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1. Introduction
ETSI STQ kindly sent a liaison statement to 3GPP:
3GPP number: S4-121397 “LS on superwideband and fullband terminals”
ETSI number: STQ(12)41_032r3


The LS informs about work in progress on acoustic requirements and test methods for super wideband and fullband. This is highly appreciated and we believe 3GPP and ETSI should continue to exchange information and views on this topic. Although there are no attachments to the LS, it can be noted one highly related and interesting input contribution is ETSI STQ12(41)_020. The document might not be accessible to all 3GPP delegates but we choose still to comment on it here due to its relation to the LS. The contribution has interesting measurement results for headphones. While the data is very useful, we have some comments about the conclusions.
2. STQ study on headphone responses
In ETSI STQ12(41)_020, headsets and headphones (mainly large supra-aural and circum aural) were first categorized in quality as high (2 pcs), good (9 pcs), average (4 pcs), low (1 pcs), based on “price, reputation of the product and audio test”.
Presumably, the idea was to start with existing “good” products and evaluate what measurement results are obtained using procedures common in the telecommunication industry but just extended to a wider frequency range 20-20000 Hz. In addition, one low-quality device was added for comparison as well as two high-quality devices (one of them being electro-static headphones).
This is a very interesting and useful exercise! If complemented with some more intra-concha and insert-type devices, it would give further insights to the challenges we have.
3. Conclusions from the data in the STQ study
Our conclusion of the data presented in the study is that the frequency responses of the selected products, measured in the telecommunications manner
, vary greatly. It cannot be claimed that a certain shape is common to the good and the high quality devices.
The ETSI conclusion seems to be different. ETSI STQ12(41)_020, and adopted in the present ETSI draft specification (STQ-152-1v005), specifies requirements that would pass only two (!) of the tested devices.
We are somewhat surprised by this. In a 3GPP context, it would be illogical that consumer products are subject to more strict requirements than headphones for professional usage. (BTW, the headphones used for EVS qualification test would not comply with the suggested limits…)
As an example, one of the devices that would not be compliant is marketed as:

“

· Radio station reference headphones
· Diffuse-field equalized, designed strictly to IRT (German Institute for Radio Technology) standard

”

Anyone is free to question marketing communication but still, is it believed that such device should not be considered good enough for super wideband speech with commercial 3GPP-based products?
4. Present status for headphone measurements
General

Unfortunately, the industry lacks a good way to measure and evaluate frequency responses by instrumental methods. It must be understood that severe limitations apply and the telecom industry had best consider that the headphone industry has been working with the full audio band for many years and draw appropriate conclusions from this.
A fast and relatively reliable method is subjective expert evaluation using programme material. It is perhaps the only rapid existing method that has high relevance from an end user experience point of view. It can be used for compliance testing within an organization. It will however be less suitable for standardized compliance testing with several organizations involved.

The goal should be an instrumental method that produces flat curves for headphones that subjectively sound neutral on programme material, regardless of the mechanical design and acoustic source impedance of the headphones. The requirements should allow also non-flat curves to accommodate different preferences.

For real-world listening to natural sound sources such as voices and instruments, a multitude of different response characteristics all sound natural and are by definition natural. The human body acts as an angle-dependant filter but this filter does not cause perceived colourations. The basic design goal for headphone binaural audio is to replicate the sound pressure at a defined point in the ear canal.

For headphone reproduction of general programme material (that is typically not binaural recordings), the situation is different compared to the binaural case. There is no point of reference that can be measured by an instrumental method. The human localization system is partly put “out of service” since the brain does not receive “proper” binaural cues. Reproduction of ear canal pressures may or may not work well in practice. One cannot know without a subjective validation. Such experiment will naturally also include the subjects’ expectations and possibly preference. It might be conducted based on the subjects’ internal reference or by some external loudspeaker reference. Whether it has been proven that a diffuse-field equalized (by some of many possible methods) headphone sounds neutral on programme material, is not known by the source. Regarding preference rather than neutrality; Lorho & Gaëtan [1] found that users preferred less output around 3 kHz than the flat diffuse-field curve as obtained by HATS measurements. A recent study by Olive & Welti [12] showed that the most preferred headphone (among six circum-aural devices) was, in a coupler measurement (3.3 ear) relatively flat before (rather than after) diffuse-field compensation. It appears that strictly following a flat DF approach does not lead to an optimum result.
IEC 60268-7 (ed 3.0 from 2010) [4] states:

