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EXPEDITION 'MEMS SPEAKER'

There is a high market demand for portable audio devices. The increasing multifunctionality of the devices confronts system designers with the challenge of not being able to demand larger system dimensions, higher energy consumption or higher product prices. For this reason, all components must be miniaturized as far as possible in terms of the required installation space and optimized in terms of energy efficiency and manufacturing costs. In the field of semiconductor manufacturing, one approach is known that has successfully solved such challenges for accelerometers and microphones, namely the so-called MEMS technology (Micro-Electro-Mechanical-Systems). Therefore, the question arises whether MEMS technology will enable a loudspeaker technology (MEMS loudspeaker) with which the requirements of future audio devices can be better met than with the loudspeakers used so far. The article gives an overview of MEMS loudspeakers, presenting their advantages but also challenges as well as the general technological and economical conditions associated with their use.

INTRODUCTION

Whether smartphones, headphones or hearables: The worldwide demand for portable audio devices has increased significantly. According to a recent market study, headphones and headsets are the biggest growth drivers on the global market for audio equipment [START_REF]Globaler Audiomarkt setzt Wachstumskurs fort[END_REF]. In worldwide total sales revenue, an increase of almost 40% to around 14 billion euros took place from 2017 to 2018 [START_REF]Globaler Markt für Unterhaltungselektronik weiterhin im Aufwärtstrend[END_REF].

The functional diversity of today's devices will continue to increase in the coming years. While headphones are already offering added value in the integration of Bluetooth and active noise control (ANC), the development of future headphones will focus on additional functions such as voice control, selective listening ('smart ANC') and automatic sound equalization. Some smartphone manufacturers and start-ups are introducing a new class of headphones, so-called hearables, with far more functions. A hearable can be described as a symbiosis of a headphone (usually of the in-ear variety, also called earphone) or hearing aid with a smartphone. Therefore, its extended feature range will offer functions like voice control, a simultaneous interpreter, navigation systems, and intelligent personal assistants (e.g. Alexa, Siri, Cortana) on top of classic services such as telephony, listening to music, and ANC.

In the second quarter of 2019, hearables were among the fastest-growing product segments in the global wearables market with a share of 46.9%. In 2018 this share was only 24.8% [START_REF]Hearables Are the New Wearables, Says IDC[END_REF]. Although hearing aids do not at first glance belong in the category of portable audio devices, manufacturers are striving to expand their feature range, too. This is intended to enable hearing aid customers to connect to and use additional services and to increase the attractiveness of hearing aids and, consequently, the user acceptance.

The ever-growing functionality and advancing miniaturization of these devices pose new challenges for component and system developers in terms of the technical implementation. The individual components have to be reduced in size or integrated with each other without impairing performance, sound quality, or battery lifetime. Consequently, the active components must work much more efficiently. In addition, the market often demands devices that offer an extended feature range at, roughly, the established price of the predecessor models. Therefore, the supplier industry is faced with the following question: "How can my components support the system designer in dealing with the challenges of size, efficiency, and price?" With regard to the loudspeaker, it must be examined whether an optimization or substitution of the existing technology will enable a technical improvement with unchanged or even lower manufacturing costs.

An interesting approach for an alternative loudspeaker technology is the MEMS technology, which has already been successfully utilized in the field of microphones [START_REF]Acoustic MEMS and Audio Solutions -From Technologies to Markets[END_REF]. Thus far, however, the question remains: Can MEMS technology also make a valuable contribution to loudspeaker applications to help system manufacturers meet the challenges of size, efficiency and price (cf. Tab. 1)? Loudspeaker requirements for earphones and hearables as well as hearing aid devices [START_REF] Beer | Mems-lautsprecher -ein paradigmenwechsel[END_REF].

In trying to at least get closer to answering that central question, this article gives an overview of MEMS loudspeakers, examining technical as well as economical aspects. To this end, the basics of MEMS technology (section 2) are presented before taking an extensive look at the history and current state of the art of MEMS loudspeakers as well as practical considerations for their use in audio devices (section 3). This is followed by a thought experiment in section 4 that imagines a possible future in which MEMS loudspeakers are ubiquitous, exploring the technological and economical implications. Finally, the information given throughout the article is recapitulated and factored into a conclusion in section 5.

