ANFIS
to handle nonlinearities and sensor drift. This integration
improves navigation accuracy, robustness to signal loss,
and adaptability in dynamic environments.

Sun et al. [20] demonstrated effective GNSS/
compass fusion using ANFIS for real-time vehicle posi-
tioning and car-following status detection. The method
accurately interpreted dynamic parameters with a low
false alarm rate. This parallels GNSS/INS integration,
where INS can enhance state estimation. ANFIS proved
capable of handling nonlinear, uncertain sensor data.
Their results validated the feasibility of real-time intel-
ligent inference. This supports the development of an
ANFIS-based GNSS/INS navigation algorithm.

The MCPP method by Zhao and Yang [21] supports
ANFIS-based GNSS/INS design by providing satellite
fault probabilities as adaptive inputs. These enhance
ANFIS’s ability to model nonlinear errors and handle
GNSS faults. Both aim to improve urban positioning
accuracy. MCPP’s probabilistic approach complements
ANFIS’s fuzzy logic, avoiding fixed thresholds. Its use
in tightly-coupled systems ensures compatibility. Real-
world tests validate its effectiveness for intelligent navi-
gation fusion.

Jwo et al. [22] highlighted the importance of
GNSS/INS integration for robust navigation in GNSS-
denied environments. They emphasize Al methods, par-
ticularly ANNs, for modeling without detailed physi-
cal system knowledge. Their support for ANN-based
fusion aligns with the shift toward intelligent systems
like ANFIS. ANFIS combines neural learning with
fuzzy logic for adaptive performance. The study’s focus
on performance evaluation supports assessing ANFIS-
based models. Overall, their findings justify developing
advanced GNSS/INS fusion algorithms using ANFIS.
The work by Wu et al. [23] enhances GNSS/INS integra-
tion using adaptive deep learning to correct INS errors
from nonlinear noise. It reflects ANFIS principles by
modeling without strict noise assumptions and combin-
ing learning with filtering for interpretability. The model
emphasizes efficiency and generalization. Experimental
results under GNSS loss show significant accuracy gains,
supporting ANFIS-based adaptive navigation algorithm
design.

Zhang and Wang [24] proposed the DGP-MLP
method to enhance GNSS/INS navigation during out-
ages, aligning with ANFIS-based approaches. Their
hybrid model supports the integration of fuzzy logic
and learning, with adaptive training strategies similar to
ANFIS tuning. Using past GNSS data for prediction also
informs ANFIS input design. Real-world results validate
its effectiveness, supporting the development of ANFIS-
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Table 1: Comparative analysis of ANFIS-based GNSS/INS integration methods

Reference Method Advantage Limitation
Wu [13] Neural-fuzzy adaptive Adapts to dynamic noise; Complex tuning; not
Kalman filter with ANFIS |improves accuracy and robustness real-time

Lai et al. [14]

ANFIS + progressive
Gaussian filter + variational
Bayes

Joint estimation of step size and
noise; high robustness

Computationally heavy

Yue et al. [15]

SVR-AKF + ANFIS to
model INS drift

Robust in urban/GNSS-denied
areas; two-level fusion

SVR may not generalize well

Wang et al. [16]

Centralized Kalman filter
(loose coupling) with
ANFIS potential

Low-power, simple system;
suitable for UAVs

Loose coupling limits
integration accuracy

Mahdi et al. [17]

RISS-GNSS-ANFIS
integration

High accuracy in degraded areas;
scalable to low-cost IMUs

Focused on 2D; needs
expansion to 3D/6DOF

Wang et al. [18]

Tight coupling +
non-holonomic constraints

Resilient to sensor drift and

Relies heavily on constraints

+ outlier rejection GNSS loss and threshold tuning
Gudivaka & ToT-based ANFIS sensor Adaptive to environment; robust | Limited to robotics context;
Thanjaivadivel [19] fusion for robots to drift generalization may vary

Real-time, low false alarms;

Less applicable to full

Sunetal. [20] GNSS/Compass + ANFIS dynamic adaptation GNSS/INS integration
Probabilistic satellite fault May need high computational
Zhao & Yang [21] MCPP + ANFIS handling; better error modeling load for MCPP
Jwo et al. [22] ANN fusion framework Supports learning without system Lacks interpretability;
model ANN-only

Wu et al. [23]

Adaptive deep learning for
INS correction

Generalizable, interpretable; no
strict noise assumptions

Deep models may overfit or
need large data

Zhang & Wang DGP-MLP hybrid; uses Supports ANFIS input design; Not inherently real-time
[24] GNSS history + fuzzy logic real-world tested ANFIS
_ . LSTM training is
Guo & Tu [25] LSTM + EMD/Wavelet + Predlcnve. during GNSS time-intensive; sensitive to
EKF outage; interpretable outliers
based navigation systems. Guo and Tu [25] used LSTM III. SYSTEM DESIGN AND
to predict pseudo-GNSS data during outages from IMU IMPLEMENATION
and INS inputs, a role ANFIS can also fulfill. EMD A. Problem modeling and error sources

and wavelet filtering improve data quality. ANFIS offers
interpretable, adaptive learning. Like LSTM, it trains
with GNSS and predicts during loss. EKF fuses pre-
dictions to correct INS drift, supporting ANFIS-based
GNSS/INS design.

Table 2 provides a comparative overview of recent
research efforts integrating ANFIS into GNSS/INS nav-
igation algorithms. It summarizes each study’s method-
ology, highlights the key advantages that ANFIS brings
(such as improved robustness, adaptability, and accuracy
in complex or GNSS-denied environments) and outlines
the main limitations or challenges faced, including com-
putational complexity, tuning difficulty, and real-time
adaptability. This comparison helps to identify strengths
and gaps in current approaches, guiding future develop-
ments in intelligent navigation systems.

1. GNSS error model

GNSS signal errors mainly come from atmospheric
delay, satellite orbit error, multipath effect, and signal
shielding. Traditional GN'SS/INS fusion navigation often
simplifies GNSS errors into white or Gaussian noise
while ignoring the uncertainty in the actual environ-
ment. Especially under multipath and shielding condi-
tions, the navigation positioning accuracy is significantly
reduced. To more accurately describe GNSS errors, this
study constructs a dynamic error model, which com-
prehensively considers the influence of satellite geom-
etry, multipath effect, and environmental shielding. By
applying satellite geometry error, shielding condition,
and reflected signal strength as input, a dynamic weight
adjustment strategy is adopted to achieve real-time error
estimation and correction. In response to multipath or
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shielding problems, this study combines satellite orbit
and position error models for further optimization to
improve positioning accuracy in complex environments:
Egnss = o-AO+-ASNR+y-Multipath

+ &-Blockage-+€. )
Egnss is the GNSS positioning error in meters (m). A6
is the satellite geometric error, indicating the change in
the satellite geometric structure, which is usually related
to the number and position of satellites. ASNR is the
signal strength change, the signal-to-noise ratio change.
Multipath is the multipath effect, which indicates the
error caused by signal reflection or refraction. Block-
age is the signal occlusion, indicating environmental fac-
tors’ impact on signal reception. € is random noise or
other unmodeled error sources. o, 3,7, and 0 are weight
factors which indicate the contribution of different error
sources to the positioning error.

2. INS error model

The main sources of error in the INS system include
sensor offset, zero drift, calibration error, and inertial
integration error, especially the drift problem of the
accelerometer and gyroscope. Since the error of INS is
cumulative, the error gradually amplifies during long-
term operation, affecting the system’s accuracy. This
study analyzes the noise characteristics of INS sen-
sors and constructs the error propagation model of the
accelerometer and gyroscope. The Kalman filter frame-
work is used to dynamically correct INS’s zero drift and
sensor offset. For the drift error of the accelerometer
and gyroscope, the study applies an adaptive calibration
method based on real-time sensor feedback and model
prediction, continuously correcting the error gain dur-
ing the navigation process, thereby reducing the cumu-
lative error of INS. Further, through the periodic correc-
tion of inertial data and the dynamic optimization of the
error gain matrix, the accuracy stability of INS in long-
term operation is enhanced, ensuring that it can provide
relatively accurate positioning information even without
GNSS support. The error gain update equation is:

1 n
Kadapl = I ; (eie;'r) ’ 2

where K,qap is the adaptive error gain, e; is the error at
the first moment, A4 is the forgetting factor.

To solve the problem of GNSS and INS error cou-
pling, a comprehensive error source model is constructed
and integrates the geometric, multipath, and occlusion
errors of GNSS and the drift and integral errors of INS.
Through in-depth analysis of the error characteristics,
fuzzy logic is used to dynamically allocate the weights
of each error source. When the GNSS signal quality
decreases, the system intelligently increases the INS
weight to stabilize positioning. When the signal is stable,
the GNSS weight is strengthened to improve accuracy.
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The model optimizes data fusion based on the real-time
transmitted data and environmental factors to complete
the real-time correction of error source parameters.

B. ANFIS architecture design
1. Fuzzy logic and neural network

The fuzzy logic component of ANFIS is specifi-
cally designed to handle the uncertainty factors in the
GNSS/INS fusion process. It first converts the two con-
tinuously changing indicators (GNSS signal quality and
INS error) into fuzzy sets through membership functions.
The system derives the corresponding weight adjustment
factor and error correction amount using the IF-THEN
fuzzy inference mechanism. Next, using a fuzzy rule
base, the system flexibly adjusts the weight allocation
between GNSS and INS based on the current signal qual-
ity and error characteristics. This mechanism ensures
that, when the GNSS signal is unstable or missing, the
system can maintain highly accurate and stable position-
ing performance by augmenting the INS.

The neural network in the ANFIS system concen-
trates on optimizing the rules and parameters of the affil-
iation function in fuzzy logic to enhance the system’s
ability to adapt to the dynamic environment. The system
accurately adjusts the center value and width of the affil-
iation function. It optimizes the weights and bias param-
eters to minimize the error using the feed-forward neu-
ral network structure and the backpropagation algorithm.
Even in extreme cases, such as high occlusion of the
GNSS signal, the system still maintains a stable and reli-
able performance. The process is displayed in Fig. 1.

Fuzzy logic and neural networks enhance the error
source model for GNSS/INS integration via the ANFIS.
ANFIS effectively models GNSS errors like atmospheric
delay, multipath effects, and signal blockage as well as
INS errors, including sensor drift. Fuzzy logic addresses
uncertainty and nonlinearity by assigning weights based
on signal and environmental conditions, while neu-
ral networks optimize fuzzy membership functions and
rules through learning. Fuzzy logic transforms real-time
variables such as GNSS signal quality into fuzzy sets and
utilizes IF-THEN rules for weight allocation between
GNSS and INS, ensuring stable navigation. The neural
network component refines fuzzy rules using backpropa-
gation and gradient descent, allowing adaptation to real-
time changes. ANFIS dynamically adjusts weightings,
improving navigation accuracy and system robustness,
achieving over 90% reliability with a 0.69-second aver-
age response time.

2. ANFIS model training and optimization

ANFIS uses supervised learning combined with
the gradient descent method and backpropagation algo-
rithm to optimize the neural network’s fuzzy rules and
various parameters. IF-THEN logic statements used in
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Fig. 1. ANFIS process in the GNSS/INS coupled navigation system.

fuzzy systems to handle uncertainty. They enable adap-
tive decision-making in GNSS/INS systems by adjust-
ing weights based on conditions like signal quality.
In the training process, the backpropagation algorithm
minimizes the prediction error. It gradually adjusts the
weight of the neural network to optimize the mem-
bership function parameters in the fuzzy rule base. At
the same time, the output weight in the fuzzy reason-
ing process is adjusted by the gradient descent method
to improve the data fusion strategy. Through multiple
training cycles, the model gradually adapts to differ-
ent environmental changes, adjusts the fusion ratio of
GNSS and INS in real-time, enhances the role of INS
when the GNSS signal is unstable, and strengthens the
weight of GNSS when the GNSS signal is strong, ensur-
ing that the system always maintains the best naviga-
tion accuracy. Finally, the trained ANFIS model auto-
matically adjusts and optimizes the data fusion strat-
egy in various environments, improving the accuracy
and robustness of the GNSS/INS coupled navigation
system. The ANFIS model utilizes supervised learning,
merging gradient descent and backpropagation to refine
fuzzy rules and network parameters. The backpropaga-
tion algorithm minimizes prediction errors by adjusting
neural network weights, enhancing membership func-
tion parameters. Simultaneously, output weights in the
fuzzy inference process are updated via gradient descent
to improve data fusion. Through repeated training, the
model adapts to environmental changes, adjusting the
GNSS and INS fusion ratio. It increases INS weight in
weak GNSS signals and favors GNSS in high-quality

conditions. After training, ANFIS autonomously opti-
mizes data fusion in real time, enhancing the accu-
racy and robustness of GNSS/INS navigation systems.
In GNSS/INS integration using ANFIS, gradient descent
and backpropagation are employed to optimize data
fusion under varying environmental conditions. Gradient
descent minimizes prediction errors by adjusting fuzzy
system parameters, while backpropagation fine-tunes
neural network weights and membership functions. This
enables real-time adaptation to signal quality and sen-
sor errors, allowing the system to shift reliance between
GNSS and INS based on reliability. Unlike traditional
methods, this approach effectively handles nonlineari-
ties and signal disruptions, maintaining over 90% robust-
ness and ensuring accurate navigation even in harsh
environments.

C. GNSS and INS data fusion strategy
1. Data fusion strategy design

To give full play to the complementary effect of
GNSS and INS, this study is based on the adaptive data
fusion strategy of ANFIS. When the GNSS signal is
stable and accurate, the system increases the weight of
the GNSS to provide accurate positioning information.
Once the GNSS signal is interfered with or lost, the
system automatically switches to INS mode and adjusts
the weight of INS to maintain continuous positioning.
ANFIS adjusts the weight distribution of GNSS and INS
based on data to ensure that high-precision navigation
can still be achieved using INS when the GNSS signal
fluctuates.
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2. Implementation of the fusion process

ANFIS uses the quality of real-time signals, histor-
ical parameters, and the status of various environments
to adjust the weights of GNSS and INS in data fusion.
The GNSS weight is reduced and the INS weight is
increased to deal with the influence of GNSS signals
being blocked and multipath effects. When the signal is
good, the GNSS weight is dynamically enhanced. With
the help of fuzzy rules generated by training, ANFIS
effectively handles the nonlinear relationship between
GNSS and INS, balances the positioning results of the
two through fuzzy inference, and avoids single sensor
errors. Even when the GNSS signal is missing or dis-
turbed, the system can adjust the INS weight.

