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ABSTRACT Hyperthermia therapy has recently become one of the primary treatment principles due to
its prominence and success in curing deep-rooted malignancies, especially for breast tumors. Therefore,
a proposedmulti-resonance applicator (MRA)was designed and investigated in this study and comparedwith
the performance of a single resonance applicator (SRA). The MRA applicator includes a set of 35 antenna
elements operating simultaneously in different frequency bands. This is accomplished by applying a
modified version of the gravitational search algorithm hybridized with particle swarm optimization to design
the antenna element and focusing the heat on the tumor.Machine learning was used to build antenna elements
operating in different frequency bands. Several scenarios considering realistic thermal and dielectric breast
properties with a single tumor of different volumes and positions are addressed to evaluate the applicator’s
performance and capability. The results showed the capability of the proposed MRA applicator to use a
microwave power of 60 watts to elevate the temperature of the tumor to over 42.5◦ Cwith better performance
indicators than SRA. The suggestedmethodology of usingMRA can be considered to treat successfully other
malignancies in different organs, such as brain, liver and larynx tumors.
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INDEX TERMS Adaptive beamforming, hyperthermia treatment, machine-learning, optimization tech-
niques.

I. INTRODUCTION16

Breast cancer is the major cancer in women, responsible for17

29% of all people diagnosed with cancer in women in the18

US [1]. The rising number of deaths due to malignancies19

is a major global health challenge [2]. Since ancient times,20

breast cancer has been identified and diagnosed [3]. Modern21

medicine, on the other side, allows for fresh and revolutionary22

female breast-conserving therapies, such as hyperthermia,23

to treat malignant cancers. The purpose of thermal therapy,24

such as microwave (MW) hyperthermia, is to achieve a mod-25

erate temperature at the tumor while keeping healthy tissue at26

normal temperatures [4]. When compared to other treatment27

methods, the need for a microwave transmission to cause28

The associate editor coordinating the review of this manuscript and

approving it for publication was Seifedine Kadry .

centralized hyperthermia in tumors has the great attraction 29

[5], [6], [7]. 30

Clinical microwave hyperthermia (MWH), which involves 31

mild heating in the range of 39–44o C for 30–90 minutes, 32

has been shown to be a viable adjuvant to radiation and/or 33

chemotherapy for a variety of malignancies [8], [9], [10], 34

[11], [12]. On the other hand, the thermal model has some 35

limits which can be divided into passive and active systems. 36

The process through which the human body and the physical 37

world around it exchange heat and moisture is known as a 38

passive system. The body generates heat throughmetabolism, 39

which is continually lost to every region of the body via 40

the circulatory system. The body’s characteristics play a key 41

role in the estimation of this portion of heat. The factors 42

taken into account include blood flow, bone, fat, and mus- 43

cle mass. As a result of internal heat conduction, it is lost 44
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to the skin’s surface. Complex mechanisms including heat45