MEMS TECHNOLOGY

The acronym MEMS stands for microelectromechanical system and describes a form of miniaturized systems that include both electrical and mechanical functional elements. The following paragraphs aim to describe MEMS considering design aspects and the technologies used in the semiconductor industry, based on the deliberations in [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF]. Further information on the basics of MEMS technology can be found in [START_REF] Liu | Foundations of MEMS[END_REF].

MEMS technology enables the implementation of structures in the submicrometer range with high repeatability and the production of high quantities (parallel processing), permitting a high component quality at an attractive cost. Depending on the selected fabrication process, MEMS are built up layer by layer by locally acting additive and subtractive methods (e.g. vapor deposition and etching) in combination with lithography (Fig. 1). initial point cantilever structure photoresist etching coating Figure 1. Illustration of a surface micromachining process by taking the example of a cantilever. The structure is built up layer by layer through the recurring process steps: vapor deposition, exposure, and etching. Reprinted from [START_REF] Beer | Mems-lautsprecher -ein paradigmenwechsel[END_REF].

MEMS chips are manufactured in clean rooms to prevent contamination of the chip surfaces with particulate matter. The starting material for the design of MEMS is mostly the so-called round wafer made of highly pure silicon. A wafer can hold many chips, e.g. depending on the application and the required chip area, several thousand, which can be manufactured in parallel. The chips are then separated (dicing), their components are electrically connected (bonding), and a housing is provided (packaging), as illustrated in Fig. 2.
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Figure 2. Illustration of the step-by-step construction of a MEMS chip, starting with the pure wafer (1), manufacturing of chips on the wafer (2), dicing into single chips (3), and finally the bonding and packaging (4). Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF], based on [7, p. 34].

The processing of whole wafers at once can offer attractive production time and costs through parallel processing and distribution of fixed costs over a large number of units [7, p. 533]. Therefore, the annual minimum purchase quantity of a typically-sized MEMS device (smaller than 1 cm 2 ) should be at least in the seven-digit range, which amounts to thousands of 200 mm wafers [START_REF] Lawes | Manufacturing costs for microsystems/mems using high aspect ratio microfabrication techniques[END_REF]. Since the number of processed wafers is fundamentally flexible, MEMS offer a high scalability of the production volume, enabling adaptability to dynamic markets. With the integration of several functional units into one component or package, energy losses as well as installation space can be reduced: e.g. electronic components, such as signal processors, can be integrated as application-specific integrated circuits (ASIC). Designed as surface-mounted devices (SMD), MEMS can be installed by fully automatic assembly lines with reflow ovens. This reduces assembly costs and allows a dense board assembly.

In different application areas, MEMS components have already been established, such as accelerometers for airbags. Regarding acoustic components, MEMS microphones have almost entirely substituted electret microphones in portable audio equipment since 2014 [START_REF]Acoustic MEMS and Audio Solutions -From Technologies to Markets[END_REF].

MEMS LOUDSPEAKERS

Motivated in no small part by the success of MEMS microphones, advancements in MEMS technology and design have driven research and development in the field of MEMS loudspeakers. When evaluating MEMS loudspeaker approaches, an important distinction has to be made between designs solely for the ultrasound regime and those for audio applications. The latter usually present a greater challenge, because they require a relatively high membrane deflection at low frequencies and a larger relative bandwidth (20 Hz-20 kHz, i.e. three decades). This article only deals with MEMS loudspeakers that reproduce hearable frequencies.

The following sections give an overview of the history of MEMS speakers (section 3.1), current approaches (section 3.2), and special characteristics of MEMS speakers that require consideration when using them in audio devices (section 3.3).

The early days

Early patent applications for MEMS loudspeakers appeared in the 90s, about 10 years after the first MEMS microphone [START_REF] Royer | Piezoelectric Pressure Sensor[END_REF]. Despite the early patent applications, MEMS loudspeakers, are as of yet, more an element of research projects than a product on the market. Based on the history of MEMS microphones, 30 years of development are also expected for MEMS loudspeakers.

