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Abstract—Recently, wireless medical technologies are grow-
ing day-by-day resulting in complex structures and topologies.
Hence, advanced methods are required for designing and
optimizing biomedical devices subject to high-dimensional
parameter space. This paper is devoted to presenting an
effective approach for estimating frequency responses of an
implanted, multiple-input multiple-output (MIMO) antenna
through the deep neural network (DNN) in terms of S11, S12,
and total active reflection coefficient (TARC) specifications.
This impressive approach aims to facilitate the time-consuming
simulations in large multi-frequency bands and concurrently
reduce the dependency on the designer’s experience. All the
process is performed in an automated environment and the
proposed method is verified by designing and optimizing
an implanted MIMO antenna operating in frequency bands
of 4.34-4.61 GHz, and 5.86-6.64 GHz. In this design, the
Long Short-Term Memory (LSTM)-based DNN is trained
for the frequency band between 3-5.8 GHz, and afterward
the constructed DNN is employed for predicting the various
antenna specifications for the future bandwidth of 5.8-8 GHz.

Index Terms—Bandwidth, biomedical, deep neural network
(DNN), extended bandwidth, forecasting, implanted antenna,
multiple-input multiple-output (MIMO) antenna, long short-
term memory (LSTM).

I. INTRODUCTION

Implantable medical devices such as biomedical antennas
are potentially used for monitoring patients and diagnosing
various diseases [1], [2]. These devices capture and transmit
data collected from inside the body, referring to the bio-
logical state of tissues and organs [3]. Recently, significant
advancements have been made in designing and optimizing
implantable systems.

In [4], an implantable antenna is designed that operates
at the Industrial, Scientific, and Medical (ISM) frequency
band; its structure includes an unsymmetrical dipole with a

rectangular ground plane and a side-fed radiator. A wearable
circularly polarized (CP) antenna is designed in [5] that
includes a crossed dipole, a metasurface plane, and a CP
feeding network. An implanted antenna operating in ultra-
wide bandwidth (from 1.42 GHz to 6.8 GHz) is presented in
[6]; its structure has unit cells and cutting flower slots with
semicircles on the ground plane. In [7], a medical multiple-
input multiple-output (MIMO) water-based implantable an-
tenna is designed and presented. The structure includes
minimal metal and no slots in which water is utilized.
A miniature implantable antenna with a co-planar feed is
presented in [8] operating from 402 MHz to 405 MHz that
is compatible with a specific absorption rate (SAR) value.
A three-dimensional MIMO antenna operating at 915 and
2450 MHz bands is designed in [9] using a meandered
geometry, a high dielectric substrate, and a slotted ground.
In [10], a biomedical antenna for the purpose of a leadless
pacemaker is designed with the ultra-miniaturized size of
10.66 mm3. Wireless power transfer (WPT) is an effective
approach for implantable medical devices. For this case, in
[11] an advanced design consisting of an OFF-body trans-
mitter, a flexible ON-body mu-negative metasurface slab,
with an in-body receiver is designed for use in implantable
biotelemetric devices. Another implantable MIMO antenna
is presented in [12] for the purpose of wireless capsule en-
doscopy. By reviewing these new and up-to-date references,
it can be easily observed that these kinds of devices are high-
dimensional, and advanced methodologies are required to
achieve targeted specifications. Machine learning techniques
with the implementation of neural networks have become a
new solution for dealing with the nominated problems [13],
[14].
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Fig. 1. Structure with the design values in (mm) for the implanted MIMO antenna.

In [15], a machine learning architecture applied for the
design of uniform circular arrays is presented; it is a method
for reusing angle of arrival estimation models. The deep
learning method is employed in [16] leading to predict
antenna performance parameters such as resonant frequency,
radiation pattern, and directivity with a nominal average root
mean square error (RMSE) of 0.0174. In another study, [17]
deep learning algorithm is employed for analyzing a dual-
polarized high-isolation antenna.

In this paper, we present an effective approach for ex-
trapolating the extended frequency responses of modeled
implanted MIMO antenna in terms of S-parameters such as
S11, S12, and also TARC specification. This prediction is
executed by training the long short-term memory (LSTM)-
based deep neural network (DNN) for half of the bandwidth
and then the constructed DNN is employed for estimating
the remained frequency band. All the optimization process
is executed in an automated environment that is created
by the combination of numerical tools such as MATLAB
and electronic/electromagnetic design automation tools such
as Microwave Studio (MS) (Dassault Systèmes). With this
methodology, there would be no additional effort for simu-
lating or measuring the whole large frequency bandwidth.