conduction, radiation, heat convection, and sweat evaporation46

are involved in the transfer of heat from the surface of the47

body to the environment. While the passive system is under48

the active system’s control. The active system regulates bod-49

ily physiological processes such vasoconstriction, relaxation,50

shaking, and sweating. As both the output index and the feed-51

back signal, the temperature of the active system (core and52

skin temperatures) is employed. The change in temperature53

and its rate of change are used to regulate the physiological54

regulation previously discussed, and the temperature is thus55

kept within a predetermined acceptable range.56

As a result, much effort has gone into researching MWH57

as a cancer treatment, particularly for breast cancer [13].58

However, one of the non-invasive MWH system’s ongoing59

challenges is to use antenna arrays capable of constructively60

pooling microwave radiation at the tumor location while61

diverting auxiliary concentration elsewhere. Many researches62

have been undertaken based on this premise [14], [15], [16].63

The possibility of non-invasive MWH therapy for cancer64

treatment has been discussed recently, approaches for beam-65

forming and antenna design, on the other hand, has played a66

significant role in enhancing performance.67

Wust et al. [17] explain that phased array microwave68

antennas have long been used for breast hyperthermia and69

have actually developed practical phased array hyperthermia70

applicators and used them for patient treatments.A CT-based71

planning system requires obtaining three-dimensional (3D)72

information on in-tissue applicators’ orientations. Based on73

post-implant CT scans, appropriate applicators were selected74

for insertion with a set of thermal probes to adequately cover75

the tumor bedwithin the anticipated range of temperature. For76

temperature control, it is equipped with a set of temperature77

sensors (thermometers, Bowman probes, thermal probes).78

These are thermistor type sensors with nonmetallic leads,79

do not perturb MW fields, and are not perturbed by MW80

fields. Applicators for antennas are selected to best cover the81

tumor, and then applicators for thermal probes are chosen to82

ensure relevant temperature monitoring, especially in spots83

anticipated to be the hottest. Each antenna adjustment neces-84

sitates another thermal mapping with the nearest thermal85

probe. Whenever these actions fail to solve the problem, the86

clinician has to decide whether to switch off the problematic87

antenna or, if necessary, stop the HT session altogether.88

In designing deep hyperthermia applicators, the number89

of antennas is one of the most important factors determining90

the power deposition pattern in the tumor and its surrounding91

healthy tissues. BSD2000 is a commercial deep hyperthermia92

systemwhich uses dipole antennas as radiating elements [18].93

Sigma-Eye is a modified elliptical applicator consisting of94

24 dipoles, arranged in three rings of eight antennas opti-95

mized in excitation amplitude and phase. The larger number96

of antennas in this applicator compared to its predecessor (the97

Sigma-60) has led to higher thermal dose in the tumor. Amore98

recent version of Sigma-Eye is compatible with magnetic99

resonance imaging and allows MR scans of the patient and100

noninvasive monitoring of deep tissue temperature and more 101

antennas. In [14], hyperthermia applicator with 24 directed 102

microstrip spiral antennas constituting a hemispheric array 103

at 0.434 GHz is designed for the treatment of breast cancer, 104

whereas, the antenna phases are adjusted to concentrate all of 105

the fields in the desired location. Asili et al. [15], have intro- 106

duced a flexible mild MWH antenna applicator for chemo- 107

thermotherapy of the breast that operates at 1.6 GHz using 108

3 × 3 network antennas warp by 45o. Using a 24-element 109

antenna array at 4200 MHz and differential beam-steering 110

sub-arrays, an epitome of MWH of patient-private breast 111

paradigms is demonstrated in [16]. The focusing procedure 112

is carried out by applying the particle swarm optimization 113

(PSO) to compute the best excitation phases of the planned 114

three-dimensional antenna array, considering advanced phase 115

shifts. In [19], the authors have designed and evaluated a new 116

applicator with 48 antenna elements resonating at a single 117

frequency of 750 MHz. The applicator had the capability to 118

heat multiple brain tumors simultaneously based on adaptive 119

beamforming technique. 120

Recently,Machine Learning (ML)models have been incor- 121

porating into an optimization method to determine the best 122

antenna settings and performance [20], [21]. The artificial 123

neural network (ANN), which is the foundation of the ML, 124

allowing to learn and interpret data. The output may be 125

correctly calculated once the ANN model has been correctly 126

trained using the input data. 127

In this research, a numerical investigation of a non-invasive 128

microwave beamforming technique for producing localized 129

hyperthermia in the breast is presented. To begin, the ML 130

technology is used to propose a really well-designed antenna 131

element with high gain, efficiency, and low reflection coef- 132

ficients at the resonance frequency of 2.5 GHz. Then a flex- 133

ible antenna array consisting of 35 elements is designed to 134

construct the single resonance applicator. The applicator is 135

implemented considering the shape of the breast. On the 136

other hand, the multi-resonance applicator (MRA) has been 137

designed considering different resonance antennas at 1.5, 2.5, 138

3.5 and 4.5 GHz using ML techniques. The performance 139

of the two applicators was compared in terms of accuracy 140

and speed of tumor heating considering a real setting of 141

female’s breast phantom; this environment contains tumors 142

with different volumes and positions. As detailed described 143

before in [19], the hybrid modified version of gravitational 144

search algorithm and particle swarm optimization (MGSA- 145

PSO) algorithm [22], [23] is used to optimize the antenna 146

elements feeding weights to utilize the power at tumor posi- 147

tions while preserving normal temperatures in normal tissue. 148

To that aim, the compiler of computer simulation technology- 149

microwave studio (CST-MWS) is coupled to Matlab program 150

to run thermal and electromagnetic simulations for testing 151

applicator performance. 152

The following is how the paper is structured: Section II, the 153

antenna construction and array applicator setup are discussed. 154

The research results are presented and analyzed in Section III. 155

Lastly, Section IV wraps off with the conclusions. 156

VOLUME 10, 2022 93339



K. R. Mahmoud, A. M. Montaser: Design of Multiresonance Flexible Antenna Array Applicator

II. HYPERTHERMIA METHODOLOGY157

This section explains the proposed mechanism for achieving158

our goal of heating the tumor to a medicinal temperature that159

covers the entire tumor volume while keeping the surround-160

ing normal tissues at 37o C. One of the really useful aspects161