In 1994, Lee et al. filed a patent for a piezoelectric MEMS loudspeaker consisting of a single-side supported membrane of 2 mm × 2 mm [START_REF] Lee | Piezoelectric Cantilever Microphone and Microspeaker[END_REF]. The other membrane sides are separated from the surrounding structure by a 10 µm gap, as shown in Fig. 3. Following the applied au- [START_REF] Lee | Piezoelectric Cantilever Microphone and Microspeaker[END_REF]. Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF]. dio signal, the piezoelectric actuator causes a cantileverlike membrane oscillation. The experimentally measured sound was strongly colored by resonance effects and covered the range of approximately 55 Hz-50 kHz (measured in a 2 cm 3 coupler). The sound pressure level (SPL) throughout this frequency range varied from roughly 50 dB up to 100 dB. At 8 V pp (peak-to-peak), an averaged SPL of about 75 dB was reached. Due to its highly nonlinear frequency response function, with dips of up to 40 dB, the sound quality was moderate. Compared to the requirements of loudspeakers for earphone applications (Tab. 1), it would not be satisfying.

In 1996/1997, Haradine et al. introduced a MEMS loudspeaker with an electrodynamic drive system [START_REF] Harradine | A micro-machined loudspeaker for the hearing impaired[END_REF]. In this design, the permanent magnet is attached to a membrane and follows its movement. The voice coil is placed fixed in the surrounding substrate (Fig. 4). The circular membrane has a diameter of 2 mm. In the acoustic measurement, the generated SPL reached only 45 dB on average, measured in a 2 cm 3 coupler. The electrical power or voltage required for this 45 dB is not mentioned in [START_REF] Harradine | A micro-machined loudspeaker for the hearing impaired[END_REF]. The acoustic performance was even lower than that of Lee's demonstrators, not meeting the requirements given in Tab. 1 as a result. [START_REF] Harradine | A micro-machined loudspeaker for the hearing impaired[END_REF]. Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].

One of the first electrostatically driven MEMS loudspeakers for sound reproduction in the audio frequency range was introduced by Loeb et al. in 1999 [START_REF] Loeb | MEMS Digital-to-Acoustic Transducer With Error Cancellation[END_REF]. A membrane with a size of approximately 1.4 mm × 1.4 mm represents a movable electrode that interacts with a stator electrode behind (Fig. 5). Measured using an IEC 60318-4 [START_REF] Loeb | MEMS Digital-to-Acoustic Transducer With Error Cancellation[END_REF]. Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF]. ear simulator, this loudspeaker achieved an average SPL of about 75 dB at 27 V pp with a bias voltage of 67 V DC . The frequency range extended from roughly 20 Hz to 7 kHz. In spite of delivering the required frequency range for hearing aids (Tab. 1), this loudspeaker is unsuitable, e.g. due to its low SPL.

Current MEMS loudspeaker approaches

Since the days of early MEMS loudspeaker experiments, many more scientific publications and patents in this field have seen the light of day. While the same basic transducer principles have been employed for the most part (traceable even to classic, non-MEMS loudspeakers, as a matter of fact), advancements in MEMS technology and design have eventually led to the implementation of truly promising MEMS loudspeakers. This section presents a number of current MEMS loudspeaker designs, some of which have already entered the market or are about to.

To start with, the Austrian company USound offers a hybrid MEMS loudspeaker technology [START_REF]Specifications of Achelous hybrid MEMS loudspeaker[END_REF], meaning it consists of a MEMS-based piezoelectric drive system and an additionally applied membrane device. Driven by the H-shaped piezo actuators, the membrane moves in a piston-like manner. USound has developed a dedicated amplifier circuit as well as digital signal processing (DSP) with a feedback MEMS microphone and has recently presented a hybrid MEMS loudspeaker module integrating all of these components [START_REF] Hänsler | Mems based audio speaker module[END_REF]. USound hybrid MEMS loudspeakers have been available on the market since 2018. The acoustic performance of a USound Achelous speaker is considered further below.

Fraunhofer ISIT and Fraunhofer IDMT have presented a narrow gap piezoelectric loudspeaker (NGPL) in [START_REF] Männchen | Analysis of the mechanical vibration and acoustic behavior of a piezoelectric mems microspeaker[END_REF]. As opposed to the USound approach, it is not a hybrid design, but instead only requires MEMS technology in its production. It uses a piezoelectric drive system made up of an array of bending actuators that are separated by microscopically narrow gaps and, therefore, functioning like a coherent membrane, acoustically speaking. This type of MEMS loudspeaker has been successfully integrated in an earphone demonstrator with specifically designed external amplifier and DSP [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF]. As with USound above, the acoustic performance of an NGPL is considered further below.