Figure 2 shows the dynamic adjustment of weights
based on real-time signal quality and environmental fac-
tors in the GNSS/INS coupling system. In the upper
part of Fig. 2, as the GNSS signal quality improves,
the weight of GNSS increases, and the weight of INS
decreases. When the GNSS signal quality is 0.9, the
GNSS weight is close to 1 and the INS weight drops
to around 0. The lower part of Fig. 2 shows the impact
of environmental factors on the weight. When environ-
mental factors increase, the GNSS weight decreases and
the INS weight increases, ensuring that the INS can pro-
vide stable navigation data when the GNSS signal weak-
ens. Figure 2 shows that the ANFIS model automatically
adjusts the weight under different conditions, thereby
improving the accuracy and robustness of the system.

GNSS and INS Weight Adjustment Based on Signal Quality and Accuracy

GNSS Weight
INS Weight

Weight Adjustment

L L L L L L L L
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Signal Quality / INS Accuracy

GNSS/INS Weight Adjustment Based on Environmental |mpact

T
GNSS Weight
e NS Weight

Weight Adjustment
o
o

05 . . . . . . . . .
0 0.1 0.2 0.3 0.4 05 0.6 07 0.8 09 1
Environment Factor

Fig. 2. Dynamic adjustment of weights in the GNSS/INS
coupling system.

3. Fusion strategy optimization and application

To make the fusion strategy of GNSS and INS more
efficient, this paper applies a self-optimization mecha-
nism based on ANFIS. During the experiment, the sys-
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tem continuously optimizes the parameters of fuzzy rules
and neural networks based on real-time data and error
feedback. Through continuous training and adjustment,
ANFIS learns rules more suitable for the current environ-
ment and flexibly adjusts the data fusion strategy accord-
ing to environmental changes. When the GNSS signal
is lost or the quality is reduced, ANFIS increases the
weight of INS to ensure a smooth transition of the sys-
tem. Ehen the GNSS signal returns to normal, the system
quickly resumes its dependence on GNSS and reduces
the weight of INS.

Various error sources can be identified and tar-
geted for adjustment during ANFIS model training. To
address the multipath effect of GNSS, ANFIS adjusts
the weights of the input variables to weaken their influ-
ence on localization and reinforces the role of INS in
case of signal occlusion to prevent accuracy from being
impaired. This optimization ensures that GNSS/INS data
fusion provides stable accuracy in real-time applications
while maintaining system robustness under extreme con-
ditions.

The self-optimization mechanism using ANFIS
enhances the performance of GNSS/INS coupled navi-
gation systems in challenging environments. By integrat-
ing fuzzy logic with neural networks, ANFIS dynami-
cally adjusts the weight between GNSS and INS data
based on real-time signal quality and environmental con-
ditions. It is trained on actual data to recognize error pat-
terns and optimize fusion strategies. When GNSS signals
are degraded or lost, ANFIS increases reliance on INS
to maintain positioning accuracy. The system also con-
tinuously refines its rules using error feedback, ensuring
robust and adaptive navigation. Experiments show over
90% robustness and an average processing time of 0.69
seconds, confirming the system’s effectiveness in real-
world applications.

D. Dynamic adjustment mechanism
1. GNSS signal loss processing

When the GNSS signal is missing or strongly inter-
fered with, the system quickly switches to INS mode to
ensure the continuity of navigation and high position-
ing stability. The ANFIS model automatically increases
the weight of INS through its flexible weight adjust-
ment mechanism, thereby ensuring that INS can con-
tinue to play a core role when GNSS is unavailable.
ANFIS continuously monitors the GNSS signal strength
and the number of available satellites, and immediately
and adaptively increases the weight of INS once a signal
loss is detected. With INS’s continuous position estima-
tion capability, this mechanism prevents the deviation of
positioning information.

Furthermore, ANFIS optimizes the INS error cor-
rection strategy tasks to maintain high positioning accu-
racy. As the operating time of INS grows, its positioning



accuracy may gradually decrease. For this reason,
ANFIS utilizes real-time data to accurately correct the
errors of INS to avoid accumulation of errors. ANFIS
implements effective error compensation in response
to environmental changes by dynamically adjusting the
parameters of the accelerometers and gyroscopes, ensur-
ing that the system maintains high accuracy during peri-
ods of GNSS signal loss. This mechanism allows the sys-
tem to quickly adapt to changes in the external environ-
ment and reduces the reliance on static weight configu-
rations.

ANFIS enhances robustness in GNSS environments
facing signal loss or multipath interference by integrating
mechanisms that evaluate signal strength, satellite geom-
etry, and multipath indicators. It adjusts fusion weights
between GNSS and INS data dynamically, relying more
on INS when GNSS quality declines. By combining
fuzzy logic with neural networks, ANFIS optimizes rules
and functions through real-world data training, facili-
tating real-time adaptation to environmental changes. It
constructs detailed error models for both GNSS and INS
to correctly identify and mitigate inaccuracies in harsh
conditions. In practice, ANFIS lowers GNSS depen-
dence during interference while improving INS compen-
sation, swiftly reverting to GNSS when conditions stabi-
lize, achieving over 90% robustness in challenging sce-
narios like urban canyons and tunnels. The GNSS/INS
coupled navigation system utilizes ANFIS to maintain
accuracy during GNSS signal loss or interference. It
begins with dynamic error modeling addressing atmo-
spheric delays, satellite geometry, multipath effects, and
INS sensor drift. Real-time corrections use environmen-
tal data. The fusion strategy adapts GNSS weight based
on signal conditions, enhancing GNSS during strong sig-
nals and relying on INS when GNSS degrades. ANFIS
combines fuzzy logic for uncertainty management and
neural networks for optimizing fuzzy rules. Continuous
monitoring of GNSS parameters assesses signal reliabil-
ity. In outages, it compensates for INS drift with adaptive
calibration, achieving over 90% robustness and low posi-
tioning errors with a 0.69-second execution time.

2. Signal quality judgment and dynamic adjustment

ANFIS measures signal reliability by monitoring
signal-to-noise ratio, satellite spatial distribution, and
multipath effects.

Figure 3 shows that the signal strength fluctuates
between -180 dBm and -120 dBm. The number of satel-
lites varies between 5 and 15, with lower numbers of
satellites leading to reduced positioning accuracy. The
SNR value is in the fluctuating range of 0-50 dB. A
higher SNR corresponds to better localization accuracy,
while a lower SNR may lead to an increased error. The
fluctuation of GNSS signal quality directly affects the
accuracy and stability of the positioning system.
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Fig. 3. Signal strength, number of satellites, and signal-
to-noise ratio over time.

ANFIS uses fuzzy logic to evaluate GNSS signal
quality, uses input variables to determine signal reli-
ability, and dynamically adjusts data fusion strategies
based on the evaluation results. If the signal quality is
low, ANFIS relies on INS to provide continuous posi-
tioning information and gradually reduce its reliance on
GNSS data. When the signal returns to normal, ANFIS
increases its reliance on GNSS data and further opti-
mizes the positioning results. This mechanism ensures
that the system is adaptively adjusted according to actual
circumstances under various environmental conditions to
maximize the accuracy and stability of the navigation
system.

ANFIS enhances GNSS/INS navigation by adap-
tively adjusting fuzzy logic rules, neural network param-
eters, and data fusion strategies in real time. It uses envi-
ronmental inputs like signal strength and sensor errors to
determine optimal GNSS and INS weightings, increas-
ing reliance on INS during GNSS signal loss. A neural
network continuously learns and optimizes the fuzzy sys-
tem for improved adaptability. This dynamic approach
ensures accurate, stable navigation by compensating for
errors such as multipath effects and sensor drift. ANFIS
achieves over 90% robustness in harsh conditions, while
maintaining fast processing, making it suitable for real-
time navigation in complex environments.

IV. EXPERIMENT AND PERFORMANCE
EVALUATION
A. Performance evaluation method
In the performance evaluation, this paper simulates
the lateral and longitudinal errors of complex environ-
ments such as urban high-rise buildings and tunnels
under different geographical conditions by using actual
GNSS and INS sensor data sets and the stability and
robustness of experimental scenes under various harsh
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conditions. The performance of the ANFIS optimization
algorithm under these harsh conditions is tested through
these experimental data. To comprehensively evaluate
the performance of the ANFIS algorithm, this study con-
ducts a comparative analysis with traditional EKF and
UKF.

B. Positioning error

This paper evaluates the algorithm’s accuracy by
calculating the positioning error (lateral error and lon-
gitudinal error).

Figure 4 shows the error performance of ANFIS,
EKF, and UKF in various geographical environments.
ANFIS has the best performance in open areas, with
lateral and longitudinal errors of 0.66 meters and 0.65
meters, respectively. In complex environments, such as
urban canyons and tunnels, ANFIS error is still low,
while the errors of EKF and UKF increase, especially
in tunnels where the lateral error of EKF exceeds 0.9
meters. Overall, ANFIS shows high accuracy and stabil-
ity, highlighting its advantages in complex environments.

Performance Comparison of Different Algorithms
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Fig. 4. Lateral and longitudinal errors of the three algo-
rithms ANFIS, EKF, and UKF in different geographical
environments.

C. Robustness in different harsh scenarios

To comprehensively evaluate the performance of
the GNSS/INS coupled navigation algorithm of ANFIS
in harsh environments, this paper designs a variety
of experimental scenarios, covering signal loss, mul-
tipath interference, and high dynamic environments.
Table 2 shows the system’s positioning error, stability,
and robustness indicators in these scenarios. The robust-
ness and stability of the algorithm in complex environ-
ments are further confirmed through comparative verifi-
cation.

Under normal GNSS signals, the positioning error is
0.5 meters, the system stability is good, and the robust-
ness is as high as 95%. However, when the GNSS signal
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Table 2: Positioning error, stability, and robustness of the
system under various harsh conditions

System Rob
Environmental | Positioning| Stability ((S)t;lbsi‘ililtess
Condition | Error (m) | (Maximum Score)y
Deviation,
m)
Norm.al GNSS 05 02 95%
Signal
GNSS Signal 12 0.5 90.5%
Loss
Multipath 0.8 03 90.6%
Interference
H1gh-.Dynamlcs 15 06 91%
Environment
Strong
Electromagnetic 1 0.4 94%
Interference
Short-Term
Signal 0.7 0.25 92%
Interference

is lost, the positioning error increases to 1.2 meters, and
the system stability and robustness decrease slightly. In
the face of multipath interference, the positioning error
is 0.8 meters and the robustness is 90.6%. Overall, the
robustness in each environment is higher than 90%.

D. Algorithm running time

By evaluating the algorithm running time, its com-
putational burden is compared with the performance dif-
ference of EKF and UKF.

Figure 5 compares the execution time of ANFIS,
EKF, and UKF in different environments. In the GNSS

Comparison of Running Time Between ANFIS, Extended Kalman Fitter (EKF), and Unscented Kalman Filter (UKF) Algorithms
ANFIS
Extended Kaiman Filter (EKF)
Unscented Kalman Filter (UKF)|

12

Running Time (seconds)

Fig. 5. Running time of the three algorithms in different
environments.



signal loss scenario, ANFIS outperforms EKF’s 0.75 sec-
onds and UKF’s 0.80 seconds with a running time of
0.65 seconds, demonstrating its fast-processing capabil-
ity. In the face of multipath interference, ANFIS’s 0.55-
second running time takes the lead again, demonstrating
excellent robustness. In a highly dynamic environment,
UKEF takes the longest time (1.30 seconds), while ANFIS
(1.10 seconds) and EKF (1.20 seconds) are shorter, high-
lighting that UKF is computationally intensive. Overall,
ANFIS has good adaptability under complex conditions,
with an average running time of 0.69 seconds.

V. CONCLUSION

This study presents a novel ANFIS-based
GNSS/INS coupled navigation algorithm that sub-
stantially improves positioning accuracy and system
robustness in challenging environments characterized by
GNSS signal loss, multipath interference, and dynamic
conditions. By integrating a detailed error source model
with a real-time adaptive fusion strategy, the system
effectively adjusts the weighting between GNSS and
INS inputs, ensuring continuous and reliable navigation
even when satellite signals are degraded or unavailable.
The self-optimizing inference engine further enhances
performance by dynamically evolving fuzzy rules
based on sensor feedback and environmental changes.
Experimental results demonstrate that the proposed
approach consistently achieves over 90% robustness
with significantly reduced positioning errors compared
to traditional EKF and UKF, while maintaining low com-
putational latency suitable for real-time applications.
These advancements highlight the ANFIS-based fusion
method as a superior alternative, offering enhanced
stability, adaptability, and accuracy in GNSS-challenged
scenarios.
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Abstract — Gasketed seams are a primary pathway for
electromagnetic leakage in enclosures, and corrosion at
these seams can significantly worsen the leakage. There-
fore, this work investigates the degradation of shield-
ing effectiveness (SE) in enclosures with gasketed seams
when exposed to corrosive environments. Since corro-
sion products typically exhibit low electrical conductiv-
ity, a simulation analysis is first conducted to examine
how variations in seam conductivity affect the SE of the
enclosure. Subsequently, experiments are conducted on
the enclosure with gasketed seams to evaluate changes
in its SE after being exposed to a corrosive environ-
ment. Experimental results show that enclosures with
gasketed seams exhibit a significant decline in SE when
exposed to corrosive environments. For improving the
SE of enclosures and mitigating the adverse effects of
corrosion, installing electrically conductive rubber gas-
kets is a more effective solution than using finger stock
gaskets.

Index Terms — Corrosion, electromagnetic interference
gasket, enclosure, shielding effectiveness.