of CST-MWS is that it includes two distinct electromagnetic162

and thermal simulation solvers that can be switched between163

using a visual basic script file. This feature provides a sig-164

nificant benefit while performing microwave hyperthermia,165

which entails solving three dimension electromagnetic chal-166

lenges. This method had previously been utilized to simulate167

hyperthermia brain cancer in [19]. Likewise, the temperature168

profile in the breast can be determined using the CST-thermal169

analysis and a well-known Pennes bio-heat equation [24].170

Cp
r ρr

∂T r
∂t
= ∇. (Kr∇T r )+ A0r171

+Qr − Br (Tr − TB)
(
W/m3

)
(1)172

where ρr and C
p
r are the density and specific heat at position173

r , respectively. A0 is the metabolic heat generation. K is the174

thermal conductivity. TB and B is the blood temperature and175

the capillary blood perfusion coefficient, respectively. Qr is176

the power wasted per unit volume at point r , which is deter-177

mined using the CST-MWS solver and can be conveniently178

written as [25]:179

Qr ( Eϕ)= 0.5σ effr |Er ( Eϕ)|
2
(
W/m3

)
(2)180

where σ effr and Er ( Eϕ) are the effective conductivity and the181

electric field at r , the antenna array feedings’ phases vector182

is Eϕ. As a consequence, optimized excitation phases of the183

antenna array can be used to create the highest electric field184

dispersion at tumors. The optimized field’s Q distribution is185

then determined using Eq. (2). Then, optimized excitation186

phases of the antenna array, the final temperature T at the187

target is achieved. As a result, the procedure used in this188

study includes both EM focusing and thermal analysis. The189

authors have earlier published and evaluated the MGSA-PSO190

algorithm in [22] and [23], demonstrating that it is more191

capable of escaping from local optima than the traditional192

GSA-PSO technique. As a result, in this study, the algorithm193

is used to first weigh the nodes of neural networks in the194

machine learning system in order to design a single antenna195

element with matching input impedance, high efficiency, and196

high gain at each operating frequency. The algorithm is then197

used to regulate the excitations (amplitudes and phases) of the198

antenna array in order to warm the tumor to a treatment temp199

that encompasses the full volume of the tumor while keeping200

the surrounding tissues in good health at body temperature.201

The intricacy of this work is enhanced by the fact that various202

tumor volumes in different locations.203

The EM focusing objective for an efficient hyperthermia204

treatment must limit the ratio of the maximal power density205

Qh ( Eϕ)was deposited in normal tissues, over the powerQt ( Eϕ)206

delivered to tumor i, which indicate possible danger spots.207

To that goal, the following is the EM focusing objective 208

function for tumors [16]: 209

Obj1( Eϕ) = min
[
Qh ( Eϕ) /Qt ( Eϕ)

]
(3) 210

Each antenna array element’s phase ϕn, on the other hand, 211

is chosen from an area of choice of [180◦, 180◦]. The opti- 212

mization procedure is stopped when the tumor centre and 213

the present optimum location are separated by just under 214

1 mm or when the number of iterations reaches its limit, 215

whichever comes first. Thermal simulations in CST are then 216

used to determine the temperature distribution T . The optimal 217

phases ( Eϕ∗) are employed in this thermal study, whereas every 218

antenna element has an amplitude αn that is optimized to 219

increase the tumor temp to 42.5o C. As a result, the objective 220

function in this scenario is: 221

Obj2(Eα) = min
∣∣∣V 37oC

tumor − V
42.5oC
tumor (Eα)

∣∣∣ (4) 222

where, V 37oC
tumor is the total volume of tumor i at 37oC of normal 223

body temperature and V 42.5oC
tumor (Eα) is the tumor i volume at 224

which the temp of 42.5o C is achieved using the amplitudes 225

that have been optimized Eα∗. The exciting amplitudes Eα, 226

on the other hand, are placed anywhere between 0.5 and 227

3 in the decision space. Finally, normal tissue hot spots are 228

evaluated, and if any are found, the antenna array feedings 229

are re-optimized using the previously acquired global best 230

solution of phases and amplitudes. The CST-MWS package’s 231

compilers and Matlab software are coupled to address this 232

difficult task. Matlab is used to control the beamforming 233

process, while the thermal simulations and electromagnetic 234

computation are performed in CST. As a consequence, the 235

link is put together using several command lines to allow 236

Matlab to manage CST-MWS from the outside. The essential 237

steps of the proposed methodology followed in this paper are 238

depicted in Fig. 1, which is a simplified flowchart. 239

III. DESIGNS AND CONFIGURATIONS 240

In this section, the design of antenna element is introduced. 241

In addition, a brief description of using ML technique for 242

modeling and training will be presented. Furthermore, the 243

constitutional design of the applicator with flexible array 244

antenna would be described. Moreover, the EM modeling 245

considering breast phantom and tumors will be illustrated. 246

The problem formulation is also included in the description 247

and the scenarios those will be considered. 248

A. ANTENNA ELEMENT DESIGN 249

To begin, the proposed antenna’s design configuration using 250

ML technique is discussed. Fig. 2 shows the dimensions 251

of the antenna to be trained using ML technique for best 252

performance of reflection coefficient, radiation efficiency, 253

and high gain. The antenna element is 2 cm × 2 cm in size 254

at 2.5 GHz on a dielectric constant (εr) of 3.5 and a loss 255

tangent (δ) of 0.002, a Kapton polyimide-based substrate with 256

a height of 0.11mm is considered for its flexibility, resilience, 257

and thermal durability. As depicted, the antenna consists of 258
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FIGURE 1. The proposed hyperthermia method’s main steps flow chart.

four curved arms attached to the antenna core around the feed259

point. At the end of each arm, a semi-oval head etched with260

incomplete circles connected to each other. As for the core261

of the antenna, there are four oval rings intersecting at the262

center. The four curved arms are responsible for improving263

reflection coefficient S11, and the four cross-oval rings at the264

center have a significant impact on improving and increasing265

realized gain. While the core of the antenna on the feed point266

has a significant impact on the antenna radiation efficiency267

and the etched slots in the four semi-oval heads at the end of268

each arm are significantly effects on the axial ratio.269

The main semi-oval head dimensions were set to be (R1,270

R2, R3, R4, R5, W5, L2) while the oval rings and curved arms271

dimensions are (W2, W3, S1), respectively. The antenna feed-272

ing is connected to a square in the center of the four curving273

arms with dimensions W4 through a 50 � SMA connector.274

The antenna’s symmetrical structure, with the square-shaped275

in the middle, is thought to increase impedance matching.276

FIGURE 2. Geometry of the proposed antenna construction.