A third piezoelectric MEMS loudspeaker comes from the US-based company xMEMS. According to publicly available information [START_REF]Preliminary specifications of XSM-2300 Montara MEMS loudspeaker[END_REF], the transducer resonance frequencies in the xMEMS design lie above 20 kHz, while still producing 115 dB SPL below 5 kHz in an IEC 60318-4 ear simulator. The loudspeaker module has a size of 6.05 mm × 8.4 mm. Whether this interesting approach will be able to achieve the impressive preliminary specifications given on the company's website in a final product, as of now remains to be seen. Fig. 6 compares the frequency response functions of the Fraunhofer ISIT/IDMT NGPL earphone from [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF] (4 mm × 4 mm membrane) and the USound Achelous hybrid MEMS speaker system (12 mm 2 effective membrane area) to that of a standard consumer earphone with an electrodynamic driver (9 mm membrane diameter). Please note that the NGPL demonstrator and the consumer earphone were measured with a GRAS RA0401 ear simulator (specified from 20 Hz to 20 kHz), while the USound Achelous earphone was measured with a standard ear simulator according to IEC 60318-4 (specified from 100 Hz to only 10 kHz). Moreover, the three devices all follow distinct target frequency responses with differently shaped sounds, e.g. various levels of bass boost. Finally, the driving voltages involved in these measurements differ immensely due to the different actuator designs (the next section will discuss this aspect in more detail). All these differences notwithstanding, the comparison still clearly shows that current MEMS loudspeakers are capable of producing the SPL needed for earphone applications at an adequate size, as listed in Tab. 1. However, considering the requirements for hearing aids, MEMS loudspeakers still need increased performance. 

Practical considerations for the usage of MEMS loudspeakers

While current MEMS loudspeakers meet, at the very least, some of the important specifications for in-ear audio applications, significant differences between conventional loudspeakers and their MEMS counterparts remain. This section calls to attention some of the aspects that should be considered by system integrators and acoustic engineers when working with MEMS loudspeakers, and suggests solutions to some of those challenges.

Driving electronics

Conventional microspeakers almost exclusively employ electromagnetic driving mechanisms such as dynamic or balanced armature. However, as shown in section 3.2, the majority of current MEMS loudspeaker approaches utilize the reverse piezoelectric effect. Therefore, MEMS loudspeakers can not be integrated into an existing system by simply interchanging a conventional speaker with a MEMS actuator: they require different excitation signals.

Conventional loudspeakers have a low electrical impedance dominated by voice coil inductance, membrane mass and suspension stiffness. MEMS loudspeakers, however, provide a high electrical impedance of mainly capacitive character to the power amplifier. Hence, specialized amplifiers are required. The design of such amplifiers does not pose a problem to experienced engineers, and integrated solutions are available. But highly miniaturized versions providing the required voltages (up to 30 V pp [START_REF] Hänsler | Mems based audio speaker module[END_REF]) over the entire audio frequency range are currently not available off the shelf.

Moreover, nearly all current MEMS loudspeaker approaches require a DC bias voltage. The magnitude of this DC bias varies from loudspeaker to loudspeaker, depending on drive mechanism, materials, and loudspeaker size, reaching up to about 67 V DC in extreme cases [START_REF] Neumann | CMOS-MEMS membrane for audio-frequency acoustic actuation[END_REF]. The DC bias has to be accurate. A wrong DC bias can reduce SPL output, have a negative impact on nonlinear distortion, or even damage the MEMS loudspeaker.

Controlling MEMS speakers with DSP

As is common with small devices required to deliver big performance, current MEMS loudspeakers operate in the large signal domain close to their physical limits-be it membrane deflection or electrical overload. In this domain, they need to be controlled in order to mitigate nonlinear distortion by compensating for nonlinearities in the driving mechanism. Fig. 7 gives an example of a reduction of the total harmonic distortion (THD) using DSP techniques, based on the results in [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF]. The protection of the MEMS loudspeaker against overexcursion, overheating, and electrical overload can also be of importance. These measures may or may not play a crucial role, depending on the design and underlying drive principle of the loudspeaker.