“...objective methods whose results bear good relation to those from subjective assessment methods are under research stage”

“...No known objective method produces a flat frequency response characteristic from an earphone which is subjectively judged to produce wide band uncoloured reproduction...”
Table 1 Headphone evaluation methods overview; note that there are no established instrumental methods that can be expected to reliably reflect the user experience. Subjective evaluation is king!
	Method
	Reference
	Best applicability
	Pros
	Cons

	Subjective evaluation with programme material
	
	Developing and approving products
	The only method that provides a solid  understanding of the end user experience
	Not instrumental method

	Coupler
	ITU-T P.57
	Production control
	Reproducible, repeatable
	Target can differ from design to design, Non-obvious  connection to user experience, Upper octave is un-specified and unreliable

	HATS
	ITU-T P.58
	R&D-type investigations
	Commonly used in telecom
	Ear canal not anatomically shaped to fit insert type headphones, Target can differ from design to design, Non-obvious  connection to user experience, Upper octave is un-specified and unreliable

	MIRE blocked ear canal
	
	FEC headphones, binaural applications
	Low inter-subject variation
	Not for all headphone types

	MIRE ear canal entrance
	
	For comparisons with blocked-ear measurements
	
	Not for all headphone types

	MIRE in ear canal
	IEC 60268-7, ITU-R BS.708
	For binaural applications, also specified for studio headphones in ITU-R
	
	Difficult to administer

	MIRE close to eardrum
	
	For binaural applications
	Very relevant for binaural applications
	Very difficult to administer

	Field comparison - FF
	IEC 60268-7
	
	Easier than DF
	Not instrumental method, One single incidence angle will not be enough

	Field comparison - DF
	IEC 60268-7
	
	Attempts to connect to the perceived frequency response
	Not instrumental method, Reverberation time can be an issue, etc


Coupler/HATS-based

Coupler-based measurements, e.g. using ITU-T P.58 compatible HATS, suffer from resonance effects that make test results hard to apply to a wide variety of real-life situations. There are also systematic offsets from humans notable already for the wideband range, see ITU-T P.57 [3] Appendix I. There is also a lack of couplers/HATS that are specified above 10 kHz.
Real ear-based

Headphone measurements can be done using (multiple) human subjects;

· using microphones in human ears (MIRE technique), at the ear canal entrance with blocked/unblocked ear canal, inside the ear canal, at the eardrum
· using subjective equal loudness balancing of band-limited noise reproduced by headphones against reference sound fields (progressive plane wave or diffuse field) produced by loudspeakers
· a variant of the equal loudness balancing above, also comparing different bands to each other, e.g. a 500 Hz band to 1/3rd-octave bands of other frequencies

· subjective expert evaluation using programme material
These methods avoid issues using HATS. Some are standardized, e.g. IEC 60268-7 and ITU-R BS.708. They can be used “directly” with a reference sound field but also “indirectly” using a reference headphone with known properties. However, even with these methods, the theoretically flat response may not sound flat or be preferred.
Quoting IEC 60268-7 [4]:
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Figure 1 IEC 60268-7 (ed 3.0 from 2010) states that “...objective methods whose results bear good relation to those from subjective assessment methods are under research stage” “...No known objective method produces a flat frequency response characteristic from an earphone which is subjectively judged to produce wide band uncoloured reproduction...”
Measurements at the eardrum rather than another part of the ear canal was advotacted by D. Griesinger in [5]. He also states:

“We must conclude that equalizing headphones without a fully anthropromorphic ear canal and eardrum leads to unacceptable errors in timbre.”

G. Theile at IRT (the German Institute for Radio Technology) did some work in the 1970:s resulting in ITU-R BS.708 [2], targeted to studio headphones to have reasonable consistency in professional monitoring. It is based on real-ear measurements ≥4 mm into the ear canal on multiple subjects. The microphone cross-section area is allowed to be cover 60% of the ear canal to get approximately open canal conditions.


