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Comprehensive Acoustic Characterization of a Broadband Lateral MEMS Ultrasonic1

Transducer by Near-Field Acoustic Holography and Coupled Multiphysics Simulation2

Anton Melnikov,1, ∗ Adrian Alexander,1 Tenia Meisel,1 and Jorge M. Monsalve13

1Fraunhofer Institute for Photonic Microsystems IPMS, Dresden, Germany4

Broadband airborne ultrasonic transducers are attractive for applications such as ranging, echo-
location, and acoustic material characterization, where wide bandwidths enable advanced excitation
and signal-processing techniques. Recently, a lateral capacitive micromachined ultrasonic transducer
(L-CMUT) employing electrostatically actuated in-plane microbeams was introduced as a broad-
band MEMS transducer concept. However, a comprehensive investigation of its acoustic radiation
behavior and quantitative validation of corresponding multiphysics models have not yet been re-
ported.

In this work, we present a combined experimental and numerical characterization of a previously
reported L-CMUT device operating between 10 kHz and 60 kHz. A coupled electrostatic–structural–
thermoviscous finite-element model is combined with an acoustic boundary-element formulation
to investigate the complete transduction chain from electrostatic actuation to acoustic radiation.
The numerical predictions are validated experimentally using spherical near-field acoustic hologra-
phy, enabling reconstruction of three-dimensional directivity patterns, radiated acoustic power, and
spherical harmonic representations of the radiated sound field.

The results show that the broadband behavior originates from strong thermoviscous damping
within the narrow beam–stator cavities, resulting in strongly overdamped operation despite a me-
chanical eigenfrequency near 50 kHz. Good agreement between simulations and measurements is
obtained for radiation patterns, radiated sound power, and spherical harmonic content. Further-
more, horn loading primarily redistributes acoustic energy and modifies directivity while only weakly
affecting the total radiated acoustic power.

INTRODUCTION5

Air-coupled micromachined ultrasonic transducers6

(MUTs) have become an enabling technology for a broad7

range of applications, including medical ultrasound [1–8

3], gesture recognition [4, 5], object detection and rang-9

ing [6–9], and ultrasonic imaging [2, 10]. Among the10

most impressive examples of airborne ultrasonic sens-11

ing found in nature are echolocating bats, which exploit12

broadband ultrasonic emissions to navigate complex en-13

vironments and identify targets with extraordinary ac-14

curacy. Inspired by such biological systems, broadband15

airborne ultrasound has attracted growing interest for16

technical echo-location and ranging applications. In par-17

ticular, chirped excitation signals and pulse-compression18

methods improve signal-to-noise ratio and measurement19

robustness while requiring transducers with sufficiently20

wide bandwidths [11–14]. Broadband ultrasonic trans-21

ducers have furthermore demonstrated advantages in ap-22

plications such as simultaneous determination of thick-23

ness and speed of sound and non-contact identification24

of material properties [15, 16].25

Despite this demand, the realization of broadband air-26

borne ultrasonic transducers remains challenging. Con-27

ventional piezoelectric transducers are often narrowband28

and relatively bulky. Piezoelectric Micromachined Ul-29

trasonic Transducers (PMUTs) provide compact dimen-30

sions and low power consumption but typically ex-31

hibit strongly resonant behavior [17–19]. Capacitive32

Micromachined Ultrasonic Transducers (CMUTs) en-33

able CMOS-compatible fabrication and require very lit-34

tle drive current [2, 20], making them attractive for in-35

tegrated ultrasonic microsystems. However, many re-36

ported CMUTs operate at frequencies significantly above37

100 kHz [21, 22]. An early low-frequency CMUT operat-38

ing near 50 kHz was reported by Wygant et al. [23], but39

required bias voltages exceeding 300V.40

Various approaches have been proposed to increase41

the bandwidth of airborne ultrasonic transducers. Kang42

et al. experimentally demonstrated a wideband elec-43

trodynamic transducer operating between 46.4 kHz and44

144.6 kHz [24]. Ealo et al. reported electromechani-45

cal film transducers driven below resonance and demon-46

strated broadband operation below 150 kHz [25]. In the47

field of PMUTs, Sun et al. realized a multi-frequency48

design with experimentally demonstrated bandwidths49

of 112% and 38% around 615 kHz and 1.63MHz, re-50

spectively [26], while Wang et al. proposed a multi-51

frequency PMUT combined with a Helmholtz resonator52

[27]. For CMUTs, bandwidth enhancement has been53

investigated through squeeze-film damping [28–30], ro-54

tational and rocking modes [31], spiral geometries [32],55

and arrays composed of multiple resonant cells [33–35].56

Although these approaches demonstrate broadband or57

multi-frequency behavior, many rely on multiple reso-58

nances, transducer arrays, or operation at comparatively59

high frequencies.60

Besides frequency response, the spatial radiation char-61

acteristics of ultrasonic transducers are equally impor-62

tant for ranging and echo-location applications. Never-63

theless, directivity is only sparsely discussed in the lit-64

erature on broadband airborne ultrasonic transducers.65
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Detailed directivity information has primarily been re-66