Furthermore, equalization of the linear transfer function of the MEMS loudspeaker ensures good sound quality. This is exemplified in Fig. 8 by matching the original, highly resonant NGPL MEMS earphone frequency response with a target curve using equalization with a finite impulse response filter (FIR-EQ) [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF]. Because the quality factors of the resonances that need to be equalized in the frequency response of a MEMS loudspeaker are often quite high, even slight shifts of a resonance frequency due to aging effects or a changing acoustic load may cause the designed filters to become useless or even counterproductive. Adaptive control strategies, i.e. updating the filters according to a changing system state, can solve this problem. To monitor the system state of the MEMS loudspeaker, the final system design needs to include sensors, which can be other MEMS devices like microphones, accelerometers, photodiodes, etc. Measuring the voltage and current at the input of the loudspeaker offers another way of observing the system state, which may be difficult depending on the MEMS design, however [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF]. Measured SPL (at 2 V pp with a 1 V DC bias) of the NGPL earphone with and without processing (measured with GRAS RA0401). Here, DSP involves filtering the input signal with a FIR-EQ filter to match the earphone response with a target curve [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF]. Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].

Acoustic Design Challenges

Because MEMS loudspeakers are small devices, physical phenomena have to be taken into account during the design process that are usually negligible for large loudspeakers. This refers, specifically, to thermoviscous losses, which affect the propagation of sound waves in narrow air-filled structures. Tangential forces occur at the transition between the air and the wall surface of a solid. Such forces result in friction, which removes energy from the wave field and converts it into heat [19, p. 298]. A more detailed discussion of this topic, which the following paragraphs are based on, is offered in [START_REF] Beer | Mems based speakers -sounds good?![END_REF].

The importance of thermoviscous losses and the resulting acoustic impedances is demonstrated by a simulation model of the NGPL MEMS earphone from [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF] in Fig. 9. In this case, thermoviscous acoustics were applied to several regions. The MEMS loudspeaker is housed in an earphone enclosure that plugs into an artificial ear and includes a back volume with a sound duct radiating into the free field. Reprinted from [START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].

For comparison, simulations with and without thermoviscous losses were performed. The MEMS loudspeaker driving signal was simulated at 2 V pp with a 1 V DC bias. A measurement under the same conditions validates the simulation results in Fig. 10. When simulating with ther- . Simulated SPL with and without thermoviscous losses, and measured SPL [START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF] of the NGPL MEMS earphone (measured with GRAS RA0401). Reprinted from [START_REF] Beer | Mems based speakers -sounds good?![END_REF].

moviscous losses, the resulting acoustic impedances are calculated correctly. The resonances and cancellations in the frequency response are attenuated appropriately and, therefore, the simulation results approximate the measurement well. In the lossless simulation model, the acoustic impedances inside narrow geometries are no modeled correctly. This results in a drop of lower frequencies, additional resonances and cancellations. Because the sound duct at the back of the enclosure now has a small acoustic impedance compared to the ear simulator, the sound energy is radiated out of the back of the earphone through the duct. This example shows that thermoviscous losses are not negligible in the design process of miniaturized acoustic actuators and sound guides with small dimensions [START_REF] Beer | Mems based speakers -sounds good?![END_REF].

Harnessing the potential: the all-in-one MEMS loudspeaker package

While it may seem at first glance like the technical challenges described above could prevent a widespread use of MEMS loudspeakers, solutions are indeed available. And these solutions even open up new possibilities by playing to the advantages of the MEMS technology. The core concept that simplifies the usage of MEMS speakers in audio devices for engineers and system integrators is the MEMS loudspeaker package, sometimes also called module, as shown in Fig. 11. Apart from the speaker itself, it ideally includes: a power supply, a DSP, a digital-to-analog converter, an amplifier, a DC bias generator, and an optimized acoustic packaging, either in one singular package called 'System in Package' (SiP) or, miniaturized even further, on the same silicon substrate, called 'System on Chip' (SoC). This is where one of the great strengths of MEMS lies. By using standardized microfab- rication technologies throughout the fully automated manufacturing process, a MEMS loudspeaker system can easily include electronic components implemented as ASIC and even its acoustic packaging, while maintaining a compact form factor.