L. INTRODUCTION

Installing shielded enclosures is a common and
effective solution for preventing electromagnetic leakage
and interference in electronic devices. Ideally, an enclo-
sure should consist of a continuous metal casing. How-
ever, seams are inevitable during manufacturing, which
can lead to electromagnetic leakage and a reduction in
shielding effectiveness (SE) [1]. Installing electromag-
netic interference (EMI) gaskets or applying techniques
such as riveting and welding can improve the electri-
cal continuity of the enclosure, thereby enhancing its SE
[2]. The enclosure is vulnerable to electrochemical cor-
rosion at the seams when exposed to corrosive environ-
ments [3]. This degradation can compromise the electri-
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cal continuity at the seams, thus diminishing the enclo-
sure’s immunity to conducted and radiated disturbances.
Therefore, it is essential to investigate the impact of cor-
rosion on the SE of enclosures with gasketed seams.

The EMI gaskets typically offer good conductivity
and sealing capability, and they are installed in the seams
to minimize electromagnetic leakage. Various EMI gas-
kets are available to meet different practical require-
ments, among which conductive rubber and finger stock
gaskets are the most commonly used. Conductive rub-
ber and finger stock gaskets are widely used in the elec-
tromagnetic compatibility (EMC) design of enclosures.
In [4], it is demonstrated that conductive silicone rub-
ber gaskets filled with silver-plated glass particles exhibit
high stability under severe vibration and intense simu-
lated electromagnetic pulse (EMP) conditions, recom-
mending their application in critical military applica-
tions. In [5] and [6], a combination of modified Bethe’s
small aperture theory and filtering theory is employed to
investigate the impact of corrosion on the performance
of finger stock gaskets. Although these studies examined
the characteristics of two different types of EMI gaskets
and their effectiveness in enhancing the SE of enclosures,
they did not compare the performance of the two gasket
types under identical operating conditions, such as a cor-
rosive environment.

Enclosures are highly susceptible to electrochemi-
cal corrosion when exposed to atmospheric, marine, and
similar environments for extended periods. Galvanized
steel is commonly used as a material for shielding enclo-
sures. In marine atmospheric environments, factors such
as sodium chloride (NaCl) solution concentration and
exposure duration significantly influence the corrosion
behavior of galvanized steel [7]. When exposed to elec-
trolyte solutions, enclosures undergo galvanic and elec-
trolytic corrosion. These corrosion processes occur at the
joint interfaces of the enclosure, thereby compromising
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electrical continuity and reducing SE [8]. Open circuit
potential and electrochemical impedance measurements
can be used to predict the corrosion characteristics of
EMI gaskets [9].

To evaluate the electromagnetic shielding perfor-
mance of the enclosure, the most straightforward method
is to measure the SE. The SE testing methods are out-
lined in [10], which are commonly used for enclosures
and shielding materials [11-14]. However, measuring SE
is often complex and costly. Study [15] demonstrates a
one-to-one correspondence between the SE of the enclo-
sure and the transfer impedance of the gasket. Based
on this conclusion, related studies investigate the SE
of enclosures by measuring the transfer impedance of
gaskets [16—-19]. Although measuring the gasket’s trans-
fer impedance simplifies the testing process, it does not
enable accurate determination of the enclosure’s SE and
fails to directly reflect its electromagnetic shielding capa-
bility.

In summary, understanding the degradation mech-
anism of enclosures in corrosive environments and
enhancing the reliability of enclosure design are key
topics in EMC and environmental reliability. However,
research relevant to this aspect is insufficient. This work
primarily focuses on a comparative analysis of three
types of seam structures: filling with conductive rubber
gaskets, finger stock gaskets, and metal-metal contact
(without EMI gaskets). This work examines the effects
of corrosion on seam structures and their impact on SE
through both simulation and experimental studies. Con-
tinuous corrosion tests are conducted on various seam
configurations, and the SE of enclosures is measured and
compared across different exposure durations. This work
also examines the impact of various gasket materials on
SE under corrosive conditions, offering valuable guid-
ance for engineers in selecting gaskets suitable for such
environments.

The rest of this work is organized as follows. Section
IT analyzes the mechanisms by which corrosion affects
the SE of enclosures. Section III presents simulation
studies that examine the impact of seam conductivity on
the SE of enclosures. In section 1V, experimental mea-
surements are carried out to determine the SE variations
in enclosures with three types of gasketed seams after
exposure to corrosive environments. Finally, section V
concludes this work.

II. THEORETICAL BACKGROUND
A. Corrosion mechanisms of seam structures
As categorized in [1], corrosion can be classified
into eight types based on their characteristics and under-
lying mechanisms: uniform corrosion, galvanic corro-
sion, crevice corrosion, pitting corrosion, intergranular
corrosion, selective corrosion, erosion corrosion, and
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stress corrosion. For the gasketed seam investigated in
this work, the presence of joint seams promotes the accu-
mulation of corrosive solutions, making it highly vul-
nerable to crevice corrosion. Additionally, if the gasket
and enclosure are made of different materials, galvanic
corrosion is likely to occur once a conductive solution
enters the seam. Among various corrosion types, crevice
corrosion and galvanic corrosion are the most promi-
nent mechanisms affecting gasketed seams. Therefore,
this study mainly focuses on these two types of corro-
sion.

1. Crevice corrosion

Enclosures assembled using riveting, welding, or
bolted connections typically contain seams at their joints.
Corrosive media can accumulate in these seams and react
with the metal surfaces, resulting in crevice corrosion.
This type of localized corrosion can occur in all metals
and alloys, particularly on surfaces of metals that tend
to form passive films. Metals susceptible to crevice cor-
rosion develop irregular pits of varying depths within
crevices covered by corrosion products, leading to the
formation of enclosed galvanic cells. The self-catalyzing
nature of these cells is the primary factor accelerating the
progression of crevice corrosion.

To mitigate the risks of crevice corrosion, enclo-
sure materials should preferably be selected from metals
and alloys with a reduced tendency for self-passivation,
such as stainless steels with higher molybdenum (Mo),
chromium (Cr), or nickel (Ni) content. Additionally, the
design should minimize the presence of crevices and
dead-end areas. When seamless construction is imprac-
tical, filling crevices with solid materials can help main-
tain electrical continuity across the enclosure surface.

2. Galvanic corrosion

Seam structures filled with EMI gaskets are often
prone to galvanic corrosion. This type of corrosion
occurs when dissimilar metals with different electro-
chemical potentials come into contact in the presence of
an electrolyte. The metal with the lower corrosion poten-
tial serves as the anode, losing electrons through oxi-
dation reactions and undergoing accelerated local cor-
rosion. In contrast, the metal with the higher corro-
sion potential functions as the cathode, gaining electrons
through reduction reactions and thus being protected
from corrosion. Although galvanic corrosion improves
the corrosion resistance of the cathodic material, it also
speeds up the corrosion of the anodic material. As a
result, the overall corrosion rate of the joint structure
rises, reducing its corrosion resistance.

Installing finger stock gaskets in enclosures raises
the risk of galvanic corrosion at contact joints between
dissimilar metals in the seams, potentially accelerat-
ing metal degradation. In conductive rubber gaskets,
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most metal particles are encapsulated within the rub-
ber matrix, thereby limiting their direct contact with the
enclosure. Consequently, when exposed to a corrosive
environment, galvanic corrosion is confined to the few
metal particles present on the gasket surface that are in
contact with the enclosure. Therefore, compared to fin-
ger stock gaskets, conductive rubber gaskets pose a lower
risk of galvanic corrosion at the gasketed seams.

EMI gaskets are typically made from conductive
materials with relatively high electrochemical potentials,
while enclosures are often constructed from highly mal-
leable metals with lower potentials. This potential differ-
ence drives galvanic corrosion at the interface of contact.
To mitigate galvanic corrosion in enclosures with gas-
keted seams, it is important to minimize the electrochem-
ical potential difference between contacting materials.

B. Shielding effectiveness

SE is primarily used to describe the electromagnetic
shielding effect of a shield. For electric fields, SE is
expressed as:

SE. = 20log,, |Eo/E| , (D
where Ey and E are the electric field strengths at the
same position before and after shielding. For magnetic
fields, SE is expressed as:

SEm = 20log,, |Ho /Hs|, )
where Hy and H, are magnetic field strengths at the same
position before and after shielding. In the far-field region,
SE. = SE,, holds.

A shield with seams can be considered a combined
wall comprising seams and metal panel regions. Accord-
ing to the research in [21], the overall SE of the shield
can be expressed as:

N s
SEe = —201og, lZ (10*%’ VV;)] . 3)

i=1
in which SE; represents the SE of the ith region, w; is
the width of the ith region, W signifies the total width of
the N regions, meaning the width of the shield. Equation
(3) describes the relationship between the overall SE of
the shield and the SE contributions from its sub-regions.
According to (3), regions that provide sufficiently high
SE contribute minimally to the overall SE because they
show little electromagnetic leakage. In contrast, regions
with low SE dominate the overall shielding performance,
since they are the primary sources of electromagnetic
leakage. For a shield that includes structures like gaskets
and apertures, it can be divided into regular regions and
weaker regions containing these features. Because of the
lower SE in these weak regions, they mainly determine
the overall SE of the shield. This shows that improving
the SE of weak regions, such as gasketed seams and aper-
tures, can significantly enhance the shield’s overall per-
formance.
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When incident EM waves encounter a shield, they
undergo reflection, transmission, and absorption pro-
cesses, as illustrated in Fig. 1. The SE of the shield is
affected by these processes. The SE in decibels of the
shield can be expressed as [22]:

SE=R+A+M, @
where R, A, and M represent reflection loss, absorption
loss, and multiple reflection factor.

Shield

Incident

Transmitted

Reflected

Fig. 1. Propagation behavior of EM waves upon encoun-
tering a shield.

Assuming the incident EM waves originate suffi-
ciently far from the shield, they can be approximated as
uniform plane waves. For a shield with a thickness of z,
the following equations hold [23]:

Zy+7s)?
R =20log,, ’ ¢ fZOZSS)

A =20log,, (¢'/?), (5)

2
Zo—7, _ ;
M =20logy |1 — (‘zg+z:> e 21(1+))/8

7

Zp = 1207 Q is the wave impedance in vacuum, 9 is the
skin depth, and Zg is the intrinsic impedance of shield.
Zs and 0 can be obtained through:

— JOUHHr
Zs = \/ o+joge.’ (6)
— / 1
5 B Tf o0

in which f is the frequency of the EM waves, w =27 f
denotes the angular frequency, o is the conductivity of
the shielding material, p ~ 47 x 10”7 H/m represents
the permeability of free space, & ~ 8.854 x 10~!2 F/m
is the permittivity of free space, & and u, are the rela-
tive permittivity and relative permeability of the shield-
ing material.

Since the value of & is very small and the shield
typically has high electrical conductivity, it follows that
o > wé&yE,. Then, Zg can be written as:

Zg = | LLHoHr %
(¢

In (7), the value of Uy is relatively small. Thus,
for a shield with high electrical conductivity, Zg < Zy
holds. Finally, the SE of the shield can be approximately
expressed as:

SE - 20 loglo

o8 _eft(l+2j)/8’, (8)

Zy
— | +201
47 ‘ * o8



and it can be deduced from (3) to (8) that the SE of the
shield is positively correlated with .

ITI. SIMULATION AND RESULTS

As mentioned in section II, the seam structures of a
shield are prone to severe corrosion when exposed to a
corrosive environment. This corrosion degrades the elec-
trical continuity at the seams. Specifically, the corrosion
products (mainly oxides and metal salts with low con-
ductivity) accumulate on the contact surfaces, reducing
the conductivity of the seam area. For a seam structure,
its SE is positively correlated with its conductivity, as can
be derived from (8). Therefore, once corrosion occurs,
the SE of the seam structure decreases. In contrast, the
metal panel regions outside the seams are typically thick
enough that corrosion affects only the surface layer. As
a result, these panels maintain good electrical continuity
and can still provide high SE. Consequently, the seams
represent the weakest point of the shield and the overall
SE of a shield with seams is heavily depends on the SE
of the seam structures, as indicated by (3).

In summary, the conductivity of the seam structure
has a significant impact on the overall SE of the shield.
To demonstrate this supposition, this section investigates
the effect of seam conductivity on the shield’s overall SE
through simulation.

A. Simulation setup

A 3D simulation model of the shielding enclosure is
constructed in Ansys HFSS, based on the physical struc-
ture shown in Fig. 2 (a) and clarified in Fig. 2 (b). The
enclosure is made of iron and has a cubic shape with a
side length of 310 mm and a wall thickness of 5.6 mm.
The test plate is a square iron plate measuring 380 mm
per side. A square test window (200 mm per side) is cut
into the test plate and an iron cover plate with a side
length of 260 mm is mounted over the window. The gas-
ket is installed at the joint of the cover plate and the test
plate, with a total length of 480 mm.

As described in [21], the actual gasketed seam can
be modeled as a uniform and isotropic structure. By
adjusting the conductivity of the model, the gasketed
seam can be made equivalent to the actual one. There-
fore, in this section, the complex actual gasketed seam is
simplified into a uniform and isotropic model. As men-
tioned earlier, corrosion degrades the electrical continu-
ity of the actual gasketed seam. In the simulation, this
effect is represented by reducing the conductivity of the
gasket model. However, it should be noted that, since
the impact of corrosion on gasket conductivity cannot be
accurately quantified, the simulations in this work can
only provide a qualitative analysis of its effect on SE.

In the simulation model, the seam width between the
two contacting cover plates is set to 2 mm. The initial
conductivity of the seam material is set to 1000 S/m and
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is gradually reduced to 100 S/m, 10 S/m, and 1 S/m to
simulate the progressive material degradation caused by
corrosion. A tetrahedral mesh with adaptive refinement
is used to accurately capture critical geometric and elec-
tromagnetic features. A plane wave with an amplitude of
1 V/m is incident normally on the test panel. An electric
field probe is positioned at the geometric center of the
enclosure to measure the internal electric field strength.
Based on these measurements, the SE of the enclosure is
calculated. In the HFSS simulation, the boundary con-
dition is set to ‘Radiation,” and adaptive meshing is
employed. The solver’s maximum delta energy is speci-
fied as 0.01 to ensure convergence. A discrete frequency
sweep is conducted over the range of 0.5-1.5 GHz with a
step size of 0.01 GHz. The simulation results are shown
in Fig. 3.