ported for the electrodynamic transducer of Kang et al.67

[24] and the electromechanical film transducers of Ealo et68

al. [25]. For broadband MEMS ultrasonic transducers,69

comprehensive investigations of radiated sound power,70

full three-dimensional radiation patterns, and frequency-71

dependent beam shaping remain rare.72

Recently, Monsalve et al. introduced an alternative73

electrostatic transducer concept referred to as the lat-74

eral CMUT (L-CMUT) [36]. In contrast to conventional75

CMUTs, the device utilizes laterally oscillating electro-76

static microbeams rather than membranes moving nor-77

mal to the chip surface. The narrow cavity between beam78

and stator introduces strong squeeze-film damping [37],79

resulting in a reduced quality factor and broadband be-80

havior. Furthermore, the lateral arrangement enables the81

integration of a large number of microbeams within a82

compact footprint while maintaining moderate operat-83

ing voltages. Initial demonstrations of fabrication, op-84

eration, and analytical modeling have already been re-85

ported [36]. Subsequently, Meisel et al. demonstrated86

that acoustic horns can be attached to the device to im-87

prove directional radiation while largely preserving band-88

width [38].89

Despite these developments, a comprehensive experi-90

mental characterization of the acoustic radiation behav-91

ior of the L-CMUT has not yet been reported. In par-92

ticular, the relationship between the internal thermovis-93

cous dynamics of the transducer, the resulting radiated94

sound field, the radiated acoustic power, and the influ-95

ence of acoustic beam-shaping elements remains insuffi-96

ciently understood. Furthermore, quantitative validation97

of multiphysics acoustic models is challenging because98

the active microstructures are enclosed within the trans-99

ducer and therefore inaccessible to direct optical charac-100

terization.101

In this work, we present a comprehensive experimen-102

tal and numerical characterization of a previously re-103

ported broadband L-CMUT device operating between104

10 kHz and 60 kHz. A coupled electrostatic-structural-105

thermoviscous finite-element model is combined with106

a boundary-element radiation model to investigate the107

complete transduction chain from electrostatic actuation108

to acoustic radiation. The numerical predictions are val-109

idated experimentally using spherical near-field acous-110

tic holography, enabling reconstruction of the full three-111

dimensional radiation field, radiated sound power, and112

spherical harmonic content. In addition, the acoustic be-113

havior of a previously reported horn-loaded configuration114

is investigated. The results provide quantitative insight115

into the internal damping mechanisms, acoustic radiation116

characteristics, and beam-shaping behavior of broadband117

in-plane MEMS ultrasonic transducers.118

RESULTS119

Investigated L-CMUT device120

The investigated device is based on the lateral capac-121

itive micromachined ultrasonic transducer (L-CMUT)122

platform previously reported by Monsalve et al. [36]. In123

contrast to conventional CMUTs, the transducer employs124

electrostatically actuated microbeams oscillating parallel125

to the chip surface. Acoustic volume flow is generated126

inside narrow beam–stator cavities and radiated through127

dedicated outlet structures into the surrounding air.128

Figure 1a shows a cross-sectional schematic of the in-129

vestigated L-CMUT architecture. Electrostatic actua-130

tion of laterally oscillating microbeams generates acous-131

tic volume flow within narrow beam–stator cavities,132

which is subsequently guided through vent structures to-133

wards the top and bottom chip surfaces. The transducer134

consists of a three-layer silicon structure comprising an135

active device layer enclosed by passive handle and lid136

layers. The active layer contains an array of electro-137

static microbeam actuators, while the upper and lower138

layers guide the generated acoustic flow towards the out-139

let openings. A photograph of the fabricated transducer140

chip is shown in Fig. 1b. The chip contains nine trans-141

ducer units, each occupying an area of 3.3 × 3.3mm2.142

Throughout this work, only the central unit is consid-143

ered in order to minimize the influence of edge effects144

and facilitate comparison between simulations and mea-145

surements.146

Each transducer unit comprises 258 electrostatic mi-147

crobeam actuators with a beam height of hb = 75µm148

and a beam length of lb = 970µm. Owing to the lat-149

eral arrangement of the actuators, the acoustically ac-150

tive surface can be increased substantially relative to the151

chip footprint, enabling efficient acoustic excitation at152

moderate operating voltages. Detailed information re-153

garding device design, fabrication, and initial characteri-154

zation can be found in Ref. [36] and is not repeated here.155

To investigate the influence of acoustic beam shaping,156

a horn-loaded configuration is additionally considered.157

The horn design was previously proposed and optimized158

by Meisel et al. [38]. A photograph of the measurement159

setup incorporating the horn-loaded transducer is shown160

in Fig. 1c, while the corresponding numerical geometry161

employed for radiation simulations is shown in Fig. 1d.162

The objective of the present work is not to introduce a163

new transducer or horn design, but to establish a quanti-164

tative understanding of their acoustic behavior. To this165

end, coupled multiphysics simulations are combined with166

spherical near-field acoustic holography to investigate the167

complete transduction chain, from electrostatic actuation168

and internal thermoviscous flow generation to acoustic169

radiation and beam shaping.170
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a

b c

d

FIG. 1. Investigated L-CMUT platform and characterization approach. (a) Cross-sectional schematic of the investigated L-
CMUT architecture. Electrostatic actuation of laterally oscillating microbeams generates acoustic volume flow within narrow
beam–stator cavities, which is guided through vent structures and radiated from both sides of the chip. (b) Photograph
of the fabricated chip containing nine transducer units arranged in a 3 × 3 configuration. The central transducer unit was
used throughout this work. (c) Experimental setup employed for spherical near-field acoustic holography measurements of
the unloaded and horn-loaded configurations. (d) Boundary-element models used for prediction of the radiated acoustic field,
including the transducer, printed circuit board, socket, and horn where applicable.
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Bias-dependent electromechanical behavior171

The acoustic behavior of the L-CMUT is governed by172

the electromechanical operating point of the individual173

microbeam actuators. As previously shown by Monsalve174

et al. [36], electrostatic attraction between beam and175

stator results in a static pre-deflection that depends on176

the applied bias voltage. Since the stiffness, capacitance,177

and dynamic response of the actuator depend on this178

pre-deflected state, the operating point must be estab-179

lished before analyzing the acoustic performance of the180

device.181

182

To determine the static operating conditions, a183

coupled electrostatic–structural finite-element model184

was solved for bias voltages between 0V and pull-in.185

Figure 2a shows three neighboring L-CMUT cells in186

their deformed equilibrium configuration at the nominal187

operating bias of 30V. Only half of the geometry is188

shown. The color map illustrates the displacement in189

the actuation direction. At the operating bias voltage,190

the center deflection of the microbeam is calculated as191

267 nm.192

193

The influence of bias voltage on the static center194

deflection is shown in Fig. 2b. The deflection increases195

nonlinearly with increasing voltage and reaches 1.8µm196

at pull-in. The pull-in instability is predicted at 56.6V,197

providing a substantial safety margin with respect to the198

nominal operating voltage of 30V. Consequently, both199

the applied bias voltage and the additional signal voltage200

remain within the stable operating regime throughout201

this work.202

203

Electrostatic softening further influences the dynamic204

properties of the actuator. Previous analytical models205

predict an undamped eigenfrequency of approximately206

54 kHz and a microbeam stiffness of approximately207

43N/m [36, 39, 40]. Figure 2b shows the calculated208

first eigenfrequency of the microbeam as a function of209

bias voltage. At zero bias, the eigenfrequency obtained210

from the finite-element model is 51.8 kHz. Increasing211

electrostatic loading reduces the effective stiffness and212

causes a continuous decrease of the eigenfrequency,213

reaching 49.4 kHz at the operating bias voltage of 30V.214

As expected for electrostatic actuators approaching215

pull-in, the eigenfrequency tends towards zero at the216

stability limit.217

218

The capacitance of the complete transducer unit,219

comprising all 258 microbeam actuators, is also shown in220

Fig. 2b. In contrast to previous analytical estimates [36],221

the present model explicitly considers the recessed stator222

profile used to linearize the electrostatic force distribu-223

tion. The resulting zero-bias capacitance is calculated224

a

b
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FIG. 2. a Equilibrium configuration of three neighboring L-
CMUT cells at the operating bias voltage of 30V. The color
scale represents the displacement in the actuation direction.
Only one half of the geometry is shown for clarity. b Influ-
ence of the bias voltage on microbeam center deflection, first
undamped eigenfrequency, and capacitance of the complete
transducer unit.