The MEMS loudspeaker as one complete package especially suits so-called True Wireless Systems, since those are stand-alone devices that need their own wireless receivers, digital-to-analog converters, power supplies, and amplifiers, anyway. However, MEMS loudspeaker packages can also provide standardized interfaces to designers of more traditional systems, regardless of the underlying sound reproduction principle. Such interfaces offer the possibility of freely interchanging loudspeakers of different types without worrying about impedance or compatibility. They might be implemented as 3.3 V cc for power supply and I 2 S terminals for digital audio connectivity. It is even possible to include further MEMS components such as microphones or other sensors in a SiP or SoC fashion, enabling adaptive DSP techniques.

On top of improving the sound quality of the MEMS speaker and protecting it, DSP opens up the possibility of adapting the acoustic output of the MEMS loudspeaker package to varying requirements-bounded by physical limitations, of course. In this vein, adaptive DSP is crucial to the success of MEMS loudspeakers: It allows one and the same design of a MEMS speaker package to be used in a possibly large number of different products by altering the input-output characteristics of the system. In the field of MEMS, this is a great advantage, as it enables the mass-production of a single device at a low unit price.

A FUTURE WITH MEMS LOUDSPEAKERS?

Compared to the current state, future earphones, hearables, and hearing aid devices will be equipped with a lot more features. Based on its characteristic properties described above, it is possible to specify the potential of the MEMS technology or the MEMS loudspeaker for future portable audio devices. Furthermore, the technological and economic influence on market can be estimated, in this case exemplified by the earphone and hearable market.

As mentioned above, MEMS technology can enable low per-unit production costs, but merely if minimum annual purchase quantities of several millions are guaranteed. Only earphone and hearable manufacturers with a significant market share can reach these numbers and use a MEMS foundry to capacity, i.e. several thousands of wafers each year. Even then, they will probably use the same design of a MEMS loudspeaker package in all earphone or hearable products in order to avoid the high cost involved in developing several different designs. Smaller players on the earphone and hearable market will likely either have to share a MEMS loudspeaker technology between them, or stick to traditional loudspeakers and, as a result, traditional audio products. A similar situation exists today in the field of hearing aids: Sometimes, different hearing aid manufacturers use the same balanced armature transducer in their products.

This raises the question: If they always use the same MEMS loudspeaker package, how can earphone or hearable manufacturers set themselves apart from their competition or create individual product characteristics, e.g. sound branding? Of course, the frequency response can be adjusted by means of the acoustic design of the earphone enclosure. The costs resulting from this additional development step may, however, be reduced or entirely avoided because MEMS loudspeaker packages offer a technical advantage over conventional loudspeakers: they combine the loudspeaker structure and a DSP unit. The DSP unit allows for a digital adaptation of the loudspeaker characteristics to varying operating conditions (e.g. different acoustic loads) and an individualization (e.g. sound branding). Furthermore, the possibility of MEMS loudspeaker designs with integrated sensors offers more flexibility for an advanced adaptive control, e.g. for self-initialization or compensation of manufacturing tolerances, aging effects, and operating errors. Although the conventional loudspeaker can also be combined with a DSP unit, its integration in the MEMS loudspeaker package results in comparably low space and energy requirements. Moreover, the combination of components in the MEMS loudspeaker package results in a reduction of functional units and interfaces for the system manufacturer.

The use of MEMS loudspeakers also changes the product development and production flow of the audio devices equipped with them. According to the modern concepts of semiconductor manufacturing, this means a subdivided value-added chain in which specialized manufacturing partners implement the production of MEMS loudspeakers by cost-efficient use of their existing infrastructure (Fig. 12). The basic loudspeaker idea or technical specifications regarding its electroacoustic properties as well as dimensions are developed by the system manufacturer. Typically, a so-called design house then performs the acoustic, mechanical, and electrical construction of the MEMS loudspeaker element according to the specifications. Aside from specialized design and simulation software, this task requires special skills and experience in MEMS design and fabrication. The resulting design is given to the MEMS manufacturing partner, a MEMS foundry.

Before the actual production of the MEMS loudspeaker, however, the foundry first needs to develop a reliable and reproducible production technology. This is done in close cooperation with the design house to ensure that the MEMS speaker meets the specification initially devised by the system manufacturer.

For classical MEMS products, such as microphones or inertial sensors, the following assembly and packaging involves yet another partner, the so-called assembly house. However, since the small size of MEMS loudspeakers for in-ear applications is an important application criterion, it is expected that in the future, the integration of the electronics, the implementation of the acoustic volume, as well as the contacting and mounting of interfaces for the final product will already take place in the wafer process (waferlevel assembly and packaging). This will render the assembly house unnecessary, resulting in a faster and more cost-effective production.