Test S‘late 5 Enclosure

Gasket .,
(a) (b)

Fig. 2. Enclosure model: (a) physical structure of the
enclosure and (b) corresponding simulation model.

Cover plate

150 : : :
— o=1S/m — =100 S/m
~~ - TS J:
2 100
3 b ¥
A 50
0
500 750 1000 1250 1500
f(MHz)

Fig. 3. SE simulation results for different seam conduc-
tivities.

B. Analysis of simulation results

As shown in Fig. 3, the conductivity of the seam
material significantly impacts the SE of the enclosure.
In actual corrosive environments, both the conductivity
and the geometric characteristics of the contact surfaces
undergo considerable changes due to corrosion. These
changes substantially degrade the electrical continuity at
the seams, resulting in increased electromagnetic leak-
age and a corresponding reduction in SE.

Conductivity of the gasket model is set to 1 S/m,
and distributions of the electric field, magnetic field, and
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surface current of the enclosure at 1 GHz are illustrated
in Figs. 4, 5, and 6.

As shown in Figs. 4 and 5, the enclosure provides
effective shielding against both electric and magnetic
fields. Aside from the edges of the cover, the electric
field and magnetic field intensity peaks mainly at the
seam regions, indicating that these seams serve as the
primary pathways for electromagnetic leakage into the
interior of the enclosure. The surface current distribution
on the enclosure is illustrated in Fig. 6. It can be seen that
the surface directly exposed to the incident wave shows
higher surface current density. As these surface currents
cross the seam with decreased electrical continuity, a
voltage drop is created at the seam. This voltage drop acts
as a secondary electromagnetic source, re-emitting EM

E Field

35349
32994
3.0639
28284

25929
23574
21219
1.8864
1.6509
14154
1.1799;
09444
0.7089
04734
02379
0.0024

-
x==dqy b
-

Fig. 4. Electric field distribution in the XZ-plane within
the solution region.

Fig. 5. Magnetic field distribution in the XY-plane within
the solution region.
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Fig. 6. Surface current density of the enclosure.

waves into the interior of the enclosure. Consequently,
the SE of the enclosure decreases.

Simulation and analysis confirm that the seams
of the enclosure are a primary factor contributing to
degradation of SE. Corrosion-induced degradation at the
seams reduces their electrical continuity which, in turn,
increases their susceptibility to electromagnetic leakage.
Consequently, the seams become more effective path-
ways for electromagnetic waves to penetrate the enclo-
sure, resulting in a substantial decline in overall shield-
ing performance.

IV. EXPERIMENTAL AND RESULTS
A. Corrosion degradation experiment

To conduct the experiments, a steel shielding enclo-
sure, with the structure and dimensions shown in Fig. 2
(a), is manufactured according to SAE ARP1173 stan-
dard [20]. The test seam refers to the interface formed
by the connection of the two square cover plates. In the
experiments, the test seam configurations are classified
into three types: (1) installation of a conductive rubber
gasket (Fig. 7 (a)), (2) installation of a finger stock gas-
ket (Fig. 7 (b)) and (3) metal-to-metal overlap without
any gasket.

The gasket and two cover plates are assembled into
the experimental sample and fastened using bolts. A
torque wrench is utilized to ensure a uniform tightening
force across all bolts. Since the experimental sample will
later be assembled with the enclosure for SE testing, the
contact area between the larger cover and the enclosure is
covered with Teflon tape to prevent corrosion. The exper-
imental samples are then placed in an acid salt spray test
chamber for corrosion degradation testing, as shown in
Fig. 8. The experimental setup follows the acetic acid salt



(b)

Fig. 7. Plates with EMI gaskets installed: (a) conductive
rubber gasket and (b) finger stock gasket.

Fig. 8. Samples undergoing corrosion testing in the
acetic acid salt spray chamber.

spray test specified in the ISO 9227 standard. The test is
conducted at a temperature of 35°C using a 5% (by mass)
NaCl solution. The pH of the solution is adjusted to 3.0
by adding glacial acetic acid. Each test cycle lasted 16
hours. After each cycle, the samples are removed, rinsed,
dried, and measured for SE before being returned to the
test chamber for the next cycle. In this work, each sample
underwent five experimental cycles, resulting in a total
test duration of 80 hours.

After the corrosion test, the appearance of the exper-
imental samples is shown in Fig. 9. Severe corrosion is
observed at the seams, accompanied by the accumula-
tion of corrosion products. Based on visual inspection
among the three samples, the one with the finger stock
gasket exhibited the most severe corrosion, while the one
with the conductive rubber gasket showed the least cor-
rosion. This result may be attributed to the conductive
rubber gasket providing better sealing, which reduces the
accumulation of corrosive solution in the gasketed seam
and thereby delays corrosion in that area. In contrast, the
installation of a finger stock gasket introduces numerous
micro gaps within the seam, allowing corrosive liquid to
accumulate and accelerate corrosion in the region.

The surfaces of each gasket material before and after
corrosion are examined with a scanning electron micro-
scope (SEM) to reveal the microstructural changes at
contact surfaces. The SEM observation results are shown
in Fig. 10, captured at a magnification of 500x. As
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Fig. 9. Experimental samples after corrosion degrada-
tion testing: (a) conductive rubber gasket, (b) finger stock
gasket, and (c) no gasket (metal-to-metal contact).

(a) (b) (©)

Fig. 10. SEM images of gasket material surfaces before
and after corrosion: (a) conductive rubber, (b) finger
stock, and (c) iron.

shown in Fig. 10, after 80 hours of corrosion, the surface
of the conductive rubber remains mostly intact, whereas
significant corrosion deposits are observed on the sur-
faces of the finger stock and iron. These deposits, pri-
marily composed of metal oxides and metal salts, have
low electrical conductivity and contribute to the loss of
electrical continuity. The transfer impedance of the gas-
ket material, both before and after corrosion, is mea-
sured according to the SAE ARP-1705C standard, and
the results are presented in Fig. 11. Results show that
the transfer impedance of the conductive rubber gasket
did not increase significantly after corrosion, whereas the
transfer impedance of the finger stock gasket and the iron
increased substantially. Since SE is inversely related to
transfer impedance, it can be concluded that the samples
with finger stock gaskets and those without gaskets will
experience noticeable decreases in SE.

The results shown in Figs. 9-11 indicate that when
corrosion occurs at gasketed seams, corrosion prod-
ucts tend to accumulate on the contact surface. These
deposits, mainly consisting of metal oxides and metal
salts, have low electrical conductivity. As a result, sur-
face conductivity at the contact interface decreases,
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Fig. 11. Transfer impedance of gasket material before
and after corrosion: (a) conductive rubber, (b) finger
stock, and (c) iron.

transfer impedance of the gasketed seam increases, and
electrical continuity is weakened. When surface currents
induced by incident electromagnetic waves flow across
the gasketed seam, the increased transfer impedance
causes a notable voltage drop. This voltage drop acts as a
secondary radiation source, introducing electromagnetic
energy into the enclosure’s interior. As a consequence,
electromagnetic leakage rises, which can lead to a reduc-
tion in SE.

B. SE test of the enclosure

The samples shown in Fig. 9 are assembled with the
box body to form a complete shielding enclosure. The
SE test is then conducted in accordance with the standard
specified in [10]. The SE test setup is shown in Fig. 12.
The test system consists of an R&S® ZVL3 2-port vec-
tor network analyzer (VNA), a power amplifier (PA), a
double-ridged horn antenna, a half-wave dipole antenna,
and connecting cables. In this work, SE is tested in the
frequency range of 500 MHz to 1.5 GHz.

In Fig. 12, the excitation signal generated by Port 1
of the VNA is amplified by the PA and transmitted to the
double-ridged horn antenna, which radiates EM waves
toward the cover plate of the enclosure. Inside the enclo-
sure, a half-wave dipole antenna serves as the receiv-
ing antenna. It captures the EM waves that penetrate the
enclosure and delivers the received signal to Port 2 of the
VNA. The SE of the enclosure is then calculated based
on the measured scattering parameter S21. Specifically,
the measurement result obtained without the enclosure is
recorded as S»1 g, and the result obtained after the enclo-
sure is installed is recorded as S 7. SE of the enclosure,
expressed in decibels (dB), is then calculated using:

SE = $71.8 —S21.1- 9)

C. Experimental results and analysis

Following the SE testing procedure, the samples
with the three different seam configurations undergo
SE measurements. The SE test results of the enclo-
sure with conductive rubber gasketed seams are shown
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Fig. 12. SE test setup.

in Fig. 13. It can be observed that SE fluctuates only
slightly throughout the entire test period. This result
indicates that the conductive rubber gasket is not sig-
nificantly affected by corrosion, demonstrating that the
gasketed seam, where the conductive rubber gasket is
installed, exhibits strong resistance to corrosive degra-
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Fig. 13. SE enclosure with conductive rubber gasketed
seams.

SE test results of the enclosure with finger stock gas-
keted seams are shown in Fig. 14. It is evident that SE
progressively declines with longer corrosion durations.
After 80 hours, SE decrease exceeds 20 dB, highlighting
that the finger stock gasket fails to offer adequate corro-
sion protection, resulting in significant deterioration at
the seams. A major factor is the presence of multiple
gaps in the finger stock gasket, which lacks the seal-
ing and water resistance characteristics that conductive
rubber gaskets have. Consequently, corrosive solution
accumulates within the gasketed seam, accelerating the
corrosion process. The resulting corrosion byproducts,



which are poor conductors, hinder the electrical conti-
nuity of the gasketed seam and exacerbate EM leakage,
ultimately diminishing the overall SE.
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Fig. 14. SE of the enclosure with finger stock gasketed
seams.

SE test results of the enclosure with metal-metal
contact structure at different degradation durations are
shown in Fig. 15. These results are similar to those
observed with finger stock gasketed seams, showing a
decrease in SE with increasing corrosion time. However,
the reduction in SE is less pronounced. This result can
be attributed to the fact that the two contacting plates are
made of the same metal, which eliminates the potential
difference required for galvanic corrosion. Only crevice
corrosion occurs in the metal-metal contact structure.
Consequently, the degradation of the metal-to-metal con-
tact structure is less severe than that observed with finger
stock gaskets.
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Fig. 15. SE of the enclosure with metal-metal contact
structure.

Since the conductivity of the gasketed seam in the
simulation model differs from that in the actual enclo-
sure, the magnitude of the simulated and measured SE
values is not consistent. Compared to the smooth sim-
ulation curve shown in Fig. 3, the measured SE curve
exhibits fluctuations. This is mainly because the leak-
age signal level detected by the antenna inside the enclo-
sure is very low, making the measurements vulnerable to
instrument background noise. Additionally, the simula-
tion model simplifies the structure by omitting the fas-
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tening bolts present in the real enclosure, leading to dif-
ferences in resonant frequencies between simulation and
measurement. Nonetheless, the overall trend of change
in both simulation and measurement remains consistent.
SE of the three gasketed seam configurations in
their initial uncorroded state is compared and shown in
Fig. 16. It can be seen that the sample without any gasket
has noticeably lower SE, while the samples with conduc-
tive rubber and finger stock gaskets show significantly
higher SE with similar performance. This supports the
idea that installing EMI gaskets improves electrical con-
tinuity at the seams, thereby enhancing the overall elec-
tromagnetic shielding performance of the enclosure.

100
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Fig. 16. Comparison of the initial SE for the three seam
types.

This work calculated the average SE of samples with
a gasketed seam at various stages of corrosion, as sum-
marized in Table 1. The results in Table 1 indicate that
among the three tested seam configurations, the seam
with the conductive rubber gasket exhibited the least sus-
ceptibility to corrosion, while the seam with the finger
stock gasket was the most affected. The superior perfor-
mance of conductive rubber is attributed to its excellent
deformability, which allows it to create a tight seal with
the enclosure at the seam. This close contact offers some
water-blocking ability, reducing the accumulation of cor-
rosive solution on the contact surface. As a result, cor-
rosion progresses more slowly, and the deterioration of
SE remains minimal. In contrast, gasketed seams using
a finger stock gasket (or those without any gasket) tend
to have many small gaps where corrosive solution can
accumulate, leading to crevice corrosion and a significant
decrease in SE. Additionally, material mismatch between
the finger stock gasket and the enclosure can cause gal-
vanic corrosion at the contact surface, further speeding

Table 1: Average SE (dB) of three gasketed seams
Sample Oh |16h|{32h|48h|64h|80h
Conductive Rubber | 65.1|64.1|66.5|62.8|64.0|63.4
Finger Stock 69.5|68.1|62.8|56.1|54.1|49.7
Metal-Metal 55.7156.8|57.1155.9|49.1147.5
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up degradation. Consequently, the sample with the fin-
ger stock gasket shows the most notable SE degradation.

To improve the durability of enclosures exposed to
corrosive environments, it is essential to design seam
structures with water-resistant features that prevent the
accumulation of corrosive solutions at contact interfaces.
When choosing gasket materials, conductive rubber is
preferred due to its superior sealing and corrosion resis-
tance. If finger stock gaskets need to be used, they
should be made from the same material as the enclo-
sure or from materials with similar corrosion potentials
to reduce galvanic corrosion. These design strategies can
greatly enhance the corrosion resistance of the gasketed
seam and slow the loss of SE over time.

V. CONCLUSION

This work investigated the degradation of elec-
tromagnetic shielding effectiveness (SE) of EMC gas-
kets caused by corrosion, using an integrated approach
that combines experimental corrosion testing, SE mea-
surements, and full-wave electromagnetic simulations in
HESS. Experimental results show that when exposed to
a corrosive environment, the contact surface between the
enclosure and the electromagnetic interference (EMI)
gasket experiences corrosion. Low-conductivity cor-
rosion products accumulate at the interface, increas-
ing transfer impedance across the gasketed seam and
decreasing electrical continuity. These changes lead to
greater electromagnetic leakage and a corresponding
reduction in SE.