as 48.5 pF, corresponding to 0.188 pF per actuator. At225

the nominal operating voltage of 30V, the capacitance226

increases to 50.2 pF owing to electrostatic pre-deflection227

and reaches approximately 63 pF at pull-in.228

229

The electromechanical analysis establishes three im-230

portant characteristics of the investigated device. First,231

stable operation is achieved with a substantial margin to232

pull-in. Second, electrostatic softening shifts the eigen-233

frequency only moderately within the considered voltage234

range. Third, the device operates in a significantly pre-235

deflected state, which directly influences the thermovis-236

cous flow inside the beam–stator cavities and thus the re-237

sulting acoustic radiation. These effects are investigated238

in the following section.239
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Thermoviscous dynamics inside the transducer240

To investigate the acoustic processes governing the241

broadband behavior of the L-CMUT, the previously242

described electromechanical model was extended by243

coupling thermoviscous acoustics to the structural244

mechanics domain. The resulting model accounts for245

viscous and thermal losses inside the narrow cavities246

and electrostatic gaps using the linearized Navier–Stokes247

equations. A fluid–structure interaction interface248

was used to couple the oscillating microbeams to the249

surrounding fluid. The acoustic domain additionally250

included small exterior volumes on the top and bottom251

surfaces of the chip to capture viscous and thermal252

boundary-layer effects at the outlet openings.253

254

The frequency response was computed by linearizing255

the coupled system around the bias-dependent equi-256

librium state corresponding to an operating voltage of257

30V. Harmonic simulations were performed between258

10 kHz and 60 kHz. The resulting pressure field and259

acoustic velocity distributions provide direct insight into260

the mechanisms responsible for energy dissipation inside261

the transducer.262

263

Figures 3a and 3b show the real part of the acoustic264

velocity field at 10 kHz and 30 kHz, respectively. The265

highest velocities occur inside the narrow beam–stator266

cavities, where the acoustic flow is constrained by the267

small gap dimensions. A pronounced velocity gradient268

can be observed across the gap height, indicating strong269

viscous losses. The flow profiles resemble Poiseuille-type270

motion, suggesting that the dominant damping mecha-271

nism originates from the confined fluid flow rather than272

structural dissipation within the silicon microbeams.273

At frequencies above approximately 30 kHz, local flow274

velocities inside the gap approach 0.5m/s.275

276

The pressure distributions corresponding to the same277

frequencies are shown in Figures 3c and 3d. Owing to278

the restricted fluid motion inside the cavities, pressure279

levels substantially exceeding the radiated acoustic280

pressure are observed. At 10 kHz, sound pressure levels281

inside the transducer reach approximately 130 dB, while282

values around 135 dB are predicted at 30 kHz. These283

elevated pressure levels remain largely confined to the284

internal fluidic structures and therefore do not directly285

translate into far-field radiation.286

287

The dimensions of the electrostatic gap place the288

flow regime close to the transition between continuum289

and slip-flow behavior. At atmospheric pressure, the290

Knudsen number exceeds Kn = 0.01 for characteristic291

dimensions below approximately 6.5µm. Consequently,292

slip-flow effects may influence the fluid dynamics inside293

a b

c d

FIG. 3. a,b Real part of the acoustic velocity field at 10 kHz
(a) and 30 kHz (b). Arrows indicate the corresponding ve-
locity vectors. The highest velocities occur within the nar-
row beam–stator cavities, where viscous dissipation is con-
centrated. c,d Sound pressure level distribution inside the
transducer at 10 kHz (c) and 30 kHz (d). Elevated pressure
levels remain largely confined to the internal fluidic structures
and substantially exceed the radiated acoustic pressure.

the beam–stator cavities. Since no-slip boundary294

conditions are assumed, the predicted damping may be295

overestimated in the narrowest regions of the device.296

297

The influence of the internal fluid dynamics on the298

actuator response is illustrated in Fig. 4. The dis-299

placement magnitude at the center of the microbeam300

decreases monotonically from approximately 190 nm at301

10 kHz to approximately 60 nm at 60 kHz. Remarkably,302

no pronounced resonance peak is observed, despite the303

eigenfrequency of the biased actuator being located near304

49.4 kHz. Instead, the response exhibits the behavior305

of a strongly overdamped system. Simultaneously,306

the acoustic volume flow increases with frequency and307

reaches a plateau above approximately 40 kHz. Above308

approximately 30 kHz, small differences between the309

acoustic volume flow emitted from the top and bottom310

sides of the transducer become apparent, suggesting311

that compressibility effects within the chip become312

increasingly important at higher frequencies.313

314

These observations indicate that the dynamic behavior315

of the L-CMUT is dominated by thermoviscous damp-316

ing inside the beam–stator cavities. Rather than oper-317

ating as a high-Q resonator, the actuator behaves as a318

strongly damped acoustic flow source over a broad fre-319

quency range. This damping mechanism suppresses the320
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FIG. 4. Simulated microbeam center displacement amplitude
and acoustic volume flow emitted from the top and bottom
sides of the transducer as a function of frequency for unloaded
and horn-loaded configurations. Despite the first eigenfre-
quency being located near 50 kHz, no pronounced resonance
peak is observed in the displacement response. Instead, the
transducer exhibits strongly overdamped behavior, while the
acoustic volume flow increases with frequency and approaches
a plateau above approximately 40 kHz. Small differences be-
tween the top- and bottom-side volume flow become apparent
at higher frequencies. The nearly identical responses obtained
for the unloaded and horn-loaded configurations indicate that
the horn has negligible influence on the internal electrome-
chanical and thermoviscous dynamics of the transducer.