[image: image2]
Figure 2 From ITU-R BS.708
Headphones for binaural audio

The reader is most likely well acquainted with binaural audio, for instance described by Blauert [6], but it is discussed here for the relation to SWB frequency responses. The goal in binaural audio is that an auditory event makes the brain “believe” the sound came from a certain point (direction and distance). Unless effects are deliberately exaggerated, the goal is usually that the headphone reproduction replicates the sound pressure at the listener’s eardrums in real-life listening, resulting in realistic “binaural cues”. Humans also use visual cues, head movements and experience to further assist the localization process. Humans sometimes localize incorrectly in “real life”. For the “median plane” (front, back, up, down) there is no difference in time of arrival between left and right ears and, if there are no visual cues, no head movements are possible and experience is not relevant or even misleading, localization can only be done based on spectral characteristics; identifying patterns at high frequencies.
When there is attempt to reproduce such angle-dependant spectral characteristics using artificial head recordings and headphone reproduction, the probability of incorrect localization in the median plane is high. Möller reports in [9] error rates of over 50% using recordings from head and torso simulators common for Telecom purposes while error rates in real life were about 10%. This is not so surprising, given the variations between individuals (body shape, pinnae shape, ear canal and eardrum dimensions). The results give indication of the validity of the high-frequency measurements using traditional HATS equipment.
The objective of reproducing the pressure at the eardrums can be reached also if the pressure at another point in the ear canal is reproduced. (At least this is the most common standpoint, however disputed by Griesinger in [5].) Therefore the more practical approach of measuring close to the ear canal entrance is often taken. Another approach is to measure and replicate the pressure at a blocked ear canal. The ratio in pressure between the blocked and open ear canal case has to be considered. Möller defines, in [8], a certain class of headphones, “FEC”, free-air equivalent coupling to the ear where the pressure ratio is the same for the headphone reproduction as in the free field. For non-FEC headphones, the blocked ear canal result requires a correction which is a function of the headphone’s acoustic source impedance and the individual’s acoustic impedances seen at the ear canal entrance. Even a headphone that might be, by some criteria, classified as FEC will show “issues” at high frequencies in real-world measurements.

[image: image3]
Figure 3 Example from Möller [8] of a good-case circum-aural headphone, a) the pressure division between blocked and open ear canal for four subjects, b) ratio between free air and headphone, the author only used the results below 8 kHz due to uncertainties in the measurement
For an insert type headphone, the blocked ear canal/FEC headphone approach cannot directly be used. The high-frequency response is heavily dependent on the impedance relation between the headphone and the ear canal/eardrum impedance. The design goal is individual and must be defined for a point inside the ear canal. So, one might think that different users may get very different experience with the same headphone. Still, it can be seen in subjective listening, that a product that is perceived by one expert listener to have certain characteristics (e.g. a peaky treble, smooth treble, poor or good treble extension), is perceived in a similar fashion by another expert listener, although the personal preference might differ. The measured curves might differ but the perceived characteristics transfer relatively well from person to person. These points to a weakness in the measurement methodology’s ability to reflect the user experience.

[image: image4]
Figure 4 From Möller [8] headphone transfer characteristics at the ear canal entrance for one headphone and 40 subjects. It can be noted that among these different responses, a best-case HATS would represent one of these many different curves. The variation between subject expressed by the standard deviation reached 5-10 dB above 8 kHz. A certain HATS might also have systematic offsets from this, as can be seen in ITU-T P.57 [8]. It is obvious that it would be deceiving to standardize a HATS-based method that produces high-resolution curves.

[image: image5]
Figure 5 From Möller [11], suggested design goal for diffuse-field calibrated headphones and seven “good-case” headphone examples, measurements at the open ear canal entrance, averaged over a large population.
Even if we managed to create a headphone that is perfect for binaural audio purposes, it might not be the optimum for everyday music or speech reproduction.
Sound reproduction directly to the ear

Looking further into the subjective balancing of band-limited noise (filed comparison methods as described above), it cannot be said to provide an uncoloured result.