FIGURE 3. The geometric of the simulated topology depiction 160
antenna element by CST-MWS (dimension unit: mm).

For MRA implementation, antennas resonating at different 277

frequencies are required; therefore, the ANN architecture 278

with five layers was applied including the input layer, three 279

hidden layers, and the output layer [21]. In order to generate a 280

database for modeling the ML, simulations of 160 times with 281

different dimensions are performed using CST-MWS solver. 282

Fig. 3 shows the topology representation of the variables of 283

the modeled antennas. The antenna parameters are divided 284

into four groups based on their size of 25 × 25 mm2, 20 × 285

20 mm2 and 15 × 15 mm2, 10 × 10 mm2. Each group has 286

40 one element that comprise parameter combination of W1, 287

W2, W3, W4, W5, L1. e.g. for the first group of 25× 25 mm2, 288

there is 40 one element including the parameter combination. 289

The 160 one-element data is separated into two datasets: 290

dataset #140 and dataset #20. The CST will determine the 291

simulated resonant frequency frsim of each element with a 292

specific antenna setting. 293

In this study, the five–layer a machine learning architecture 294

with three hidden layers is modeled, as illustrated in Fig. 4. 295
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FIGURE 4. The proposed neural network diagram.

The ability to create an optimum framework and tune the296

hyper-parameters of the generated model is crucial when297

using a ML to solve a computationally expensive task. The298

number of layers and neurons for each layer, as well as the299

location of important neurons, are all important factors in300

optimizing a framework. The learning optimizer algorithm,301

the signal flow directions among the neurons, and the activa-302

tion functions to be employed in the neurons.303

B. APPLICATOR DESIGN AND CONFIGURATION304

In this work, two applicators for microwave breast tumor305

treatment is constructed with a microwave input power of306

60 watts. The first one will be designed to resonate at single307

frequency 2.5 GHz only called single resonance applicator308

(SRA). However, the second applicator is proposed to res-309

onate the antenna array at different frequency bands of 1.5,310

2.5, 3.5, and 4.5 GHz simultaneously called multi-resonances311

applicator (MRA). The applicator consisted of 35 flexible312

planar antennas distributed asymmetrically to take the breast313

shape as shown in Fig. 5a. Firstly, it is proposed to be dis-314

tributed on a pentagon shape divided into five triangles and315

long strips as shown in Figs. 5b and 5c. Each triangle patch316

includes 3 antennas, 2 elements in the triangle base resonat-317

ing at low frequency (1.5 GHz) and the third one at vertex318

operating at 2.5 GHz. Between each two triangle pieces, a319

long strip patch including 4 antenna elements resonating at320

1.5, 2.5, 3.5, 4.5 GHz are linearly distributed. Whereas, the321

antennas resonating 4.5 GHz are located inferior around the322

nipple. Then, the planar array is projected into the interior323

side of the applicator due to the substrate flexibility. This324

configuration is proposed to maximize the number of antenna325

elements throughout the available space inside the applicator326

considering the antennas dimensions. The center-to-center327

spacing across each two antenna elements is adjusted to 3 cm328

to make the most of the space available while also reducing329

mutual coupling between both the elements. The connectors330

FIGURE 5. Applicator structures consisted of 35 flexible antennas
distributed to take the breast shape.

for the antennas protrude from the applicator, where they are 331

attached to cables that are connected to the switching matrix, 332

phase shifters to regulate excitation phases, and attenuators 333

to control excitation amplitudes. A free space separation 334

distance of 1 mm is considered in this study between the 335

applicator and the female patient breast. 336

C. EM MODELING AND EVALUATION 337

The breast phantom used in this study is derived from 0.5 mm 338

spatial resolution magnetic resonance imaging (MRI) data 339

[26]. A well-known Virtual Population (ViP3.1) model called 340

Ella is considered as one from the family available through 341

the IT’IS Foundation [27]. Ella is a 26-years old female, 342

1.63 m tall and weighs 57.3 kg. Ella’s breast phantom model 343

mimics the physical shape and anatomy of the fatty human 344

breast. It has 0.5 mm × 0.5 mm × 0.5 mm resolution with 345

320 × 360 × 258 voxels. The width of the breast base 346

is 14.7 cm. The areolar diameter is 3.75 cm in both hori- 347

zontal and vertical planes. The nipple of the Ella’s breast 348

is situated 8.79 cm from the mid-sternal line and the dis- 349

tance from the nipple to the inframammary fold is set to 350

6.34 cm. The nipple diameter is 1.3 cm with a projection 351

of 0.85 cm. The breast phantom model includes the main 352

tissue types: skin, muscle, blood and fat. The tissue dielectric 353

93342 VOLUME 10, 2022



K. R. Mahmoud, A. M. Montaser: Design of Multiresonance Flexible Antenna Array Applicator

FIGURE 6. 3D views of breast tumors with different volumes and
positions.