resonance that would otherwise be expected from the321

mechanical eigenfrequency and therefore represents the322

physical origin of the broadband behavior of the investi-323

gated device.324

Coupling internal dynamics to acoustic radiation325

The previous section demonstrated that the dynam-326

ics of the L-CMUT are dominated by thermoviscous327

flow inside the beam–stator cavities. While these328

simulations provide detailed insight into the internal329

energy dissipation mechanisms, the resulting acoustic330

pressure and velocity fields cannot be directly observed331

experimentally. To enable comparison with measure-332

ments, the internally generated acoustic flow must be333

related to the radiated sound field outside the transducer.334

335

For this purpose, the thermoviscous finite-element336

model was coupled to an exterior acoustic model based337

on the boundary element method (BEM). The BEM338

geometry was derived from the CAD model of the339

investigated transducer assembly, including the MEMS340

chip, printed circuit board, socket, and horn where341

applicable. Geometric details whose dimensions were342

substantially smaller than the acoustic wavelength were343

omitted in order to reduce computational complexity.344

The resulting simulation domains are shown in Fig. 1d.345

Owing to geometric symmetry, only half of the structure346

was considered during the calculations.347

348

The coupling between both models is based on the349

acoustic volume flow leaving the transducer through the350

outlet openings. The normal velocity obtained from the351

thermoviscous model was spatially averaged over the352

outlet boundary and transferred to the corresponding353

radiating surfaces of the BEM model. In turn, the354

acoustic pressure generated by the exterior domain was355

fed back to the thermoviscous model as a boundary356

condition. The coupling procedure enables a bidirec-357

tional interaction between the internal thermoviscous358

dynamics and the exterior acoustic field. Acoustic359

volume flow generated inside the transducer excites360

the surrounding medium, while the resulting acoustic361

loading is consistently accounted for through the coupled362

FEM–BEM formulation.363

364

The underlying assumption of this approach is that365

the array of closely spaced outlet openings behaves366

as an acoustically compact source region. Under this367

assumption, the detailed velocity distribution at indi-368

vidual outlet openings has only a minor influence on the369

radiated field compared to the total emitted volume flow.370

Nevertheless, local variations of radiation impedance371

across the chip surface are neglected. Consequently, the372

coupling should be regarded as an approximation whose373

validity is expected to improve when the characteristic374

outlet spacing remains small compared to the acoustic375

wavelength.376

377

The coupled simulation framework provides a di-378

rect link between the internal thermoviscous dynamics379

and the acoustic radiation into free space. In the follow-380

ing sections, the resulting radiation characteristics are381

compared with spherical near-field acoustic holography382

measurements in order to assess the accuracy of the383

predicted sound field.384

Experimental validation of the radiated sound field385

The coupled FEM–BEM model predicts the complete386

acoustic field radiated by the L-CMUT. To assess the387

validity of the model, the simulated radiation patterns388
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were compared with spherical near-field acoustic holog-389

raphy measurements. The comparison was performed390

for both the bare transducer mounted on the PCB and391

the horn-loaded configuration described previously.392

393

Figure 5a shows the measured and simulated di-394

rectivity patterns in the xy-plane for the transducer395

without horn. Across the investigated frequency range,396

the numerical model reproduces the main features of397

the measured acoustic field. At lower frequencies, the398

radiation is characterized by two dominant lobes located399

on opposite sides of the chip. With increasing frequency,400

the directivity pattern becomes progressively more com-401

plex and additional side lobes emerge. The measured402

and simulated lobe positions show good agreement403

throughout most of the investigated frequency range.404

405

Small deviations between simulation and experiment406

are observed, particularly between approximately 35 kHz407

and 40 kHz. Since the corresponding wavelengths are408

comparable to several geometrical details of the mea-409

surement setup, these discrepancies are likely related410

to simplifications introduced in the numerical model,411

including omitted screws, connectors, wiring, and man-412

ufacturing tolerances of the assembled system.413

414

The corresponding results for the horn-loaded config-415

uration are shown in Fig. 5b. Compared to the unloaded416

transducer, the radiation pattern is significantly modi-417

fied and a pronounced main lobe develops along the horn418

axis. The simulations accurately reproduce both the419

orientation and the frequency dependence of the dom-420

inant lobe. Furthermore, the measured and simulated421

side-lobe structures show good qualitative agreement422

over a broad frequency range.423

424

The agreement between simulations and measurements425

demonstrates that the coupled thermoviscous FEM–426

BEM model captures the dominant radiation mecha-427

nisms of the investigated device. Since the internal mi-428

crobeam motion and cavity acoustics are not experimen-429

tally accessible, the radiated sound field provides an in-430

direct validation of the predicted internal dynamics. In431

particular, the accurate reproduction of the frequency-432

dependent directivity patterns indicates that both the433

generated acoustic volume flow and its radiation into the434

surrounding medium are described consistently by the435

model.436

Radiated acoustic power437

While the agreement of the directivity patterns438

provides confidence in the predicted radiation char-439

acteristics, directivity alone does not guarantee that440

the radiated acoustic energy is reproduced correctly.441

A more stringent validation is obtained by comparing442

the radiated sound power, since it represents the total443

acoustic energy emitted by the transducer and is largely444

independent of local interference effects.445

446

Figures 5c and 5d compare the radiated sound power447

obtained from spherical near-field acoustic holography448

with the corresponding FEM–BEM predictions for449

the unloaded and horn-loaded configurations, respec-450

tively. In both cases, the measured and simulated451

results show a similar overall frequency dependence.452

Starting from 10 kHz, the radiated power gradually453

increases with frequency and reaches its maximum val-454

ues in the upper part of the investigated frequency range.455

456

For the unloaded transducer, the numerical model457

reproduces the measured power levels throughout458

most of the investigated frequency range. The largest459

discrepancy is observed around 26.7 kHz, where the ex-460

perimental data exhibits a pronounced notch that is not461

fully reproduced by the simulations. Since this feature462

appears consistently in the measurements, it is likely463

associated with physical effects that are not captured464

by the current model, such as geometric asymmetries,465

assembly tolerances, or additional acoustic interactions466

within the measurement setup.467

468

A similar behavior is observed for the horn-loaded469

configuration. The overall agreement between simulation470

and experiment remains good, while the notch near471

26.7 kHz is again primarily visible in the experimental472

results. Outside this frequency region, the numerical473

predictions successfully reproduce both the magnitude474

and frequency dependence of the radiated power.475

476

Compared to local pressure measurements, radiated477

sound power constitutes a particularly demanding478

validation metric because it depends on the acoustic479

field over the entire measurement surface. The observed480

agreement therefore indicates that the coupled ther-481

moviscous FEM–BEM model not only reproduces the482

directivity of the radiated sound field but also predicts483

the total emitted acoustic energy with good accuracy.484

485

Having established agreement in both directivity and486

radiated power, the measured sound fields can subse-487

quently be analyzed using a spherical harmonic rep-488

resentation. This provides additional insight into the489

frequency-dependent evolution of the radiation charac-490

teristics and the influence of the horn on the emitted491

acoustic field.492
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FIG. 5. Comparison of measured and simulated radiation characteristics for unloaded and horn-loaded transducer config-
urations. a Frequency-dependent directivity patterns in the xy-plane for the unloaded transducer obtained from spherical
near-field acoustic holography and FEM–BEM simulations. b Frequency-dependent directivity patterns in the xy-plane for
the horn-loaded transducer obtained from spherical near-field acoustic holography and FEM–BEM simulations. c Radiated
acoustic power of the unloaded transducer determined from spherical harmonic reconstruction and FEM–BEM simulations.
d Radiated acoustic power of the horn-loaded transducer determined from spherical harmonic reconstruction and FEM–BEM
simulations.