The main contributions of this work are as follows:
(a) Unlike most studies that evaluate the shielding perfor-
mance of degraded EMI gaskets in isolation, this work
installs the EMI gaskets on an enclosure before sub-
jecting them to corrosion and measuring the SE. This
approach better reflects real-world applications and the
degradation behavior of EMI-gasketed seams. (b) While
existing studies primarily rely on experimental measure-
ments, this work combines both experimental testing
and full-wave electromagnetic simulations conducted in
HFSS. Shielding degradation is modeled by adjusting
the conductivity of the gasket in the simulation model.
Once a relationship between measurable physical quan-
tities (such as transfer impedance) and simulated gas-
ket conductivity is established, SE degradation can be
accurately predicted. (c) By comparing the corrosion-
induced degradation characteristics of different EMI gas-
ket types, this study offers practical recommendations for
material selection and seam design in enclosures exposed
to corrosive environments. These insights can help mit-
igate corrosion effects and enhance shielding reliability
in real-world applications.

Future work will focus on developing efficient and
accurate electromagnetic simulation methods to model
EMI gasket degradation caused by corrosion.
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Abstract — This research employs finite element analysis
for simulation and calculation to investigate the causes
of tooth wear in coal mining machine transmission
gears and how it affects gear transmission performance.
Utilising Hertz theory, we calculated the maximum con-
tact stress and Hertz half-width during the gear trans-
mission process. A three-dimensional geometric model
of the coal mining machine’s right rocker transmission
system was created using Pro/E software, which was
subsequently analyzed with ANSYS/LS-DYNA for gear
meshing. The wear quantity on the gear tooth surface
was determined using the Archard wear model, disre-
garding the effects of lubricant and gear tooth temper-
ature rise. Our simulations revealed the wear distribution
and changes in wear amount across various tooth sur-
face wear models under different operating conditions.
Notably, we found that wear quantity is directly cor-
related with tooth wear range and contact stress, with
significant wear occurring at the top and root of the
tooth. Furthermore, we conducted laser cladding reman-
ufacturing experiments, optimizing process parameters
to enhance wear resistance and fatigue strength. The
microstructure of the remanufactured tooth face exhib-
ited homogeneity and a lower friction factor than new
surfaces. This study offers novel insights into the wear
mechanisms of coal mining machine gears. It demon-
strates the effectiveness of laser cladding technology in
enhancing gear performance, providing practical impli-
cations for the design and maintenance of gear systems
in harsh operating environments.

Index Terms - Archard wear model, coal mining
machine gear transmission, finite element analysis, Hertz
contact theory, tooth wear.
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I. INTRODUCTION

Gearing is a typical and crucial component of trans-
mission systems, which are essential to the proper oper-
ation of coal mining apparatus and equipment [1]. This
paper aims to identify the key elements that lead to gear
tooth degradation in transmission systems of coal min-
ing machinery and examines how these elements can
be assessed quantitatively to improve gear functional-
ity. Utilizing finite element analysis, the study exam-
ines the factors contributing to tooth wear, analysing
stress distribution and wear patterns across various oper-
ational conditions to enhance understanding of the wear
mechanisms. The research offers three significant contri-
butions: firstly, it employs advanced finite element mod-
elling to replicate the gear meshing process, yielding
important insights into contact stress and wear patterns;
secondly, it utilizes Hertz theory to determine the peak
contact stress, providing a theoretical basis for grasp-
ing gear interactions; and thirdly, it proposes practical
suggestions for enhancing gear design and remanufac-
turing techniques, ultimately seeking to boost the relia-
bility and efficiency of coal mining equipment. The effi-
ciency and safety of coal mining are closely linked to
the reliability of the transmission gear, which is the main
component of the coal mining equipment. The trans-
mission gears are prone to tooth wear due to the coal
mining machine’s complex operating environment and
severe force conditions. Understanding Gear tooth wear
in coal mining machines is essential for improving effi-
ciency, safety, and cutting maintenance costs. Wear can
diminish performance, escalate energy usage, and result
in gear failures, which pose safety risks. By identifying
the causes of wear, more effective maintenance strategies
can be implemented, while advancements in technology
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improve gear design and durability, ultimately leading to
enhanced overall performance. In addition to lowering
transmission efficiency, tooth wear can raise noise levels,
induce mechanical vibrations, and potentially result in
gear failure. The appearance of these issues will signif-
icantly increase equipment maintenance costs and cause
more downtime, negatively impacting the productivity
and financial benefits of coal mining machinery [2].
Thus, researching and analyzing the aspects that con-
tribute to gear tooth wear, as well as its causes, is crucial
from a practical standpoint.

In the subject of mechanical transmission, the analy-
sis of gear tooth wear has long been significant. In actual
use, contact tension, tooth roughness, material charac-
teristics, and lubrication conditions all work together to
cause gear wear [3]. A theoretical foundation for gear
design is provided by the Hertz theory-based gear con-
tact stress calculation method, which utilizes the max-
imum contact stress formula to accurately predict the
stress distribution of gears during the meshing process.
Hertz theory, however, ignores other intricate consider-
ations such as nonlinear variations in tooth wear and
dynamic friction characteristics. As a result, researchers
have been progressively developing numerical analytical
techniques based on the finite element method in recent
years [4]. These techniques enable a more accurate sim-
ulation of the stress state and deformation behaviour of
gears under various complex operating conditions.

Fatigue fractures in the gearbox housing of a coal
mining machine’s cutting part (CPGH) are analyzed by
examining external coal cutting and internal gear mesh-
ing excitations, using finite element and modal analy-
sis to identify stress concentrations and resonance fre-
quencies. The impact of design parameters on stress
is explored to recommend solutions for reducing stress
concentration and preventing resonance failures. Finite
element analysis predicts tooth root fatigue and Rolling
Contact Fatigue (RCF) in spur gears made of steel,
titanium, and coated materials. An innovative method-
ology for loaded tooth contact analysis (LTCA) of
spiral bevel gears enhances misalignment predictions,
thereby improving gear performance and durability [5-
7]. Researching the issue of gear wear is now fraught
with difficulties. Firstly, it is challenging to fully and
effectively characterize the actual operating conditions
of gears using classic analytical approaches due to the
extremely nonlinear and time-varying properties of the
stress distribution and wear behaviour of gear transmis-
sion systems. Second, the accuracy and computational
efficiency of the present models are frequently insuffi-
cient to account for the multi-scale and multi-physical
field coupling difficulties that arise during the gear mesh-
ing process, such as contact friction, heat transfer, and
material damage [8]. Furthermore, simplified models are
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frequently utilized in traditional finite element analy-
sis due to limitations in processing power and mod-
elling complexity, which can cause the analysis results
to deviate from real working conditions. The credibil-
ity of the results may be impacted, for instance, if the
lubricant effect and temperature rise are not taken into
account. In this scenario, the stress concentration area
on the tooth surface determined by the study may dif-
fer somewhat from the real wear situation [9, 10]. Simi-
lar studies have explored wear in underground construc-
tion equipment such as disc cutters in shield tunnelling
machines. For instance, one investigation under Baiyun
Airport analysed the linear correlation between disc cut-
ter wear and parameters like installation radius, cutting
length, and mass-point velocity [11]. The study exam-
ined rock behaviour under repeated shield disc cutter
impacts, revealing that internal damage accumulates over
time, reducing rock strength. Key mechanical responses,
including stress and modulus, changed with impact rate,
enhancing understanding of the rock-breaking process
in tunnelling [12]. In another domain, a fault diagnosis
method combining Feature Mode Decomposition (FMD)
with Multi-Scale (CNN) Convolutional neural network
has been proposed to improve accuracy in helicopter
gearbox fault detection. These cross-domain techniques
highlight the growing trend of integrating advanced
diagnostics and machine learning in wear analysis and
machinery fault prediction [13].

Researchers have proposed various changes to
address these difficulties. By determining the contact
stress and wear range, the wear calculation approach
based on Archard’s wear equation is frequently used in
gear wear prediction to estimate tooth wear. Archard’s
wear model is crucial in studying gear tooth wear, partic-
ularly in coal mining machinery, as it provides a theoreti-
cal framework for predicting wear rates based on contact
mechanics. This model enables a quantitative wear anal-
ysis, allowing engineers to design more durable gears by
considering material properties, surface treatments, and
operating conditions. It also correlates wear with load,
sliding distance, and material hardness, thereby aiding
in the development of better maintenance strategies and
design improvements. The Archard wear equation is:

V=k-H-F-d. (1

Where:
V = Volume of material worn away (cubic units)
k = Wear coefficient (dimensionless)
F = Normal load (Newtons)
d = Sliding distance (meters or millimetres)
H = Hardness of the material (Pascals)

This equation helps to quantify wear and predict
gear performance, making it essential for improving



design and durability. The nonlinear fluctuation of stress
and deformation at each site during gear meshing is not
fully taken into account, even though this method makes
the wear calculation simpler [14, 15]. The results also
depend on the choice of wear coefficients. Furthermore,
the numerical simulation method of finite element analy-
sis offers substantial support to the gear wear study. The
computation accuracy can be significantly improved by
carefully selecting factors such as cell type, mesh den-
sity, and material model. It remains a challenging task
to address, nevertheless, how to strike a compromise
between the model’s correctness and computational effi-
ciency while avoiding instability issues (such as the neg-
ative volume phenomenon) throughout the calculation
process [16].

In this study, several novel contributions to gear
wear analysis are introduced, including the integration
of advanced finite element analysis (FEA) with local
mesh encryption techniques, improving the accuracy of
wear predictions by more precisely evaluating stress con-
centration areas on gear tooth surfaces. Unlike previous
studies that used simplified wear models, this research
combines the Archard wear model with detailed sim-
ulations to capture the complex interactions between
contact stress, nonlinear stress fluctuations, and vary-
ing operational conditions. The real-world applications
by validating its findings against empirical data from
coal mining machinery and enhancing the credibility
of the wear predictions are highlighted. Furthermore, it
explores the impact of gear wear on remanufacturing
processes, particularly through laser cladding, offering
new insights into improving wear resistance and fatigue
strength. Finally, the research takes a holistic approach,
correlating wear with overall gear performance to pro-
vide actionable recommendations for strengthening gear
design and maintenance strategies. With the aforemen-
tioned issues in mind, this research uses the finite ele-
ment method to conduct a systematic investigation into
the wear of the tooth surface of the transmission gears in
coal mining machines [17-19]. This paper calculates the
contact half-width based on Hertz theory and performs
local mesh refinement in the tooth contact region to
achieve more precise findings in tooth stress analysis. In
addition to improving the accuracy of tooth stress distri-
bution, local encryption can significantly reduce compu-
tation time compared to the conventional uniform mesh-
ing method [20, 21].

Several tooth wear loss models, including the
unworn, full desensitized, and localized wear models, are
developed in this paper. These models enable the simu-
lation of the impacts of various wear levels on the gear
transmission system’s performance, leading to a more
comprehensive understanding of wear behaviour. Gear
wear from friction, pressure, and insufficient lubrication
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lowers efficiency, load capacity, and longevity. Common
kinds include tooth flank wear, pitting, and scuffing. As
wear progresses, friction, noise, vibration, and temper-
ature rise, potentially leading to failure. Wear rates are
influenced by factors such as load, speed, material, and
environmental conditions. To minimize the impacts, ade-
quate lubrication, long-lasting materials, an ideal design,
and regular maintenance are necessary. Monitoring wear
through inspections and analysis extends gear life and
ensures system reliability. For the potential negative vol-
ume issue that arises throughout the computation proce-
dure, corresponding remedies are also suggested. Com-
putational instability can be efficiently prevented and the
reliability of simulation results increased by adjusting
the K-file control parameters.In LS-DYNA, the K-file
refers to the keyword input file that contains the control
parameters required for finite element analysis. This file
defines the essential settings for the simulation, includ-
ing time integration options, contact definitions, material
models, and numerical stability controls. By adjusting
the K-file parameters, it is possible to mitigate computa-
tional instabilities, such as negative volume errors, while
also improving the overall accuracy and reliability of the
simulation results.

II. HERTZ THEORY-BASED GEAR
CONTACT CALCULATION
A. Maximum contact stress calculation in gearing
The maximal contact stress is determined by Hertz
theory [22].

\/4—8\/ 2
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The degree of overlap of the straight-toothed cylin-
drical gear transmission is expressed as €. The pressure
angle is denoted by o (°), while o and o represent the
apex circle pressure angles of the master and slave gears,
respectively. The number of teeth of the master and slave
gears are denoted by Z; and Z,. The modulus of elas-
ticity of the material is represented by £ (MPa), and the
material’s Poisson’s ratio is v. The load factor is indi-
cated as K, and the real maximum driving torque of the
main wheel is given in N-mm. The transmission ratio is
denoted by a, the gear tooth width is represented by b,
and d refers to the indexing circle diameter of the main
wheel.
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B. Hertz half-width

The Hertz contact hypothesis states that for correct
analysis results, the mesh at the contact should be drawn
more densely. When any point of the gear is involved in
meshing, the edge length of the cell at the contact is typ-
ically 1/10 of the Hertz half-width or less, meaning that
there are more than five contact cells [23]. The equation
for Hertz half-width is

1— 2 1— 2
8T] ( E'IIJl + Egz)

diLw (% + é) cos o
III. ANALYSIS OF GEAR MESHING
TRANSMISSION USING FINITE
ELEMENTS
A. Estimating dental wear
Wear on the tooth surface was calculated using the
wear equation developed by Archard [24].

m
hi =k Z DijSijs (5)
j=1
where p; ; is the tooth contact stress in MPa,s; ; is the
tooth wear range in mm;i is the tooth’s position where
the calculation point is in mm; j is the total number of
wear events that the calculation point has experienced.
During the Ar period, the gear tooth profile experi-
ences a grinding stroke that is proportional to the pres-
sure angles a1 and o2.
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This is derived from the fact that, throughout the
gear meshing process, the length of the meshing line
remains constant.

rprtanog + rpptan o = asin . @)

The equation involves the following: Here, ¢ is the
pressure angle at the gear tooth node (°), a is the center
distance of the gear pair (mm), r}, is the base circle radius
of the master and slave gears (mm), and rp; and ry, are
the base circle radii of the master and slave gears in mm,
respectively.