TABLE 1. Thermal and dielectric properties of breast tissues.

and thermal properties are adopted from [27] as reported354

in Table 1 at 2.5 GHz. Thus, a tumor of different irregular355

volumes of 1, 2, and 3 cm3 is inserted inside the model at the356

three different positions: bottom, middle, upper, respectively,357

as shown in Fig. 6. Spatially, they are located at (x, y, z)i =358

[(−3,−2, 2) , (−1, 1,−1) , (−2,−1,−2)], where i = 1:3.359

The tumors are modelled with a relative permittivity, εr , of360

45 with an effective conductivity σeff = 0.5 S/m, at 2.5 GHz361

[16]. Some thermal properties are further adjusted to reflect362

the response of tissues to thermal stress: muscle perfusion is363

increased by a factor 4 due to the systemic response to heat,364

tumor perfusion is decreased by a factor 0.7 to account for its365

chaotic vasculature.366

To test the ability of the proposed approach of using MRA367

to focus hyperthermia on a single irregular shape tumor368

considering different volumes/positions, the previous list of369

three cases will be investigated. Case #2 with tumor volume370

2 cm3 has been considered to compare between the SRA371

at 2.5 GHz and the MRA at 1.5, 2.5, 3.5 and 4.5 GHz in372

terms of efficiency and tumor heating speed. For all cases,373

the applicator must aim the beams at the tumor center to374

warm it without harming the surrounding healthy tissue. The375

average power quality absorption ratio (aPA), tumor coverage376

50% (TC50%), and remaining tissue maximum index (RTMi)377

were calculated to quantify the performance of the proposed378

applicator [19].379

The average power quality absorption ratio (aPA), tumor380

coverage 50% (TC50%), and remaining tissue maximum381

index (RTMi) were derived to quantify the performance of the382

proposed applicator. On the other hand, the ratio of absorbed383

average power in the tumor volume (Vt ) to absorbed average384

power in normal tissue Vh is defined as the aPA.385

aPA =
1
NVt

Vt∑
PA
/

1
NVh

Vh∑
PA (5)386

TABLE 2. The value of an optimized/initial antenna dimensions operating
at 2.5 GHz (in millimeter).

where NVt and NVh are the overall amount of voxels in the 387

tumor and normal tissues, correspondingly. The RTMi indi- 388

cator can be used to compare normal tissues maximum PA 389

rates to the tumor’s average median power absorption [28]. 390

RTMi = PAmax
/
PAmedian (6) 391

where, The maximum percentile of power absorption in 392

healthy tissue is NVt , and the median power absorption in 393

tumour is NVh . The tumor coverage indicator, on the other 394

side, is used to determine how homogeneous the absorbed 395

energy is in the tumor. Target coverage of 50% is employed in 396

this study, and in the overall patient model, TC50% is defined 397

as the proportion of tumor volume covered by 50% of the 398

highest specific absorption rate (SAR). 399

IV. RESULTS AND DISCUSSIONS 400

Firstly, the results of antenna design and ML will be pre- 401

sented in this section. Then, the power and thermal results of 402

the designed applicators in addition to the quality indicators 403

will be discussed to show the capability of the proposed 404

MRA applicator for heating breast tumor with different vol- 405

umes/positions with high efficiency. 406

Fig. 7 shows the effect of antenna parameters on the radi- 407

ation characteristics performance. Therefore, a comparison 408

between an optimized antenna element resonating at 2.5 GHz 409

and random antenna dimensions regarding the antenna char- 410

acteristics (reflection coefficient, radiation efficiency, gain, 411

and axial ratio) is introduced in the figure. Table 2 presents 412

the optimized and initial antenna dimensions resonating at 413

2.5 GHz. It is clear that the length of the four curved arms 414

(L1) is responsible for improving reflection coefficient S11 as 415

shown in Fig. 7a. Also, the length of antenna core on the feed 416

point (W4) has a significant impact on the antenna radiation 417

efficiency as illustrated in Fig. 7b. The effect of the cross- 418

oval rings (W2) on improving the realized gain is depicted 419

on Fig. 7c. Finally, Fig. 7d presents the impact of the semi- 420

oval heads at the end of each arm (L2) on enhancing the axial 421

ratio. So, the improvement in the antenna gain will reflect the 422

enhancement in the antenna field distribution. As shown in 423

Fig. 8, the field intensity and distribution of the optimized 424

antenna in Fig. 4a is enhanced compared to the random 425

antenna design antenna in Fig. 4b operating at 2.5 GHz. 426
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FIGURE 7. The effect of antenna dimensions on the performance.

FIGURE 8. An Electric Near Field distribution for antenna element at
2.5 GHz

FIGURE 9. The simulated resonance frequency fluctuation for each
antenna group shown in Fig. 2.

Regarding the antenna element design, Fig. 9 depicts the 427

simulated resonant frequency variation versus antenna num- 428

ber. It is clear that as the antenna exterior dimension grows 429

larger; the resonant frequency lowers, resulting in a signifi- 430

cant degree of nonlinearity between the resonant frequency 431

and the antenna parameters. As a result, calculating the 432

resonance frequency of a single element is a difficult and 433

nonlinear task. So, the ML model is trained, validated and 434

tested on dataset #140 as depicting in Fig. 10a and dataset 435

#20 as depicting in Fig. 10b for the purpose of verifying and 436

comparing the ML with the earlier established. 437

When the ML is applied to the antenna parameters, it is 438

evident that the obtained antennas can achieve good perfor- 439

mance in terms of reflection coefficient, realized gain, and 440

radiation efficiency, at different resonance frequencies of 1.5, 441

2.5, 3.5 and 4.5 GHz as shown in Fig. 11. Whereas, the 442
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FIGURE 10. Distribution graphs illustrating the ML model’s simulated and
calculated resonance frequencies values.