Spherical harmonic representation of the radiated493

field494

The previous sections demonstrated that the coupled495

FEM–BEM model accurately reproduces both the496

directivity patterns and the radiated acoustic power of497

the investigated platform. To obtain additional insight498

into the underlying radiation behavior, the measured499

and simulated sound fields were subsequently analyzed500

using a spherical harmonic representation.501
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502

Prior to evaluating the spherical harmonic coefficients,503

the convergence of the reconstructed sound power504

was investigated. The relative error associated with505

truncating the spherical harmonic expansion at different506

orders is shown in Fig. 6a for the unloaded transducer507

and in Fig. 6c for the horn-loaded configuration. As508

expected, the error increases with frequency due to the509

increasing spatial complexity of the radiated field. Using510

harmonics up to order n = 19, corresponding to 400511

complex coefficients, the relative power error remains512

below approximately 2.2% over most of the investigated513

frequency range. This truncation order was therefore514

adopted throughout the subsequent analysis.515

516

Figure 6b shows the normalized power associated517

with the dominant spherical harmonic coefficients for518

the unloaded transducer. At lower frequencies, the519

radiated field is largely represented by the coefficients520

corresponding to n = 1, indicating a radiation pattern521

dominated by two opposing main lobes. With increasing522

frequency, energy is progressively redistributed towards523

higher-order coefficients, reflecting the increasing spatial524

complexity of the radiated sound field observed in the525

directivity measurements.526

527

The measured and simulated coefficient distributions528

show good qualitative agreement throughout the inves-529

tigated frequency range. In particular, both datasets530

predict similar frequency regions where individual coef-531

ficients become dominant or diminish. Furthermore, the532

symmetry of the transducer geometry is reflected in the533

approximately equal power associated with coefficient534

pairs corresponding to positive and negative azimuthal535

orders. Small deviations from these symmetries are536

observed in the measurements, particularly at higher537

frequencies, which may be attributed to manufacturing538

tolerances, assembly imperfections, or positioning uncer-539

tainties during the holographic reconstruction.540

541

The corresponding convergence results are shown in542

Fig. 6c, while the normalized spherical harmonic coef-543

ficients of the horn-loaded configuration are presented544

in Fig. 6d. Compared to the unloaded transducer, the545

spherical harmonic power is distributed across a larger546

number of coefficients over much of the investigated547

frequency range. This behavior reflects the modified548

radiation pattern introduced by the horn and the549

associated redistribution of acoustic energy into the550

forward direction. As frequency increases, progressively551

higher-order coefficients contribute to the radiated field,552

consistent with the increasingly structured directivity553

patterns observed experimentally.554

555

The spherical harmonic representation therefore pro-556

vides a compact description of the frequency-dependent557

radiation behavior of both configurations. Moreover, the558

good agreement between measured and simulated coef-559

ficient distributions further supports the validity of the560

coupled FEM–BEM approach and its ability to capture561

the dominant radiation mechanisms of the investigated562

L-CMUT device.563

Acoustic energy redistribution by horn loading564

The previous sections demonstrated that horn loading565

significantly modifies the directivity of the radiated566

sound field. A remaining question is whether the567

observed increase in sound pressure along the horn axis568

originates from an increase in radiated acoustic power569

or from a redistribution of the existing acoustic energy.570

571

Figure 7 compares the change in radiated sound power572

level introduced by the horn. Experimental results573

obtained from spherical near-field acoustic holography574

are shown together with the corresponding FEM–BEM575

predictions. Both datasets exhibit a similar frequency576

dependence. Below approximately 30 kHz, the horn577

reduces the radiated power by up to 3 dB, while only578

minor power differences are observed throughout the579

upper part of the investigated frequency range.580

581

The close agreement between simulation and ex-582

periment indicates that the coupled thermoviscous583

FEM–BEM model correctly captures the influence of584

the horn on the global radiation characteristics of the585

system. In particular, both approaches predict that586

the horn only weakly affects the total radiated acoustic587

power despite substantially modifying the radiation588

pattern.589

590

These results indicate that the primary function of the591

horn is not to increase acoustic power generation by the592

transducer. Instead, the horn redistributes the emitted593

acoustic energy and concentrates it into a narrower angu-594

lar region. Consequently, significant sound pressure gains595

can be achieved in the desired radiation direction with-596

out a corresponding increase in total radiated acoustic597

power.598

DISCUSSION599

A distinctive characteristic of the investigated L-600

CMUT is that its useful operating bandwidth extends601

over a frequency range that includes the mechanical602

eigenfrequency without exhibiting the pronounced reso-603

nance peak typically associated with resonant ultrasonic604

transducers. This behavior contrasts with many PMUT605

and CMUT designs, where the achievable bandwidth is606

fundamentally linked to the quality factor of a dominant607
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FIG. 6. Spherical harmonic representation of the radiated sound field for unloaded and horn-loaded transducer configurations. a
Relative error of the reconstructed radiated acoustic power as a function of frequency for different spherical harmonic truncation
orders in the unloaded configuration. The error is evaluated relative to the FEM–BEM reference solution. b Normalized
power associated with the dominant spherical harmonic coefficients obtained from spherical near-field acoustic holography
measurements and FEM–BEM simulations for the unloaded transducer. c Relative error of the reconstructed radiated acoustic
power as a function of frequency for different spherical harmonic truncation orders in the horn-loaded configuration. The
error is evaluated relative to the FEM–BEM reference solution. d Normalized power associated with the dominant spherical
harmonic coefficients obtained from spherical near-field acoustic holography measurements and FEM–BEM simulations for the
horn-loaded transducer.