The conditions under which MEMS loudspeakers can achieve attractive manufacturing costs as well as advanced technical properties make it clear that MEMS loudspeakers are used either completely or not at all. A niche existence is hardly conceivable-in the MEMS context, it is clearly disadvantageous compared to a complete substitution of the traditional technology. However, if MEMS loudspeakers substitute the main speaker technologies in of today in earphones, hearables, and even hearing aids, it will affect those markets significantly.

CONCLUSION

MEMS loudspeaker approaches for audio reproduction have been known for more than 25 years. Step by step their technical performance has improved so that some current designs can keep up with some conventional microspeakers or balanced armature transducers. Through the integration of the MEMS transducer, the driving electronics, the DSP, sensors, and the acoustic packaging in one unit, MEMS loudspeaker packages enable a relatively straightforward adaptation of this new technology by system manufacturers, while demanding little space or energy. By utilizing adaptive DSP techniques, the same design of a MEMS loudspeaker package can be used in a multitude 10.48465/fa.2020.1122 of products, resulting in mass-production at an attractively low per-unit cost.

Whether MEMS loudspeakers will be able to develop a clear unique value proposition in the future that will allow them to replace the currently utilized transducers remains to be seen. The relevance of the loudspeaker component in fulfilling the system requirements for future earphones, hearables, and hearing aids (inexpensive, small in spite of multifunctionality, and energy-efficient) will play a big role in that regard. An eventual substitution of classic loudspeakers with MEMS would result in a significant change in the product development and production flow and possibly in the composition of market participants.
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 3 Figure 3. Illustration of the piezoelectric MEMS loudspeaker of Lee et al. in 1994[START_REF] Lee | Piezoelectric Cantilever Microphone and Microspeaker[END_REF]. Reprinted from[START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].
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 4 Figure 4. Illustration of the electrodynamic MEMS loudspeaker of Harradine et al. in 1996/1997[START_REF] Harradine | A micro-machined loudspeaker for the hearing impaired[END_REF]. Reprinted from[START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].
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 5 Figure 5. Illustration of the electrostatic MEMS loudspeaker of Loeb et al. in 1999[START_REF] Loeb | MEMS Digital-to-Acoustic Transducer With Error Cancellation[END_REF]. Reprinted from[START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].
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 6 Figure 6. Comparison of the frequency response functions of the Fraunhofer ISIT/IDMT NGPL earphone (driven with 20 V pp , 10 V DC bias), a complete USound Achelous system (driven with 30 V pp , 15 V DC bias), and a standard consumer earphone (driven with 0.37 V pp ). Frequency ranges not specified by the respective ear simulator model use dashed lines.
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 7 Figure 7. THD (at 2 V pp with a 1 V DC bias) of the NGPL earphone measured with and without DSP (measured with GRAS RA0401)[START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF].
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 8 Figure 8. Measured SPL (at 2 V pp with a 1 V DC bias) of the NGPL earphone with and without processing (measured with GRAS RA0401). Here, DSP involves filtering the input signal with a FIR-EQ filter to match the earphone response with a target curve[START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF]. Reprinted from[START_REF] Fritsch | Mems acoustical actuators: Principles, challenges and perspectives[END_REF].

Figure 9 .

 9 Figure 9. Cross-section of the simulation model of the NGPL MEMS earphone mounted on an ear simulator. Reprinted from [6].

Figure 10

 10 Figure10. Simulated SPL with and without thermoviscous losses, and measured SPL[START_REF] Männchen | Design and electroacoustic analysis of a piezoelectric MEMS in-ear headphone[END_REF] of the NGPL MEMS earphone (measured with GRAS RA0401). Reprinted from[START_REF] Beer | Mems based speakers -sounds good?![END_REF].

Figure 11 .

 11 Figure 11. Schematic representation of a MEMS loudspeaker package comprising the MEMS component, the ASIC, and the acoustic packaging. Adapted from [5].

Figure 12 .

 12 Figure 12. Schematic representation of the expected product development and production flow resulting from the widespread use of MEMS loudspeakers. Adapted from [5].
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