FIGURE 11. Radiation characteristics of multi-resonance antennas to
build the MRA applicator.

worst reflection coefficient of the four resonance frequencies443

is found to be -23.5 dB at 3.5 GHz (Antenna #3), while the444

lower realized gain value with 7.85 dBi is obtained at 2.5 GHz445

(Antenna #2). Furthermore, the antennas have outpaced high446

radiation efficiencies not less than 89.78%.447

Fig. 12 shows the measured antenna gain and reflection448

coefficient of a manufactured one-element antenna compared449

to the simulated results at 2.5 GHz. Good agreement between450

the simulated results provided from the CST and measure-451

ments is observed although the antenna setup imperfection452

and fabrication limitations, such as connector welding tol-453

FIGURE 12. Measured and simulated gain and reflection coefficients. The
fabricated antenna is shown in the inset photo.

FIGURE 13. Antenna curvature effect on the reflection coefficient
with/without breast phantom.

TABLE 3. The value of optimized dimensions (in millimeter).

erances. The top and rear views of the constructed antenna 454

are shown in the inset photos in Fig. 13. Measurements are 455

made using an Agilent PNA-L Network Analyzer N5232A, 456

300kHz -20GHz. 457

The parameters of the one element antenna and some 458

testing data contain the computed and measured resonant 459

frequency values are given at the Table 3. It should be noted 460

that, the antenna parameters (W1, W2, W3, W4, W5, L1) 461

are the main parameters those greatly effecting the antenna 462

performance, while other parameters are kept constant as 463

depicted in Table 2. 464

Now, the antenna curvature effect on the reflection coeffi- 465

cient either in free space or in the presence of breast phan- 466

tom is presented in Fig. 13. It is clear that, the reflection 467

coefficient is increased from -25.57 dB to -23.6 dB due to 468
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FIGURE 14. Realized gain comparison between MRA and SRA.

antenna curveting. However, the interact with breast phantom469

is slightly shift the resonance frequency by 35 MHz (1.4%)470

as depicted in figure.471

Fig. 14 shows the realized gain comparison between a472

MRA and SRA at 2.5 GHz; whereas all elements are fed473

with uniform amplitudes and phases. The realized gain at474

2.5 GHz in the MRA is found to be only 17.14 dBi, compared475

to 23.17 dBi for SRA. The main reason is revealed to the476

number of antennas operating at this frequency which is only477

10 elements for MRA compared to 35 elements for SRA478

design.479

To investigate the effect of the resonance frequency on the480

thermal distribution, the steady-state thermal distributions are481

presented in Figs. 15, 16, and 17 considering different malig-482

nancies volumes of 1cm3, 2cm3, and 3cm3, respectively, with483

different excitation frequencies of 1.5, 2.5, 3.5, and 4.5 GHz.484

As it expected, superficial tumors (as tumors #1 and #3)485

has significant thermal distribution concentrations for both486

low and high frequencies compared to deep tumors as tumor487

#2 those have reasonable thermal distribution only at lower488

frequencies. Also, it can be realized that, a reasonable thermal489

distribution can be occurred at lower frequencies but without490

capability to focus on the tumor tissue. Contrariwise, high491

frequencies have low penetration, but exhibit relatively tight492

focusing with high resolution. Therefore, the multi-resonance493

frequency applicator is expected to yield superior spatial494

temperature distributions with high resolution in addition to495

increasing the rate of change in temperature, thereby reducing496

treatment duration considering different tumors volumes and497

locations.498

Now, to see how well the planned MRA applicator works499

and its capability of focusing hyperthermia, the effect of each500

sub-array elements resonating at certain frequency will be501

investigated to show its contribution on the MRA capability.502

The deep tumor in the position of (−1, 1, −1) has been503

considered with a volume of 2 cm3 in this study. Figs. 18 and504

19 illustrates the induced Q-distribution and steady-stage505

temperature distributions, respectively, for the MRA activat-506

ing all antenna elements or only sub-elements. The results507

revealed that the EM power concentration becomes more508

localized as the frequency increases considering the lower509

FIGURE 15. Steady-stage temperature distributions (◦C) of single
resonant frequency SRA at different frequencies considering 1 cm3 tumor
volume.

number of antenna elements at higher frequencies in the pre- 510

sented MRA applicator. Thus, the optimum choice depends 511

on the required focusing resolution and penetration depth, 512

which are patient-specific. If the frequency is too low, the 513

heated area is larger than the desired area associatedwith poor 514

resolution. If the chosen frequency is too high, then higher 515

EM power is absorbed near the skin due to the reduced pen- 516

etration of higher frequencies. Therefore, the optimal design 517

of the applicator should include combination of antenna array 518

operating in different frequency bands. 519

As depicted in Figs. 18d and 19d, the capability of the 520

designed MRA to heat the tumor effectively better than SRA. 521

The obtained results of Q-power distribution and thermal 522

profiles is compared to the previously introduced results. It is 523

clear that, the amount of power dissipated in the tumor using 524

MRA is significantly higher than that obtained using SRA. 525

Furthermore, low power is almost dissipated in the rest of the 526

healthy tissues surrounding the tumor in the case of MRA. 527

Consequently, the temperature distribution is more con- 528

centrated into the tumor tissues in case of using MRA, and 529

it is almost non-existent in the healthy tissues around the 530
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FIGURE 16. Steady-stage temperature distributions (◦C) of SRA at
different frequencies considering 2 cm3 tumor volume.