mechanical mode. In the present device, the acoustic re-608

sponse is instead governed by the interaction between the609

electrostatic actuator and the confined fluid domain.610

The simulations indicate that the narrow beam–stator611

cavities introduce substantial thermoviscous dissipation,612

particularly inside the electrostatic gaps where the613

largest velocity gradients occur. Consequently, acous-614

tic energy is continuously dissipated within the fluidic615

domain, suppressing resonant amplification of the struc-616

tural motion. While such losses would generally be re-617

garded as detrimental in resonant ultrasonic transduc-618

ers, they become advantageous in the present context619

because they provide a broadband response without re-620

quiring multiple resonances, additional damping struc-621

tures, or complex excitation schemes.622

From a system perspective, this behavior is particularly623

attractive for applications relying on broadband excita-624

tion signals such as chirps or coded waveforms. Instead625

of maximizing the response at a single frequency, the L-626

CMUT provides a comparatively uniform acoustic output627

over a broad frequency range, enabling efficient utiliza-628

tion of advanced signal-processing techniques and poten-629

tially improving ranging robustness and target discrimi-630

nation.631

A second important outcome of this work is the632

successful validation of the coupled multiphysics model633

through measurements of the radiated acoustic field.634

Unlike many conventional ultrasonic transducers, the635

active acoustic elements of the L-CMUT are enclosed636

within the silicon structure and are therefore inaccessible637

to direct optical characterization techniques such as laser638

Doppler vibrometry. Consequently, validation based639

solely on structural measurements is not feasible.640

Instead, the present study adopts an acoustics-driven641

validation strategy in which the complete radiated642

sound field is reconstructed using spherical near-field643

acoustic holography and compared with the predictions644

of a coupled electrostatic–structural–thermoviscous645

FEM–BEM model. Agreement was observed not only646

for local directivity patterns but also for radiated sound647

power and the spherical harmonic representation of the648

measured field. Since these quantities are influenced649
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FIG. 7. Change in radiated acoustic power level introduced by
horn loading. Experimental results obtained from spherical
near-field acoustic holography are compared with FEM–BEM
simulations. Positive values indicate an increase in radiated
acoustic power relative to the unloaded configuration, whereas
negative values indicate a reduction. The overall power differ-
ence remains small across most of the investigated frequency
range, indicating that the horn primarily redistributes the
emitted acoustic energy rather than increasing the generated
acoustic power.

by the entire transduction chain, from electrostatic650

actuation to acoustic radiation, their agreement provides651

considerably stronger validation than a comparison of652

isolated response quantities.653

Naturally, agreement of the radiated field does not654

prove that every detail of the internal flow field is pre-655

dicted perfectly. Nevertheless, the observed consistency656

between measured and simulated directivity patterns,657

radiated sound power, and spherical harmonic content658

indicates that the dominant physical mechanisms gov-659

erning acoustic generation and radiation are captured660

correctly. The presented methodology therefore provides661

a practical framework for the validation of enclosed662

MEMS acoustic transducers, where direct access to the663

active structures is limited or entirely unavailable.664

665

The horn-loaded configuration further illustrates666

the distinction between sound pressure and radiated667

acoustic power. While the measured directivity patterns668

demonstrate a substantial increase in pressure along669

the horn axis, the corresponding sound-power analysis670

shows only minor changes in the total acoustic energy671

radiated by the transducer. The observed pressure gain672

therefore cannot be attributed to enhanced acoustic673

power generation. Instead, it originates primarily from674

a redistribution of the emitted acoustic energy into a675

narrower angular region.676

From an acoustical perspective, the horn acts as a677

radiation-transforming element that modifies the spa-678

tial distribution of the radiated field rather than the679

energy generated at the source. Consequently, the horn680

increases the acoustic intensity in selected directions681

while reducing it elsewhere. This behavior explains682

why pressure gains of several tens of decibels can be683

achieved without a comparable increase in radiated684

power. The distinction is particularly relevant for685

ultrasonic ranging and echo-location applications, where686

detection performance is often governed by signal level687

in a limited angular region rather than by total acoustic688

output.689

An additional consequence is that the acoustic perfor-690

mance of the complete system cannot be assessed solely691

from local pressure measurements. Depending on the692

application, a strong increase in on-axis pressure may693

create the impression of a more efficient transducer694

despite little change in total radiated energy. The695

combination of directivity measurements and radiated696

sound-power analysis employed in this work therefore697

provides a more complete characterization of the acous-698

tic behavior of horn-loaded ultrasonic MEMS systems.699

700

Finally, several limitations of the present study should701

be noted. The thermoviscous model assumes contin-702

uum flow and no-slip boundary conditions throughout703

the fluid domain. However, the characteristic dimensions704

of the electrostatic gaps approach the slip-flow regime,705

where rarefaction effects may become relevant. Conse-706

quently, the fluidic damping inside the narrowest regions707

of the device may be overestimated. Furthermore, the708

FEM–BEM coupling assumes an acoustically compact709

source region and neglects spatial variations in radia-710

tion impedance across individual outlet openings. While711

these approximations appear adequate for the investi-712

gated frequency range, their influence may become more713

pronounced for future device generations operating at714

higher frequencies or with smaller characteristic dimen-715

sions.716

Additional discrepancies between simulation and experi-717

ment are observed around 26.7 kHz, where a pronounced718

notch appears in the measured radiated sound power but719

is not reproduced by the numerical model. Since the fea-720

ture is observed at approximately the same frequency721

for both the unloaded and horn-loaded configurations, it722

is unlikely to originate from the horn itself or from the723

external acoustic radiation. Likewise, no corresponding724

feature is observed in the coupled thermoviscous FEM–725

BEM simulations. One possible explanation is the pres-726

ence of spatially non-uniform actuator excitation across727

the transducer unit, resulting from distributed electrical728

or structural effects that are not represented by the unit-729

cell model. Such mechanisms could introduce frequency-730
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dependent variations in amplitude or phase between dif-731