The remained of this work is as follows: Sec. II presents
the proposed methodology in a nutshell. Section III is
devoted to describing the simulation results achieved from
the proposed method. Finally, Sec. IV concludes this paper.

II. PROPOSED METHOD

The proposed optimization-oriented algorithm includes
designing an implanted MIMO antenna, and afterward, the
LSTM-based DNN is trained for extrapolating frequency
responses of the modeled antenna at the extended frequency
band. All the optimization process is executed automatically
by arranging the CPU execution environment, featuring
an Intel Core i7-4790 CPU @ 3.60 GHz with 32.0 GB

RAM. This section is devoted to describing the proposed
methodology that is based on constructing a neural network.

A. Designing implanted MIMO antenna

The general structure of implanted MIMO antenna is
presented in Fig. 1. For this design, firstly biomedical tissues
as ’bone’ and ’liquid’ are covered by the ’plexiglass’ layer
and afterwards the MIMO antenna is substituted on the
substrate and ground planes. The employed substrate is
aluminium oxide (Al2O3).

This antenna array consists of two single radiators with
a 22 mm distance between them. They are placed on the
ground plane with a total size of 150 mm × 120 mm. The
optimal values of design parameters are achieved through
genetic algorithm [18]. The surrounded rings around the
main single antennas are used for decreasing the surface
waves.

B. Training and constructing LSTM-based DNN for predict-
ing the extended bandwidth

Figure 2 presents the general structure of the proposed
LSTM-based DNN in which the input and output layers
represent three specifications as S11, S12, and TARC. The
definition of this latter is in terms of the S-parameters and
is presented in Eq. (1).

TARC =
√
((S11 + S12)2 + (S21 + S22)2)/2 (1)

Firstly, the DNN is trained for the first half of the band-
width and afterwards, the constructed DNN is employed for
predicting the behaviour in the remained other half of the
bandwidth. This network is trained by the suitable amount of
data achieved by iterating the various design parameters and
extracting S-parameters and TARC specifications [13]. The
hyperparameters of the trained LSTM-based DNN include
the number of neurons in the hidden layers. The numbers
of neurons and layers are set by the ’rule of thumb’ [19].
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Fig. 2. Proposed DNN for predicting the future extended bandwidth for
the designed implanted MIMO antenna.

The accuracy of the LSTM-based DNN is determined by
the root mean square error (RMSE).

III. SIMULATION RESULTS

This section is devoted to presenting the simulation out-
comes achieved by designing and modeling the implanted
MIMO antenna described in the previous section. Figure
3 presents the S11 performance of the designed implanted
MIMO antenna in Fig. 1.

Fig. 3. S11 performance of modeled implanted antenna operating in the
frequency bands of 4.34-4.61 GHz and 5.86-6.64 GHz.

As it can be observed, it consists of two sections: from
3 GHz up to 5.8 GHz the outcome is achieved by the
simulated tool, and from 5.8 GHz up to 8 GHz the S11

specification is predicted by the trained LSTM-based DNN.
S12 and TARC specifications are also presented in Fig.
4 and Fig. 5, respectively that alike to S11 result, these

figures include simulated and predicated sections for the
first half and second half bandwidth. The effectiveness of
the trained DNN can be presented by the accuracy factor
such as RMSE.

Fig. 4. S12 performance of implanted MIMO antenna array.

Fig. 5. Representation of TARC specification at the operating frequency
band.

Figure 6 shows the normalized RMSE representation for
the modeled implanted MIMO antenna that in the 200th

neuron, the DNN has 0.018 accuracy. By using the rule of
thumb method, the number of hidden layers is determined
as 4.
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Fig. 6. RMSE value for the trained DNN and modeled implanted antenna
presented in Fig. 1.

IV. CONCLUSION

This paper is devoted to presenting an effective approach
for modeling the implanted MIMO antenna in which the
performances in the extended bandwidth can be predicted by
the constructed LSTM-based DNN. This antenna operates
in the frequency band that is essential for the emerging
wireless bands. The estimated specifications are in terms of
S-parameters (i.e., S11 and S12) and of TARC. The proposed
methodology results in decreasing the designer’s efforts in
achieving the full performance of the antenna for the large
bandwidth. Here the DNN is firstly trained for the first half
of the bandwidth, then the constructed neural network is
employed for predicting the outcomes of the next half of
the bandwidth. By using this method, the designer’s effort
in designing, optimizing, and simulating large bandwidth
antennas can be reduced considerably.
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