tumor. The speed and accuracy of heating the tumor in the531

MRA are caused by applying multiple resonant frequencies532

simultaneously to the tumor at the same time. Besides, the533

use of a powerful optimization technique (MGSA-PSO) that534

controls the antennas feedings of the applicator to concentrate535

the total radiation into the tumor location effectively.536

Now, the MRA applicator is applied to the other con-537

sidered scenarios to investigate its capability of focusing538

hyperthermia on deep/superficially tumor of various sizes.539

Fig. 20 shows the power and temperature distribution for540

deeply small tumor with volume 1 cm3 spatially located at541

(2, −2, 2). On the other hand, Fig. 21 illustrates the power542

and thermal distribution for superficial tumor positioned at543

(−2, −1, −2) with 3 cm3. It is clear that the tumors were544

heated with high accuracy, with no effect of temperature on545

the healthy tissues surrounding the tumor.546

Regarding the SAR distribution, the normalized specific547

absorption power (SAR) distribution over 1 g of breast tissue548

on different tumors is presented forMRA as shown in Fig. 22.549

The obtained result indicates that theMRA can focus the SAR550

exactly on the tumor volume. Whereas, the SAR in such case551

was determined from the sum of all contributing frequencies.552

For all cases, the highest value is often concentrated on the553

FIGURE 17. Steady-state temperature distributions (◦C) of single resonant
frequency SRA at different frequencies considering 3 cm3 tumor volume.

tumor This confirms the validity of the multi-frequency effect 554

on the accuracy and performance. 555

Regarding the quality indicators of aPA, RMTi and TC50%, 556

they will be computed to measure the proposed MRA appli- 557

cator heating performance. Fig 23 illustrates the quality 558

indicators of the proposed MRA applicator for different sce- 559

narios and compared to SRA at different frequencies. When 560

calculating the aPA coefficient, it was noticed that its value 561

decreases with increasing frequency when using the SRA 562

applicator, and also decreases with the increase in the volume 563

of the tumor. But in the case of using the MRA applicator, 564

it was noticed that the aPA value was large compared to 565

the SRA with an average value of 2.5, 2.72, and 3.91 in 566

each the 1cm3, 2cm3, and 3cm3 tumors, respectively. While 567

calculating the RMTi coefficient, it was noticed that its value 568

increases with increasing frequency when using the SRA 569

applicator, and also decrease with the increase in the volume 570

of the tumor. But in the case of using the MRA applicator, 571

it was noticed that the RMTi value was large compared to 572

the SRA with an average value of 3.62, 1.85, and 1.93 in 573

each the 1cm3, 2cm3, and 3cm3 tumors, respectively. Finally, 574

when calculating the TC50% coefficient, it was noticed that 575

its value increases with increasing frequency when using 576
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FIGURE 18. The effect of each frequency of the proposed MRA on the
induced Q-distribution considering 2 cm3 tumor volume.

the SRA applicator, and also decreases with the increase577

in the volume of the tumor. But in the case of using the578

MRA applicator, it was noticed that the TC50% value was579

large compared to the SRA with an average percentage of580

1.33%, 3.54%, and 4.21% in each the 1cm3, 2cm3, and 3cm3
581

tumors, respectively. Generally, the comparison reflects the582

high performance of the MRA applicator compared to SRA583

applicator.584

For all scenarios using MRA, the obtained aPA not585

decreased than 17.92 which obtained in case of large tumor.586

Furthermore, the TC50% tumor coverage has been reduced587

from 100% at smallest tumor 1 cm3 to 96.37 % for large588

tumor. As for RMTi, the lowest value is found to be 0.721 for589

large tumor. It is clear that, the applicator performance is590

FIGURE 19. The effect of each frequency of the proposed MRA on the
Steady-stage temperature distribution considering 2 cm3 tumor volume.

inversely proportional with the tumor volume. To enhance 591

tumor coverage, the excitement power should be somewhat 592

raised in this scenario. The acquired results demonstrated that 593

the applicator may heat tumors of various sizes and locations 594

without causing a hot spot in normal tissue. 595

Fig. 24 present the temperature rise versus time for dif- 596

ferent tumors scenarios to reach up to steady-state temper- 597

ature at 42.5o C as a function of SRA operating frequency 598

compared to MRA for patient breast model. As a comparison 599

between SRA and MRA applicators, it is very clear that the 600

MRA applicator has decreased the required time to 7.7 min 601

compared to 16.9 min which is required by SRA applicator 602

at 1.5 GHz, 16.6 min at 2.5 GHz, 14.8 min at 3.5 GHz, 603

and 12.3 min at 4.5 GHz for 1 cm3 tumor volume as shown 604
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FIGURE 20. Induced Q-distribution and Steady-stage temperature
distribution for 1 cm3 tumor using MRA.