ferent regions of the transducer and thereby reduce the732

coherent acoustic output. Further investigations are re-733

quired to assess the origin of this behavior.734

Despite these limitations, the combined use of thermovis-735

cous FEM, acoustic BEM, and spherical near-field acous-736

tic holography provides a consistent description of the737

transduction chain from electrostatic actuation to acous-738

tic radiation. Future work may extend the present frame-739

work by incorporating slip-flow boundary conditions, in-740

vestigating alternative acoustic loading concepts, and ap-741

plying the methodology to receiving as well as transmit-742

ting MEMS ultrasonic transducers.743

CONCLUSION744

In this work, a comprehensive experimental and745

numerical characterization of a previously reported746

broadband lateral capacitive micromachined ultra-747

sonic transducer (L-CMUT) platform was presented.748

A coupled electrostatic–structural–thermoviscous finite-749

element model was combined with an acoustic boundary-750

element formulation to investigate the complete trans-751

duction chain from electrostatic actuation to acoustic ra-752

diation.753

The simulations demonstrated that the dynamic behav-754

ior of the device is dominated by thermoviscous losses755

within the narrow beam–stator cavities. As a conse-756

quence, no pronounced resonance peak is observed de-757

spite the mechanical eigenfrequency being located near758

50 kHz. Instead, the transducer operates as a strongly759

damped acoustic source over a broad frequency range760

extending from 10 kHz to 60 kHz.761

The numerical predictions were validated experimentally762

using spherical near-field acoustic holography. Good763

agreement was obtained for the directivity patterns, radi-764

ated acoustic power, and spherical harmonic representa-765

tion of the radiated sound field. The results demonstrate766

that full-field acoustic measurements provide an effective767

approach for validating multiphysics models of enclosed768

MEMS ultrasonic transducers, where direct access to the769

active structures is limited.770

Furthermore, the influence of a previously reported horn-771

loaded configuration was investigated. While the horn772

significantly modified the directivity pattern and in-773

creased sound pressure along the preferred radiation di-774

rection, only minor changes in total radiated acoustic775

power were observed. The results therefore indicate that776

the primary function of the horn is the redistribution of777

acoustic energy rather than an increase in acoustic power778

generation.779

The presented combination of multiphysics simulations780

and spherical acoustic holography provides a framework781

for the analysis and optimization of broadband airborne782

MEMS ultrasonic transducers and may be extended to783

future transmitter and receiver architectures employing784

enclosed acoustic microstructures.785

MATERIALS AND METHODS786

Thermoviscous FEM model787

The internal electromechanical and acoustic behavior788

of the previously reported L-CMUT platform [36] was in-789

vestigated using a three-dimensional finite-element model790

implemented in COMSOLMultiphysics. The model com-791

bines electrostatics, structural mechanics, thermoviscous792

acoustics, fluid–structure interaction, and moving mesh793

formulations in order to capture the complete interaction794

between the electrostatic actuator and the surrounding795

fluid. Owing to geometric symmetry, only half of a sin-796

gle actuator cell was modeled. This reduction decreases797

the computational effort by reducing the number of de-798

grees of freedom while maintaining sufficient spatial res-799

olution within the electrostatic gaps and microacoustic800

flow channels.801

The stationary operating point was determined using802

a nonlinear electrostatic–structural analysis. Electro-803

static forces and structural deformation were solved self-804

consistently while accounting for geometric nonlineari-805

ties through a moving mesh formulation. The resulting806

equilibrium solution provided the bias-dependent actua-807

tor deflection, capacitance, and effective stiffness.808

Subsequently, the complete multiphysics system was lin-809

earized around the stationary operating point and solved810

in the frequency domain. The resulting small-signal anal-811

ysis yields the complex displacement, pressure, and ve-812

locity fields as a function of frequency.813

Thermoviscous acoustics were used to describe the air814

motion inside the beam–stator cavities and outlet struc-815

tures. In contrast to pressure acoustics, the thermovis-816

cous formulation explicitly resolves viscous and thermal817

boundary-layer effects and is therefore suitable for the818

small characteristic dimensions of the investigated mi-819

crostructures. Fluid–structure interaction was applied at820

all moving solid–fluid boundaries, allowing the oscillating821

microbeams to generate acoustic volume flow within the822

surrounding air domain.823

Small exterior air domains were additionally included824

above and below the outlet openings. These regions cap-825

ture thermoviscous dissipation occurring at the acoustic826

interfaces and provide the coupling boundary to the ex-827

terior radiation model described in the following subsec-828

tion.829

The dimensions of the electrostatic gaps place the flow830

regime close to the transition between continuum and831

slip-flow conditions. Nevertheless, no-slip boundary con-832

ditions were assumed throughout the fluid domain. Con-833

sequently, slip-flow effects may influence the fluid dynam-834

ics inside the beam–stator cavities. Since no-slip bound-835
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ary conditions are assumed, the predicted damping may836

be overestimated in the narrowest regions of the device.837

The thermoviscous FEM model provides the internal838

pressure distribution, velocity field, acoustic volume flow,839

actuator displacement, and electromechanical response of840

the transducer. These quantities form the basis for the841

coupled FEM–BEM simulations used to predict the ra-842

diated acoustic field.843

FEM–BEM coupling844

While the thermoviscous FEM model resolves the in-845

ternal electromechanical and fluidic behavior of a single846

actuator cell, prediction of the radiated sound field re-847

quires consideration of the surrounding acoustic domain.848

To this end, the thermoviscous FEM model was coupled849

to an exterior acoustic model based on the boundary850

element method (BEM) using the COMSOL Acoustics851

Module.852

The BEM geometry was derived from the CAD repre-853

sentation of the investigated assembly and included the854

MEMS chip, printed circuit board, socket, and horn when855

applicable. Geometric features whose dimensions were856

considered negligible compared to the acoustic wave-857

length were omitted to reduce computational complex-858

ity. The resulting numerical models are shown in Fig. 1d.859

Owing to geometric symmetry, only half of the assembly860

was considered during the calculations.861

The coupling between the thermoviscous FEM domain862

and the exterior BEM domain was based on the acoustic863

volume flow exiting the transducer. The normal velocity864

imposed on the BEM radiation surface was determined865

from the simulated actuator-cell velocity field and scaled866

according to the number of active unit cells:867

vBEM
n = nact

∫

ΓFEM

vFEM
n dΓFEM

∫

ΓBEM

dΓBEM
, (1)

with868

vn = v · nΓ, (2)

where nact denotes the number of active actuator cells869

and nΓ the outward surface normal.870

The pressure obtained from the BEM solution was sub-871

sequently transferred back to the thermoviscous FEM872

model using the spatially averaged pressure over the873

BEM coupling surface:874

pFEM =

∫

ΓBEM

pBEM dΓBEM
∫

ΓBEM

dΓBEM
. (3)