For most content (everything but binaural recordings or renderings), in-the-head localization occurs. For this case, it is not obvious that the same spectral contents is preferred or perceived to be flat, as in the real-life conditions where perfect binaural cues enable localization, even in the median plane to some extent. Our perception of spectral characteristics is adaptive and depending on the localization process, see elaboration on “location association" and "Gestalt association” Theile [7]. The same paper also explains “level loudness divergence”, the perceived loudness differs between loudspeaker and headphone reproduction, for the same SPL.

[image: image6]
Figure 6 From Theile [7] note the “= 1 in natural hearing”
Another aspect is the tactile sensation to various parts of the body (most prominent for high-SPL low frequency sound fields). And users’ expectations may also be unconsciously be different for the headphone case compared to “normal listening”. Moreover, music material has over the years been adapted to sound good on various reproduction equipment, mainly loudspeakers that interact with a listening room. This must be taken into account in headphone design for music reproduction (and these are used also for speech communication).
One should in general bear in mind that sound reproduction directly to the ear or even the ear canal is perceptually a special case.
Users’ preference

If users select e.g. a headset based on its sound quality they are likely to select based on music listening experience. This is highly preference-based and manufacturers offer a variety to accommodate the variations in taste. If a user likes the headset for music they are also likely to be satisfied for conversational purposes. 3GPP cannot expect to “over-ride” the needs for rich and diverse music experiences by specifying very specific requirements for conversational cases.
Some users may in some cases also prefer a “loosely coupled” headphone (such as intra-concha devices)
·  no occlusion effect that affects the perception of the talker’s own voice (bone-conducted sidetone path), increases the vibration induced noises from walking/running etc

· for comfort (fit, heat etc)

Loosely coupled headphones can have excellent subjective performance but typically this means large circum-aural or supra-aural products which might be considered too large for many users of mobile products. We understand the STQ standpoint is based on what users would like to have in terms of frequency response rather than what is feasible. But other factors than frequency response must also be considered when assessing the user’s point of view.
Music versus speech

Preferred frequency responses for music and speech might differ; preference for e.g. bass boost could be different. But in cases where separate optimizations cannot be made, we believe a great music reproduction is generally preferred and will in any case bring also good speech reproduction.

Previous attempts for aligning fullband products
The attempt to standardize a Hi-Fi experience 1970:s has hardly been a success story. Should this be repeated now?
Feasibility

Even if there were no measurement problems to overcome and even if flatness were always desired, there are limitations to what can be done by acoustic design. Subjective evaluation is important to make sure the design choices result in a desired experience. The end result after optimizations could differ depending on various types of headphones (insert, intra-concha, supra-aural, circum aural and more).

5. Summary

There is no single well-accepted instrumental method to measure headphones. Interpretation of measurement result must be done with great care. Flat curves might not be desirable and consistency between devices and listeners is by no means guaranteed. A test method should not give the impression of having the true result when it doesn’t, a detailed high-resolution curve may be misleading.
On top of this, it is not even desirable to make all headphones sound “the same”, even if we had the technical possibility to measure and make them this way.
And even if we had reliable instrumental methods and a single optimum, 3GPP consumer products should not be expected to outperform professional monitoring headphones.

6. Recommendation

The source recommends replying positively to ETSI for a continued collaboration and we note:
For the purposes of 3GPP; Due to practical issues using real-ear instrumental methods or subjective methods for compliance testing, we agree using the existing coupler/HATS method and extend it to higher frequencies is the only practical solution. However, we recommend that the requirements and methods are constructed with the known limitations in mind and that the limitations are clearly stated in the relevant specifications. High-resolution curves are misleading and should be avoided. Above ~8 kHz, it would make sense to average of a large frequency range, such as an octave. A reasonable ambition level is to be able to detect whether a device is super wideband rather than wideband.
We also recommend that any diffuse-field correction curve is validated on headphones of different types (insert, intra-concha, supra-aural, circum-aural etc).
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� It is however not clear to us what diffuse-field correction was used
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