FIGURE 21. Induced Q-distribution and Steady-stage temperature
distribution for 3 cm3 tumor using MRA.

in Fig. 24a. Also, the MRA applicator has decreased the605

required time to 17.2 min compared to 28.4 min which is606

required by SRA applicator at 1.5 GHz, 24.6 min at 2.5 GHz,607

21.1min at 3.5 GHz, and 19.4min at 4.5 GHz for 2 cm3 tumor608

volume as shown in Fig. 24b. Furthermore, the MRA appli-609

cator has decreased the required time to 21.4 min compared610

to 36.5 min which is required by SRA applicator at 1.5 GHz,611

23.2 min at 2.5 GHz, 30.1 min at 3.5 GHz, and 27 min at612

4.5 GHz for 3 cm3 tumor volume as shown in Fig. 24c.The613

results conclude that for SRA, the required time to raise the614

tumor temperature value to 42.5o is increased as the resonat-615

ing frequency decrease. As a comparison between SRA and616

MRA applicators, it is very clear that the MRA applicator has617

decreased the required time to raise the temperature value to618

42.5o. On the other hand, it is found that the required time619

to rise up the tumor temperature is increased as the tumor620

volume increase. For example, a tumor volume 1 cm3 reached621

FIGURE 22. SAR distribution over 1 g of breast tissue for different tumor
volumes/positions using MRA.

to 42.5o after 7.7 min, increased to 13.7 min for larger tumor 622

of 3 cm3. 623

Now, the effect of the blood perfusion rate on the tumor 624

temperature is presented. Fig. 25 illustrates the relation 625

between the blood perfusion rate and the temperature, 626

whereas, the blood flow rate in the model was changed at 627

a rate from 0.5 to 0.9 with step 0.1. It was found that by 628

increasing the rate of blood flow in the tumor and blood ves- 629

sels, this led to a prolonged heating period, meaning that the 630

tumor needed more time to reach the required temperature. 631

As depicted in the figure, it required only 10 min to heat the 632

tumor to 42.5o at a perfusion rate of 0.5 which increased to 633

25 min at a perfusion rate of 0.9. 634

In addition, the rate of change in the tumor volume due to 635

the rise in temperature has been studied. As an example, the 636

tumor volume of 2 cm3 has been considered. Therefore, the 637

thermal transient solver is executed for localized heating with 638

the exposure time to monitor the tumor volume extension 639

along x, y, and z axes across the center of the tumor during 640

heating process. As depicted in Fig. 26, the tumor volume 641

extension is clearly increasing with time as the temperature 642

rises. After 55 minutes whereas the temperature is increased 643

to 45o, the tumor volume is extended up to 15%. 644

Finally, the effect of the proposed MRA applicator on the 645

temperature of the breast skin is introduced. As presented in 646

[29], the thermal boundary conditions at the skin surface are 647

found to be 40.6o at 2.5 GHz. As shown in Fig. 27a, the use 648
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FIGURE 23. Performance indicators comparisons between SRA with
different frequencies and MRA considering different tumor
volumes/positions.

of SRA applicator, causes skin temperature to rise up to 42.5o649

especially around the nipple. However, the MRA applicator650

can overcome this terrible defect as shown in Fig. 27b. It is651

clear that the temperature on the skin surface using the MRA652

applicator is in general lower than that obtained using the653

SRA applicator, whereas, the maximum temperature value654

is found to be 39.91o, 40.05o and 40.27o, for tumor volume655

1 cm3, 2 cm3 and 3 cm3, respectively. The reason is due656

to that, the MRA applicator can concentrate a large propor-657

tion of the power, almost 99% into the tumor, while a very658

small part of the power is dissipated outside the tumor and659

outer breast skin. The obtained results revealed that, other660

FIGURE 24. Temperature versus exposure time at all scenarios.

malignancies in different organs, such as brain, liver, and 661

larynx tumors can be treated successfully with the suggested 662

methodology of using multi-resonance applicator (MRA). 663

Regarding the feeding complexity of the applicator, it is 664

worth noting the great progress in the field of cellular mobile 665

whereas, with the advent of 5G communications, the increas- 666

ing demand for the effective use of beamforming technique 667

has been more accelerated than ever. Recently, various types 668

of antenna arrays have been designed and implemented at 669

different frequency bands. For example, IBM and Ericsson 670

announced the world’s first reported Si mmWave phased 671

array antenna module operating at 28 GHz [30]. The module 672

consists of four monolithic microwave integrated circuits 673
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FIGURE 25. Temperature versus exposure time at various tumor
perfusion factor.

FIGURE 26. 2D Contour plots of heating temperature and tumor
extensions (tumor #2) sum all directions with time.

FIGURE 27. Skin Temperature for MRA in all cases compared to SRA at
2.5 GHz.

(MMICs) and 64 dual-polarized antennas for concurrent dual674

polarization operation and 1.4o beam-steering resolution for675

5G communication. In comparison, the feeding complexity676

of the proposed applicator is easier than already developed677

systems in market.678

V. CONCLUSION679

In this paper, a multi-resonance applicator is designed based680

on the machine learning and MGSA-PSO algorithm. The681

results were compared with those obtained by a single reso- 682

nance applicator. A realistic human breast model and irregu- 683

lar tumor shape was considered to create a practical environ- 684

ment. Also, this paper discussed the applicator’s capability 685

to treat tumors of different volumes and placements. The 686

obtained simulation results revealed that the MRA outper- 687

form the performance than the SRA in addition to decreasing 688

the required time to reach up to 42.5o. 689
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