This procedure establishes a bidirectional coupling be-875

tween the internal thermoviscous dynamics and the ex-876

terior acoustic radiation field.877

The approach is motivated by Huygens’ principle, where878

the collective radiation of the closely spaced outlet struc-879

tures gives rise to an effective continuous wavefront. Nev-880

ertheless, this representation remains an approximation881

because the local radiation impedance experienced by in-882

dividual actuator cells may vary across the chip area.883

For example, outlet openings located near the chip edge884

may experience different acoustic loading than those po-885

sitioned close to the chip center.886

The coupled FEM–BEM framework provides the radi-887

ated acoustic pressure field, directivity characteristics,888

and sound-power estimates used throughout the present889

work.890

Measurement setup891

The acoustic measurements were performed using the892

experimental setup shown in Fig. 1c. The L-CMUT893

was mounted on a custom printed circuit board and po-894

sitioned at the center of a spherical scanning system.895

Acoustic pressures were measured using a calibrated mi-896

crophone mounted on a computer-controlled position-897

ing system, enabling automated acquisition of pressure898

data on a spherical measurement surface surrounding the899

transducer.900

Throughout this work, the transducer was operated us-901

ing a DC bias voltage of 30V and a harmonic excitation902

voltage with an amplitude of 10V. Identical operating903

conditions were employed for the numerical simulations904

in order to facilitate direct comparison between predicted905

and measured acoustic responses.906

The excitation signal was generated using an NTi Flexus907

audio analyzer and amplified by a Krohn-Hite 7602M am-908

plifier. Frequency sweeps were performed between 10 kHz909

and 60 kHz. For each measurement position, the micro-910

phone signal and a reference signal derived from the exci-911

tation were recorded simultaneously. The amplitude and912

phase of the acoustic response were subsequently deter-913

mined relative to the excitation signal and used for the914

spherical near-field acoustic holography reconstruction.915

Measurements were conducted for both the unloaded916

transducer and the horn-loaded configuration. The ac-917

quired pressure distributions served as the input for the918

spherical near-field acoustic holography procedure de-919

scribed in the following subsection.920

Spherical near-field acoustic holography921

The radiated acoustic field was reconstructed using922

spherical near-field acoustic holography (NAH) based923

on a spherical harmonic representation of the measured924

sound field [41]. Radiation from sources of finite spa-925

tial extent enclosed by a spherical measurement surface926

can be represented as a superposition of outgoing spher-927

ical wave components. Once the corresponding spherical928
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harmonic coefficients are known, the acoustic pressure929

field can be evaluated at arbitrary positions outside the930

source region.931

For a given angular frequency ω, the acoustic pressure932

field is represented as933

p (r, θ, φ, ω) =

∞
∑

n=0

n
∑

m=−n

Cmn(ω)h
(1)
n (kr)Y m

n (θ, φ), (4)

where Cmn are the spherical harmonic coefficients,934

h
(1)
n (kr) denotes the spherical Hankel function of the first935

kind, k is the acoustic wavenumber, and Y m
n (θ, φ) are the936

spherical harmonics [41]937

Y m
n (θ, φ) =

√

2n+ 1

4π

(n−m)!

(n+m)!
Pm
n (cos θ)eimφ, (5)

where θ ∈ [0, π] denotes the polar angle, φ ∈ [0, 2π] the938

azimuthal angle, n ≥ 0 the harmonic order, and |m| ≤ n939

the harmonic degree. Furthermore, Pm
n are the associ-940

ated Legendre polynomials941

Pm
n (x) = (−1)m(1− x2)m/2 dm

dxm
Pn(x), (6)

with942

Pn(x) =
1

2nn!

dn

dxn
(x2 − 1)n (7)

being the Legendre polynomials.943

When the acoustic pressure is known on a spherical mea-944

surement surface of radius r = a, the spherical harmonic945

coefficients can be determined using the orthogonality of946

the spherical harmonics [41]947

Cmn(ω) =
1

h
(1)
n (ka)

∫

Ω

p(a, θ, φ, ω)Y m
n (θ, φ)∗ dΩ, (8)

where948

dΩ = sin θ dθ dφ (9)

denotes the differential solid angle and (·)∗ the complex949

conjugate. In practice, the integral was evaluated us-950

ing the discrete pressure measurements obtained on the951

spherical scanning surface.952

The spherical harmonic coefficients were subsequently953

employed for reconstruction of the radiated sound field954

and determination of the radiated acoustic power. Fol-955

lowing Williams [41], the radiated power associated with956

an individual spherical harmonic component is given by957

Πmn =
1

2ρ0ck2
|Cmn|

2
, (10)

where ρ0 is the ambient air density and c is the speed of958

sound. The total radiated acoustic power is obtained as959

Π =

∞
∑

n=0

n
∑

m=−n

Πmn. (11)

The symbol Π is used for acoustic power in accordance960

with Ref. [41] to avoid confusion with the Legendre poly-961

nomials Pn.962

For practical implementation, the spherical harmonic ex-963

pansion was truncated at a finite maximum order N .964

The influence of truncation order on reconstruction accu-965

racy was evaluated through convergence of the radiated966

acoustic power. The selected truncation order was subse-967

quently used for all field reconstructions, radiated power968

calculations, and spherical harmonic analyses presented969

in the Results section970

Determination of radiated acoustic power971

Radiated acoustic power was evaluated using the972

spherical harmonic coefficients obtained either from the973

holographic reconstruction or directly from the FEM–974

BEM simulations. For the experimental investigations,975

the coefficients were determined from the measured pres-976

sure distribution on the spherical scanning surface as de-977

scribed in the previous subsection. The resulting coeffi-978

cients were subsequently used to calculate the radiated979

sound power according to Eq. (11).980

For the numerical investigations, the same procedure was981

applied to the pressure field predicted by the coupled982

FEM–BEM model. This approach ensured that radiated983

power was determined consistently for both measurement984

and simulation, thereby enabling direct comparison be-985

tween the two datasets.986

Since practical implementations require truncation of the987

spherical harmonic expansion at a finite order N , the988

influence of truncation order on the calculated radiated989

power was evaluated systematically. Radiated power val-990

ues were computed for increasing values of N and com-991

pared with the corresponding FEM–BEM reference solu-992

tions. The maximum harmonic order was subsequently993

selected such that further increases produced only negli-994

gible changes in the resulting power estimates. The same995

coefficient sets were additionally used for reconstruction996

of the directivity patterns and for the spherical harmonic997

analyses presented in the Results section. Consequently,998

the radiated sound power, directivity characteristics, and999

spherical harmonic content were obtained from a com-1000

mon mathematical representation of the measured and1001

simulated acoustic fields.1002
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