B. Finite element modeling

Table 1 displays the geometric measurements and
material characteristics of the final-stage gears of the
easy-to-maintain SL1000 coal mining machine’s right
rocker arm drive system.

Pro/E parametric modelling was used to create a
three-dimensional geometric model of the gear drive sys-
tem, taking into account the system’s large size and
heavy mass, which resulted in a large number of com-
plete gear model units. The analysis and solution time
were excessively long, which had an impact on the solu-
tion’s efficiency. The six-tooth active wheel and seven-
tooth driven wheel types are established based on the
Saint-Venant concept.
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Table 1: Gear parameters and material properties

Main and Driven | Value 1 | Value 2 | Unit/Note
Gears Geometric
Parameter
Number of teeth 27 28 -
Modulus 28 mm
Pressure angle 23 °
Tooth width 312 mm
Gear material 18Cr2Ni4WA
Elastic modulus E 1.97 x 10° MPa
Poisson’s ratio u 0.288
Mass density p 7.91 x 107 kg/mm?
Yield limit o 1.5 x 10’ MPa

After importing the model into ANSYS/LS-DYNA,
the Hertz formula was used to determine the Hertz half-
width, which was found to be a = 4.32 mm. After choos-
ing shell1l63 four-node tetragonal cells and solid164
eight-node hexahedral cells, the model was subjected
to mapping and free-meshing using MESHTOOL [25].
To minimizes computation time and increase the accu-
racy of the solution, the portion of the mesh that is not
involved in meshing can be divided into rough sections.
For the meshing of the tooth surface, local mesh refine-
ment is applied to the tooth root stress concentration,
with an edge length of 4mm for the cells.

Tooth wear failure frequently occurs in the active
wheel at the meshing teeth above the pitch circle, near
the tooth top, and in the driven wheel at the meshing teeth
below the pitch circle, near the tooth root [26]. This is
evident from the coal mining machine rocker arm final-
stage gears in the actual working process, as well as from
the literature [27, 28].

Based on the Archard wear formula, j = 1,000,
meaning that only the active wheel characteristics should
be considered, as the difference in size between the slave
and master gears is not significant. The wear quantity of
the tooth at the root is calculated to be 0.0432 mm, and at
the top, it is 0.00594 mm. Consequently, the simulation
Model 1 shows no wear on the tooth surface; Model 2
shows full damage wear on the active wheel gear tooth
surface; and Model 3 shows wear of 0.00594 mm on the
active wheel gear tooth surface. Following the split of the
finite element model, Figs 1 to 3 show Model 3, which
represents the follower wheel gear tooth flank wear of
0.0432 mm among the three typical wheel tooth flank
wear loss models.

Figure 3 illustrate different simulation results: the
left shows the normalized wear depth distribution, while
the right shows the corresponding convergence coeffi-
cient (CONV-HCOE).



Fig. 1. Unworn gear tooth surface (Model 1).

Fig. 2. Fully worn gear tooth surface on the active wheel
(Model 2).
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1 0.533333
1.033 0.541 111
1o 0.548 889
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1167 |1 0.564 444
1. g 0.572222

0.58

Fig. 3. Partially worn follower gear tooth surface with
root and top wear (Model 3).

IV. EXPERIMENTATION

A. Preparing worn, remanufactured teeth
There are various procedures involved in prepar-
ing worn gear teeth for remanufacturing. First, an initial
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check evaluates the wear and damage to the gear. Sand-
blasting is then used to clean the gear’s surface, elimi-
nating pollutants and preparing it for subsequent treat-
ment. Following that, cracks are identified using proce-
dures such as optical inspection, liquid penetrant test-
ing, magnetic particle testing, and ultrasonography. Once
cracks and faults are discovered, a thorough inspection
decides whether the gear can be fixed or replaced. If
the gear is repairable, it undergoes additional prepara-
tion, such as removing fatigue layers and applying sur-
face treatments to restore its functionality. Throughout
the process, documentation is kept to chronicle discover-
ies and actions performed. The working surface hardness
of the gear teeth on the low-speed, heavy-duty walking
track gear steel grade 18Cr2Ni4WA was measured to be
between HRC58.6 and 61.5, with a tooth core measur-
ing HRC38.2. To simplify the experimental process and
provide 48 mm, or half of the tooth width, for the study,
a wire cutter will be used to cut out the block, depicted
in Fig. 4, along the root of the wheel teeth. Figure 4 (a)
depicts the pitting area following sandblasting to iden-
tify the fatigue pitting area, whereas Fig. 4 (b) shows
the end face broken tooth drop block. The fatigue pitting
region in Fig. 4 (a) is dispersed over the upper half of
the tooth height and is wider in the vicinity of the tooth’s
end face. The upper portion of the tooth height and the
top of the tooth are where the majority of the broken
teeth are located in the Fig. 4 (b). The distribution of the
fatigue region location was clarified after sandblasting,
oil removal, and rust treatment. Slag removal and fault
identification are necessary before laser cladding; oth-
erwise, the slag and the original residual fractures will
constitute the cause of cracks in the cladding layer.

Fig. 4. Gear teeth following sandblasting: (a) Prolonged
tensile deformation area; (b) Oblique tensile deformation
area

In our study, we utilized a belt sander to ‘“sand-
blast” the gear tooth work surface multiple times until
the pitting craters are entirely gone to remove the fatigue
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pitting layer. The gear tooth’s working face was then lig-
uid probed and kept sanded to check for any cracks. The
thickness of the unilateral gear tooth’s working face was
measured to have decreased by 0.25 mm following the
removal of the fatigue layer and the discovery of cracks.

B. Laser remanufacturing of tooth flanks

The powdered nickel-based fusion alloy and
blended Ni60A: CeO2 = 99:1 (mass ratio) were ball-
milled for 8 hours at a rotational speed of 650 r/min. The
powder was then dried in a vacuum drying furnace at 150
°C for 1.5 hours to completely dehumidify it and prevent
the formation of air holes caused by the failure of water
vapour to be discharged from the metal during the fusion
cladding process, due to the metal’s high-speed solidifi-
cation, as shown in Table 2.

Table 2: Parameters of the laser cladding method

Variable Parameters Numerical Value

Power kW 33
Spot size mm?” 1x10
Spot velocity (mm/s) 9
Rate of powder delivery (r/min) 4.8

Rate of overlap between
neighboring fusion trajectories %
Powder that contains gas Ar
Coaxial shielding flow 500
rate of argon gas (L/h)

42

Figure 5 displays the working surface morphology
of the gear teeth following laser cladding.

.
e
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(a) b)

Fig. 5. Functional shape of wheel teeth after cladding:
(a) Gear working surface; (b) Gear tooth end showing
the start and end of laser cladding.

After welding, the rectangular laser spot has a sur-
face that is nearly smooth and clean, similar to net
moulding, as seen in Fig. 6. The rectangular spot has two
major advantages over the circular spot, in addition to
surface finishing: firstly, the surface interaction with the
substrate is smooth; secondly, as illustrated in Fig. 6, the
melting efficiency is high.
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Fig. 6. Fused cladding bonding interface schematic dia-
gram: (a) Circular polishing; (b) Short polishing.

Abrupt changes in stress at the bonding interface
are easily produced because the cladding layer’s mate-
rial properties, such as Poisson’s ratio and modulus of
elasticity, differ from the substrate’s. Interestingly, Laves
phase, a brittle material at ambient temperature, is the
material present at the bonding interface. Due to the
Laves phase’s brittleness, it is best to reduce both its con-
tent and overall area, as a large amount of Laves phase
will weaken the mechanical qualities of the tooth surface.

C. Microstructure near the overlap zone’s interface
As seen in Fig. 7, the upper surface of the match-
ing coating is smooth, clean, and neat. The interface
between the lower portion of the fused cladding layer
and the substrate at the adjacent two laser laps is rea-
sonably flat, with nearly no fluctuation or undulation. A
“reasonably flat” interface between the cladding layer
and the substrate in laser remanufactured coatings is
essential for gear teeth’ mechanical integrity and per-
formance, especially in demanding environments like
coal mining machinery. A flat interface promotes even
load distribution, reducing localised stress concentra-
tions that can cause premature failures such as fatigue,
cracking, and spalling, thereby enhancing gear durabil-
ity and longevity. The rapid geometry changes lead to
high-stress points, increasing the risk of wear and failure.
Improved bonding between the cladding and substrate is
facilitated by a flat interface, which prevents delamina-
tion and ensures efficient load transfer. The wear resis-
tance of the cladding layer benefits from a flat surface,
which allows uniform material distribution and mitigates
rapid wear. Additionally, a flat interface aids in thermal
management by enhancing heat dissipation, thereby pre-
venting localizeds overheating that could degrade mate-
rial properties. From a microstructural perspective, a flat
interface promotes a consistent microstructure, which is
essential for achieving the desired hardness and tough-
ness, thereby reducing wear inconsistencies. Overall,
sustaining a “reasonably flat” interface is crucial for
gear systems’ longevity, wear resistance, and reliabil-
ity, enhancing bonding quality and thermal management
while minimising stress concentrations. The laser reman-
ufactured fused cladding layer is free of defects such as



pores, fissures, and unfused particles, and it is uniformly
and densely organised.

Adjacent
Laser Weld
Conjunction

Laves phase Zose

X180 — 20 um

Fig. 7. Microstructure of the adjacent laser weld conjunc-
tion zone showing the presence of the Laves phase (mag-
nification: x180, scale: 20 pm).

Compared to the wavy binding interface of a circular
spot, the gentle binding interface of a rectangular spot
has a smaller Laves phase area.

D. Laser-remanufactured composite coatings’ wear
properties

Samples of wear performance are taken from the
new gear block at the same location as the rectangu-
lar laser-coated tooth face block. It can be conclusively
demonstrated that the process parameters used for man-
ufacturing laser wear-resistant coatings are successful if
the fatigue zone is chosen as the wear test location and
its test performance surpasses that of the new gear tooth
surface.

The rectangular area in Fig. 9 (a) of 10 x 20 mm?
and 10 mm in height along the tooth surface downward
was selected as the wear surface to be examined. The
tooth surface was then smoothed with sandpaper and pol-
ished with a polishing machine to a surface roughness of
0.2 pm.

A UMT-2 friction and wear testing machine was
used to conduct the experiments. The following were the
working conditions: room temperature of 23 °C, loaded
with 25 N, reciprocating discs in dry wear mode without
lubrication, single test duration of 7,200 s, grinding ball
diameter of 5.6 mm, GCr15 steel ball material, and 5 mm
abrasion mark length.

It is evident from the comparison of Figs. 8 (a) and
8 (b) that the newly created tooth flanks perform sig-
nificantly worse than the laser-prepared remanufactured
wear-resistant coatings. Following an identical wear per-
formance test, the laser cladding surface exhibits nearly
no wear markings at all. In contrast, the wear pattern of
the fresh flank samples displays larger wear grooves in
the middle. In Figs. 8 (c) and 8 (d), the laser nickel-
based coating and the new tooth face grinding GCrl5
beads on the wear surface demonstrate a relatively flat
and smooth wear morphology, when compared to the
grinding of the GCr15 beads. Meanwhile, the new tooth
face cutting block, when subjected to the grinding of the
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GCrl5 beads from both sides of the gradual protrusion,
clearly displays a micro-ploughing morphology.

Fig. 8. 3D topographical surface plots of gear tooth sur-
faces after the abrasion test: (a) Least recently structured
containment coating; (b) New producer tooth sonic sites;

(c) Surface height variation up to 83 pm; (d) Surface
height variation up to 40 um.

E. Curve of the friction factor

The friction factor curve is a valuable tool for evalu-
ating the performance of laser-remanufactured coatings
compared to new tooth surfaces, particularly in gear
systems. It measures the resistance to motion between
two surfaces, taking into account surface roughness,
material properties, and lubrication. The curve shows
higher friction during the initial running-in phase, fol-
lowed by a stable wear stage. By analyzing this curve, it
is evident that laser-remanufactured coatings offer supe-
rior wear resistance, improved lubrication, and lower
energy losses compared to new tooth surfaces, which
tend to degrade more quickly. This makes remanu-
factured coatings more efficient and durable, making
them ideal for applications that require long-term per-
formance and lower operating costs. The curve also
provides valuable insights for predictive maintenance,
process optimisations, and material selection, helping
reduce energy consumption, improve efficiency, and pre-
vent unexpected failures. In summary, the friction fac-
tor curve is a crucial tool for evaluating the effective-
ness of laser-remanufactured coatings in terms of wear
resistance, efficiency, and gear performance. The friction
factor of the laser remanufactured coating is consistently
lower than the friction factor of the new tooth surface
after the running-in process ends and the tooth surface
enters the stable wear stage, as shown by the comparison
between the two in Fig. 9. Additionally, the difference
tends to continue growing.

Furthermore, there is a close relationship between
wear performance and fatigue performance, as they are
essentially the macroscopic expressions of the build-up
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Fig. 9. Friction factor between a newly surfaced tooth
and a laser-remanufactured coating.

of microcrystalline dislocations at the metal microcrys-
talline boundaries of the tooth surface, which eventually
cause slippage and spalling. The finer grains in the fine
and compact fine-grain reinforced wear-resistant coat-
ings made possible by the addition of rare earths mean
that, in theory, their fatigue performance will be higher
than that of the tooth surface with coarser grains.

V. CONCLUSION

This study uses Hertz theory and finite element anal-
ysis to examine gear tooth surface wear in coal min-
ing machinery, focusing on stress concentration at the
tooth’s crown and roots. Laser cladding remanufactur-
ing develops wear resistance and fatigue strength. Still,
the Archard wear model determines that tooth wear is
directly related to sliding distance and contact stress,
with wear increasing dramatically at the crown and
root. This study enhances the gear wear mechanisms in
coal mining machinery by providing empirical data on
the performance of laser-remanufactured coatings com-
pared to new tooth surfaces. The findings provide criti-
cal insights into optimizing gear design and remanufac-
turing processes, resulting in increased operational effi-
ciency and reduced maintenance costs. The study’s nov-
elty is combining finite element analysis with experimen-
tal wear testing to estimate laser cladding performance.
It helps innovation in gear material selection and surface
treatments by correlating microstructural properties to
wear behavior. Likewise, applying friction factor analy-
sis as a predictive technique represents a big step forward
in assessing gear systems under various operational con-
ditions.
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Abstract — Scholars have conducted extensive research
on the anchoring methods and cable systems of sus-
pension bridges, but there is relatively less research on
the analysis of steel tower construction stages. As an
important supporting part of the entire bridge, the sta-
bility of steel towers during installation directly affects
the safety assurance during construction. In order to
comprehensively understand the dynamic characteris-
tics of steel towers during the construction stage, this
paper presents a comprehensive analysis of the construc-
tion process of steel towers in large-span suspension
bridges, focusing on the roles of active and cross braces
in maintaining structural stability. Utilizing advanced
finite element modelling techniques in both Midas Civil
and ANSYS, the study evaluates the deformation and
stress responses of the steel tower under various loading
conditions, including self-weight and wind loads. The
findings reveal critical insights into the maximum defor-
mation behaviors and stress distributions at different con-
struction stages, underscoring the importance of jacking
operations and the strategic installation of braces. By
comparing the performance of structures with and with-
out these braces, the research demonstrates their essen-
tial role in enhancing the overall stability and safety of
the tower during construction. Furthermore, considering
the influence of wind loads and crane loads on the struc-
ture in Midas Civil, the paper analyzes the changes in
structural strength and stiffness, providing useful refer-
ences and guidance for this project and similar engineer-
ing endeavors.

Index Terms — Construction stage, Midas Civil and
ANSYS, steel towers, suspension bridge.
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L. INTRODUCTION

As an important form of bridge structure, suspen-
sion bridges play a crucial role in modern transporta-
tion infrastructure. Their unique structural advantages
provide reliable solutions for spanning natural obstacles,
such as rivers and valleys. During the construction pro-
cess of suspension bridges, the installation and control
of bridge towers are critical stages. The steel tower, as
an integral supporting part of the entire bridge, directly
influences the safety and lifespan of the bridge. Schol-
ars’ research on suspension bridges tends to focus more
on performance design, anchoring methods, and con-
struction techniques. For instance, in the 1990s, coun-
tries such as the United States and European nations
transitioned from safety factor methods to partial coef-
ficient limit state methods in bridge design [1, 2]. Xiong
et al. [3] based their work on load resistance and sta-
tistical characteristics of key design parameters to con-
struct reliability-based limit state design equations for
gravity-type anchorages in suspension bridges. Zhao
et al. [4] conducted a numerical analysis of the entire
bridge, including local anchorages, to investigate the
safety factors of anchorages against sliding. A method
was proposed for analyzing the construction process as
a whole of a steel box girder ground-anchored suspen-
sion bridge using the finite element software Midas Civil
[5]. The utilization of Midas Civil to establish a spa-
tial finite element model of bridge towers, calculating
and analyzing parameters such as pre-elevation, anti-
push stiffness, anti-twist stiffness, and allowable devia-
tion under three construction conditions — bare towers,
suspended cables, and completed bridges — is employed
[6]. The finite element software MIDAS/Civil was used
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to simulate and analyze the asynchronous construction
method of “tower-first, beam-later” during the construc-
tion phase [7]. Newton’s Law was used to establish
vibration control equations for main cable parameters,
and studying the nonlinear parameter vibration issues
during suspension bridge construction was also utilized
[8]. Zhu et al. [9] employed MIDAS/Civil to establish
a spatial analysis model for a suspension bridge during
operation and utilized ANSYS to construct a solid finite
element model for the concrete tower pylons for local
analysis.

Although many countries worldwide have suc-
cessfully constructed numerous large-span suspension
bridges, deficiencies still exist in design theories and
industry standards, especially in research on the anal-
ysis of steel tower construction stages [10]. Our pro-
posed work integrates artificial neural networks, electro-
thermal inverter models, and finite element analysis, as
demonstrated by Deevi, to enhance real-time thermal
and structural analysis of steel towers during staged
construction [11]. Incorporating intelligent FEA mod-
elling enhances simulation fidelity, safety, and efficiency
throughout the construction process. Kodadi employed
cloud-based seismic management systems in machine
learning and wavelet analysis for rapid data process-
ing and accurate earthquake prediction [12]. Inspired
by their cloud-based seismic management system, our
research integrates the deployment of Midas Civil and
ANSYS on a cloud-based high-performance comput-
ing (HPC) platform that facilitates real-time, large-scale
structural and electromagnetic simulations. Cloud com-
puting strategies, including load balancing, auto-scaling,
and resource optimization, were presented by Dharma
[13]. Our framework incorporates their Cloud comput-
ing strategies into our study to dynamically manage sim-
ulation workloads and maintain system stability through
real-time monitoring, resulting in faster, cost-effective,
and energy-efficient multiphysics simulations. There-
fore, to comprehensively understand the stress and defor-
mation states of steel towers during the construction
stage, this paper, based on a specific Yangtze River
bridge, utilizes Midas Civil for finite element analysis.
The effectiveness of the analysis model is validated by
comparing its results with those from the ANSYS finite
element software. Furthermore, the construction stage
analysis considers wind loads and crane working loads
to investigate their effects on the stress and deformation
of steel towers. The sensitivity of steel towers to vari-
ous loads at different stages is analyzed, and the struc-
tural strength, stiffness, and overall stability are verified
during the construction phase. The stress and deforma-
tion effects of various components in the main tower
under different construction stages are also analyzed in
detail, providing an important reference for subsequent
construction activities.
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This paper examines the construction stages of steel
towers in large-span suspension bridges, with a focus on
the impact of varying loading conditions on structural
stability. It uses advanced finite element modelling tech-
niques in Midas Civil and ANSYS to understand how
active and cross braces affect deformation and stress dis-
tribution. The research provides a detailed examination
of steel tower dynamics, emphasizing the importance
of active braces for stability. It introduces innovative
modelling approaches that incorporate variable cross-
section designs, enhancing the reliability of the analy-
sis. A comparative analysis between Midas Civil and
ANSYS validates the effectiveness of simplified mod-
elling techniques and offers insights into steel tower per-
formance under various construction scenarios. The find-
ings provide recommendations for engineering practices
that improve safety and reliability in suspension bridge
tower construction. This paper fills a significant gap in
bridge engineering literature by focusing on steel tower
construction.

This paper is organized as follows. Section II high-
lights key findings and gaps in current research. Section
IIT presents the methodology used in this study, includ-
ing a brief description of Midas Civil and ANSYS finite
element model. Section IV presents the analysis of struc-
tural effects under different loads along with the analy-
sis of calculation results under tower crane load. Finally,
section V summarizes the key findings, conclusions, and
recommendations.

II. PROJECT OVERVIEW

This article is based on the Zhangjinggao Yangtze
River Bridge project. The bridge is located in the lower
reaches of the Yangtze River, in the Chengtong section
of the Sa Group in Rugao, China. The span of the
bridge is 7,859 meters, with two main navigation bridges
and three approach bridges (south, central, and north).
The South Navigation Bridge, spanning 2,300 meters,
is currently the world’s largest span suspension bridge
under construction. The precision requirements, defor-
mation control, and automation welding rate for fab-
ricating the Zhangjinggao Yangtze River Bridge steel
towers are high. The vertical deviation of each segment
must be controlled within 5 millimeters, and the planar
deviation must be controlled within 2 millimeters. The
north navigation bridge spans the Hanfu North Water-
way in Rugao and features a main span of 1,208 meters,
making it a single-span cable-stayed bridge. This article
focuses on the analysis of the South Main Tower of the
North Navigation Bridge. The south anchor tower adopts
a gantry structure steel tower with a total height of 217
meters (including the tower crown). The tower crown is
9 meters high, with a height of 58.1 meters for the cross-
beam and below and 149.9 meters above the crossbeam.
The elevation of the tower crown is +224.000 meters,



the elevation of the tower top (excluding the crown) is
+215.00 meters, and the elevation at the center of the
tower bottom is 4+7.00 meters. Two crossbeams are set
on the tower column, as shown in Fig. 1.

2o 0., .,
0

Fig. 1. Schematic diagram of the south tower of the North
Channel Bridge.

III. FINITE ELEMENT MODEL
VERIFICATION

A. Midas Civil finite element model

Midas Civil software is widely used in the engineer-
ing industry due to its high integration of functions and
ease of modelling. In this paper, Midas Civil is employed
for construction stage analysis. Due to the inherent incli-
nation of the steel tower and the variable cross-section
of each segment, the SPC section property calculator is
used to import the steel tower sections, and the model is
simulated using beam elements. The entire tower con-
sists of 2,019 nodes and 3,563 components. The steel
tower and crane base are fixed with constraints at the
bottom. The active braces, upper beam supports, and
lower beam supports are connected to the steel tower
with varying degrees of freedom in elastic connections,
depending on the construction stage. Temperature loads
are used to simulate the jacking force of the jacks. The
weight of each steel component is predicted based on
its dimensions and the type of steel used, and its impact
on the structure is considered throughout the entire con-
struction plan [11]. Therefore, adjustments to the unit
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weight of each segment are made to match the design
requirements.

During the gradual installation of bridge pier seg-
ments, they undergo gradual deformation due to their
weight and other factors. Since the steel towers are
installed during periods of relatively constant tempera-
ture and low wind speeds, during the comparative analy-
sis stage, only the self-weight of the structure is consid-
ered, while factors such as wind loads and temperature
loads are ignored. The primary objective of this analysis
is to determine the overall deformation, stress, and the
required jacking force for each brace of the steel tower,
thereby facilitating comparison with the ANSYS finite
element model to validate the effectiveness of this sim-
plified model. Additionally, the calculation results are
used to determine the most critical state of the struc-
ture during construction. The main construction stages
and corresponding finite element models are shown in
Table 1 and Figure 2.

Table 1: Main construction steps

C‘Zr(l);;(tli::ﬁs Construction Steps
1 Install TO-T7 segments
) Install the lower beam bracket and push
up the tower column
3 Locking jack and lower beam bracket:
4.5 Install lower beam segments 1-3 in
sequence
6 Install the lower beam closing section and
unlock it
7 Install sections T8-T11 and the first
attachment of the tower crane
8.9 Install active cross brace 1 and push tower
column
10 Locking jack and active cross brace 1,
install segments T12-T14
11-12 Install active cross brace 2 and push the

tower column
13 Locking jack and active cross brace 2
Install sections T15-T17 and install the

14 remaining tower crane
15-16 Install active cross brace 3 and push the
tower column
17-18 Locking jack and active cross brace 3,
install segments T18-T22
Install the upper beam bracket and push
19-20
up the tower column
Install the lower beam sections 1-3 to the
21-23 closing section in sequence and unlock
them
o4 Remove the upper beam bracket and

active cross brace

790



791

] |

Working condition 2:
Install TO-T7 section

Working condition 6:
Install the lower beam
closing section and
unlock it.

Working condition 9:
Active cross brace 1
pushes up the tower

column

Working condition 11:
Active cross brace 2
pushes up the tower

column

Active cross brace 3
pushes up the tower
column

Working condition 16:

Working condition 20:
Install the upper beam
bracket and push up the
tower column

Install the closing
section of the upper
crossbeam and unlock

Working condition 23:

Working condition 24:
Remove the upper
crossbeam bracket and

active cross brace

it.

Fig. 2. Schematic diagram of the construction stage
model.

B. ANSYS finite element model

This paper utilizes large-scale finite element
general-purpose computational software, ANSYS, for
detailed modelling and analysis, aiming to compare and
validate the effectiveness of the simplified model in
Midas Civil. Each segment of the steel tower in the lit-
erature is modelled using the shell element SHELL 181,
while the lower beam of the steel tower, three active
braces, and upper beam supports are modelled using the
beam element BEAM189. Additionally, shell element
SHELL 181 is used to simulate the external steel shell,
vertical partitions, vertical ribs, and local joints of each
segment of the steel tower, strictly following the design
thickness specified in the drawings.
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In the construction stage analysis, ANSYS function-
ality allows for the simulation of the construction process
through techniques such as “killing” and “activating”
elements, which are particularly suitable for simulating
the step-by-step establishment of structures [12]. When
elements are “killed” in the ANSYS program, their stiff-
ness matrix is multiplied by a very small coefficient, typ-
ically defaulting to 1e-6. The results of the solution will
not include the mass and energy of “dead” elements. The
stiffness, mass, and load parameters return to their real
state upon reactivation. After elements are “reactivated,”
there is no history of strain, and they are “annealed”
through the process of being both dead and alive, where
all stresses and strains are zero when they are alive. The
ANSYS finite element model is shown in Fig. 3

Meanwhile, during the construction stage simula-
tion process, the deflection deformation of the tower
body mainly originates from its weight. Therefore, it
is necessary to compare and verify the weight of each
segment of the steel tower calculated from the model
with the weights specified in the design drawings. This
ensures the accurate application of the steel tower’s self-
weight load and verifies the accuracy of the model estab-
lishment through mass differences. This is summarized
in Table 2.

Partial model diagram
of the lower beam

Partial model diagram
of the active cross brace

Overall
model
diagram

Partial model diagram
of upper beam

Fig. 3. Schematic diagram of ANSYS finite element
model.



Table 2: Model quality error

Segment Model Design Error

Number Weight (t) Weight (t) (%)
1 225.7 264.8 14.7
2 202.3 232.6 13
3 202 232.3 13
4 201.7 231.9 13
5 201.4 232 13.2
6 217.4 262 17
7 209.3 253 17.3
8 217.6 262.9 17.2
9 200.3 230 12.9
10 200.1 229.7 12.9
11 207.7 237.2 12.4
12 239.9 280 14.3
13 239.2 278.4 14.1
14 238.6 2717.7 14.1
15 238.3 277.1 14
16 238 276.5 13.9
17 237.4 275.9 13.9
18 236.9 275.3 13.9
19 225.6 270.1 16.5
20 238 288.5 17.5
21 225.7 279.6 19.3
22 3114 332.3 6.3

C. Comparison of finite element calculation results

During the construction process of the main tower,
three temporary active braces are set up to support the
toppling, located at the top push rods of the lower
beam supports at +97.95 m (section T11), +131.341 m
(section T14), and +164.932 m (section T17), as well
as the top push rods of the upper beam supports. The
top push force, top push displacement, and vertex dis-
placement of each brace are shown in Table 3. Table 3
shows the largest differences in top push displacement
and deformation between the two models in stages 2 and
3 of the active braces. However, the calculation results
for the lower beam supports, upper beam supports, and
vertex displacement are relatively consistent [13]. Over-
all, using Midas Civil for construction stage analysis
proves to be effective.

IV. ANALYSIS OF STRUCTURAL EFFECTS
UNDER DIFFERENT LOADS

A. Analysis of calculation results under self-weight
state
1. Main tower strength and stiffness

The maximum stress and lateral deformation vari-
ations of the steel tower during the construction stage
are depicted in Fig. 4. Figure 4 shows that the maximum
combined stress of the steel tower decreases due to the
application of the jacking force during tower installation,
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Table 3: Thrust force and displacement comparison
between Midas and ANSYS models

Midas . . |ANSYS| ANSYS
. | Thrust Midas Dis- | py ot Displace-
Location placement
Force Force ment
® | ™ | @ | mm
Lower
Cross 93 2 20 2.17
member
bracket
Active
Cross 62 4.74 66 5.87
brace 1
Active
Cross 26 3.26 34 498
brace 2
Active
Cross 18 2.14 22 3.38
brace 3
Upper
beam 29 5.56 39 7.21
bracket
Vertex
displace- 453 398
ment

although the numerical fluctuations are small. However,
the stress level shows a gradually increasing trend, indi-
cating overall stability in structural strength. According
to the analysis results, the maximum stress in the struc-
ture occurs at the base of the steel tower during each con-
struction stage. The minimum stress is reached during
the installation of the lower beam supports at 6.4 MPa,
while the maximum stress is attained during the closing
stage of the upper beam at 21.9 MPa. After removing the
active braces and upper beam supports, the stress reaches
21.8 MPa. This analysis highlights the crucial role of
jacking operations in maintaining structural stability and
underscores the importance of monitoring and adjusting
the jacking force [14].

Due to the structure’s inclination, there is a tendency
for the steel tower to lean inward during installation,
which is a result of its weight. Therefore, this analy-
sis focuses more on lateral deformation behavior. The
maximum deformation of the steel tower occurs after
the upper beam supports are installed, reaching 5.984
mm. The structure returns to its design shape under the
influence of various jacking forces before installing the
next section, with deformation reduced to 0.54 mm after
removing the upper beam supports and active braces.
According to the analysis results, the maximum defor-
mation occurs at the top of the steel tower in each con-
struction stage.
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Congiruction stage

Fig. 4. Maximum stress and deformation development
curve of the main tower during (unit: MPa).

2. Active cross brace strength and stiffness

The actual development of the maximum lateral
deformation of the steel tower during the construction
stage is illustrated in Fig. 5. Due to the structure’s incli-
nation, there is a tendency for the steel tower to lean
inward during installation, which is a result of its weight.
Therefore, this analysis focuses more on lateral deforma-
tion behavior. Figure 5 shows that the maximum defor-
mation of the steel tower occurs after the installation of
the upper beam supports, reaching 5.984 mm. Under var-
ious jacking forces, the structure returns to its design
shape before installing the next section, with deforma-
tion reduced to 0.54 mm after removing the upper beam
supports and active braces. According to the analysis
results, the maximum deformation occurs at the top of
the steel tower in each construction stage. Additionally,
before installing the second active brace, the third active
brace, and the upper beam supports, the structure is in
a state of the maximum cantilever, with its stiffness at
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Fig. 5. Maximum stress and deformation development
curve during the construction stage (unit: MPa).

the lowest point, thus being in the most unfavorable
condition.

B. Analysis of calculation results under wind load

Due to geographical factors, the steel tower may be
subjected to strong winds when not under construction.
A wind tunnel test was conducted on self-supporting
bridge tower models to determine response patterns
under various wind speeds and angles of attack [15].
A formula for estimating permissible oscillation ampli-
tudes of bridge tower bending vortex-induced resonance
based on tower height parameters was summarized by
[16, 19]. The significant impact of wind angle of attack
and average wind speed on the flutter response of self-
supporting bridge towers, using a multi-channel coupled
vibration frequency calculation method, was emphasized
by [17, 20].



This paper analyses the stress under three maximum
cantilever conditions based on the calculation results
under self-weight conditions. The wind loads on both
sides of the steel tower are considered to simultaneously
bear the maximum wind loads in the longitudinal and
transverse directions. Here, wind loads are not applied to
the active braces, and the analysis examines the degree
to which the steel tower is affected by wind loads on
the active braces. The tower crane considers the loads
on the crane head and wind loads on the tower body
under non-working conditions, taking into account load-
ing directions in the longitudinal, transverse, and attach-
ment directions. According to the design wind resistance
standards for cable-stayed towers, the return period for
wind speed during construction is 30 years.

According to the “Code for Design of Highway
Bridges for Wind Resistance” [18, 21], the bridge falls
under the R2 region, with a ground category of A.
Located in Nantong, the wind speed is U10 = 28.5 m/s.
For calculations, the heights Z of active braces 1, 2, and
3 are 94.95 m, 128.538 m, and 161.932 m, respectively.
The wind load on the steel tower is then calculated based
on height variation from the tower base to the top. The
wind load calculation formula is as follows:

Ule = UlO X k87 (1)

Us10 = Uyo X ke, (2

Ug = krkikpUno, 3)
7 a0

Us = kf(m) Us10, (4)

U, =G\Uyy, 5

F, = 0.5pU3CpA,, (6)

where Ujo represents the basic wind speed; k. is the
terrain conversion coefficient, taken as 1.174; U ; repre-
sents the design basic wind speed, taken as the maxi-
mum of the two; kris the wind risk coefficient, taken as
1.02; k; represents the terrain condition coefficient, taken
as 1; ky, is the wind pressure height correction coefficient,
taken by linear interpolation; a0 represents the surface
roughness coefficient, taken as 0.12; G, is the equivalent
static coefficient, obtained by linear interpolation; p rep-
resents air density, taken as 1.25; Cp is the component
drag coefficient; A, represents the projected area of the
component.

1. Maximum cantilever state of the first cross brace
Figure 6 shows the maximum total deformation and
maximum combined stress of the steel tower and active
brace 1 in the first cantilever condition. From Fig. 6,
it can be observed that wind loads have a significant
impact on the stiffness of the steel tower and active brace
1. Compared to the case without wind loads, the max-
imum deformation of the steel tower under transverse
wind loads reaches 108.425 mm. In contrast, the max-
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Fig. 6. Maximum stress and deformation development
curves of wind load in different directions.

imum deformation of the active brace occurs under wind
loads in the attachment direction, reaching 77.569 mm.
Compared to changes in stiffness, the changes in strength
for both the steel tower and active brace 1 are relatively
small. Under transverse wind loads, the maximum com-
bined stress in the steel tower reaches 42.1 MPa, while
the maximum stress in the active brace occurs in the
attachment direction, reaching 86.5 MPa.

2. Maximum cantilever state of the second cross brace

In the second cantilever condition, the maximum
deformation and maximum combined stress of the steel
tower, active brace 1, and active brace 2 are shown in
Fig. 7.

Compared to the first cantilever condition, it can
be observed from Fig. 7 that as the height of the steel
tower increases, the influence of wind loads on the stiff-
ness of the steel tower also increases. Under transverse
wind loads, the maximum deformation of the steel tower
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reaches 296.2 mm, the maximum deformation of active
brace 1 is 123.27 mm, and the maximum deformation
of active brace 2 is 198.447 mm. Despite changes in
stiffness, the structural changes in strength remain rel-
atively small. Under transverse wind loads, the maxi-
mum combined stress of the steel tower reaches 60.4
MPa. The maximum stress of active brace 1 occurs
under wind loads in the attachment direction, reaching
83.6 MPa. The maximum stress of active brace 2 occurs
under wind loads in the longitudinal direction, reaching
77.7 MPa.

3. Maximum cantilever state of the third cross brace
In the third cantilever condition, the maximum total
deformation and maximum combined stress of the steel
tower, active brace 1, active brace 2, and active brace 3
are shown in Fig. 8.
From Fig. 8, it can be seen that, due to the longer
cantilever length, the influence of wind loads on the
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stiffness of the steel tower under this condition is more
severe. Compared to the previous conditions, under lon-
gitudinal wind loads, the maximum deformation of the
steel tower reaches 923.08 mm. The maximum defor-
mation of active brace 1 under transverse wind loads
is 196.77 mm. The maximum deformation of active
brace 2 under longitudinal wind loads is 368.4 mm. The
maximum deformation of active brace 3 reaches 581.9
mm. Despite changes in stiffness, the overall structural
changes in strength remain relatively small. Under trans-
verse wind loads, the maximum combined stress of the
steel tower reaches 82.6 MPa; the maximum stress of
active brace 1 under longitudinal wind loads reaches 86.5
MPa; and the maximum stresses of active brace 2 and
active brace 3 reach 79.8 MPa and 69.3 MPa, respec-
tively. According to the calculation results, the struc-
ture’s overall strength and stiffness meet the require-
ments specified.



C. Analysis of calculation results under tower crane
load
1. Maximum cantilever state of the first cross brace
During installation of the steel tower, it is necessary
to consider the impact of the tower crane load on the
structure in different directions. Figure 9 shows the max-
imum total deformation and maximum combined stress
of the steel tower and active brace 1 in the first cantilever
condition. Figure 9 shows that, compared to wind loads,
the influence of the tower crane load on the strength and
stiffness of the steel tower and active brace 1 is relatively
small. Under longitudinal tower crane load, the maxi-
mum stress of the steel tower reaches 20.1 MPa with a
deformation of 26.3 mm, while active brace 1 reaches
85.8 MPa with a deformation of 43 mm.

2. Maximum cantilever state of the second cross brace

Figure 10 shows the maximum total deformation
and maximum combined stress of the steel tower, active
brace 1, and active brace 2 in the second cantilever con-
dition. From Fig. 10, it can be observed that, under the
longitudinal tower crane load, the maximum stress in the
steel tower reaches 21.4 MPa, accompanied by a maxi-
mum deformation of 64.6 mm in the attachment direc-
tion. Active brace 1 reaches a maximum stress of 85.4
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MPa under both longitudinal and transverse tower crane
loads, with a maximum deformation of 41 mm in the lon-
gitudinal direction. Active brace 2 reaches a maximum
stress of 84.1 MPa under transverse tower crane load,
with a maximum deformation of 53 mm in the longitudi-
nal direction.

3. Maximum cantilever state of the third cross brace

In the third cantilever condition, the maximum total
deformation and maximum combined stress of the steel
tower, active brace 1, active brace 2, and active brace 3
are shown in Fig. 11. From Fig. 11, it can be observed
that, under the longitudinal tower crane load, the maxi-
mum stress in the steel tower reaches 26.1 MPa, accom-
panied by a maximum deformation of 98 mm in the
attachment direction. Active brace 1 reaches a maximum
stress of 85.4 MPa with a maximum deformation of 43
mm in the longitudinal direction. Active brace 2 reaches
a maximum stress of 82.5 MPa under transverse tower
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crane load, with a maximum deformation of 54 mm in
the longitudinal direction. Active brace 3 reaches a max-
imum stress of 69.1 MPa under a transverse tower crane
load, with a maximum deformation of 71 mm in the lon-
gitudinal direction.

V. CONCLUSION

This research examines two finite element mod-
elling methods, Midas Civil and ANSYS, employed
in assessing steel towers throughout the construction
phases of suspension bridges. The results show that
each software tool has unique but supportive functions
in structural analysis. Midas Civil is especially use-
ful for initial evaluations because of its intuitive inter-
face and effective modelling features. It enables engi-
neers to quickly model construction scenarios and assess
the overall performance of the steel tower under vari-
ous conditions. The results acquired from Midas Civil
have been validated through comparison with those from
ANSYS, demonstrating its reliability for initial design
phases.

ANSYS provides a more detailed and comprehen-
sive analysis, capturing complex interactions and local-
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ized impacts that may be vital for preserving structural
integrity. Its sophisticated modelling features enable a
thorough examination of stress distribution and defor-
mation, rendering it a crucial instrument for ultimate
validation and adherence to safety regulations. Nonethe-
less, it is essential to recognize the constraints of every
method. Midas Civil, although efficient, might over-
look some complex aspects of structural behavior, which
could result in oversimplifications. While ANSYS offers
greater accuracy, it requires considerable computational
power and expertise, which may not be practical for
every engineering team. Overall, integrating Midas Civil
and ANSYS in the analysis process enhances under-
standing of steel tower dynamics during construction.
Utilizing Midas Civil for initial assessments, followed by
detailed validation with ANSYS, can lead to improved
safety, reliability, and efficiency in the design and con-
struction of suspension bridges. This dual approach not
only aids in addressing the complexities of steel tower
construction but also contributes valuable insights for
future engineering practices.

Future research will enhance the analysis of steel
towers in suspension bridge construction by implement-
ing advanced modelling techniques, such as nonlinear
analysis and dynamic simulations, to better understand
their behavior under various loads. It will also develop
real-time structural health monitoring systems to validate
model predictions and assess performance. The study
will be expanded to include comparative analyses of
additional finite element software tools and investigate
the impact of new materials, such as high-strength steel
and composites, on structural performance.
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