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Abstract
[bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: _Hlk4753168]This contribution investigates whether HATS is suitable for measurements of non-traditional earpieces by comparing subjective and objective loudness measurements. It concludes that HATS is generally suitable for measurements of non-traditional earpieces at least in the frequency range between 800Hz to 4kHz. Further measurements and investigations are required to determine the suitability of HATS at the low and high end of the spectrum.
1. Introduction/Background
Head and Torso Simulators (HATS) are used for Receive Frequency Response (RFR) and Receive Loudness Rating (RLR) UE acoustic testing in 3GPP. With traditional earpiece designs, the perceived loudness comes from acoustic radiation into the ear canal. With non-traditional earpieces, such as vibrating displays, sound could be potentially transmitted to the user by other mechanisms (e.g. tissue conduction). Because HATS primarily measures acoustic radiation through the ear canal, one question is whether HATS is suitable for measurement of handsets featuring non-traditional earpieces.
To compare objective and subjective assessments of loudness on devices featuring a traditional and non-traditional earpiece (vibrating display), an experimental methodology and apparatus were developed by the source.
2. Description of experimental apparatus
2.1	Traditional and Non-Traditional Earpiece prototypes.
Two phone-shaped prototypes were developed for this experiment. Prototype 1 incorporates a 32ohm 15x6mm earpiece (traditional earpiece) radiating sound through a port on the display, and Prototype 2 incorporates an 8ohm 15x6mm actuator directly attached to the prototype display. Apart from this difference, both prototypes are identical. See Figure 1.
Figure 1 – Prototypes produced (one with traditional earpiece, other with vibrating display)
[image: ]
The prototypes were connected using Velcro to a mock headset / headband such that they can be worn by a user at a position representative of the standardized position defined in ITU-T Rec. P.64 (A = 21.2°, B = 12.9°, C = 2.3° on B&K HATS). The positioning of the handset on HATS was accomplished with the use of a Bruel & Kjaer Type 4606 Handset Positioner and Centering Fork UA-1537. The End-Stop adjustment was set to 17mm and the force to 8N. 
The headset band was not removed for the positioning of the handset on HATS. See Figure 2.
Figure 2 - Handset positioned on HATS while connected to the headband adapter
[image: ]
[bookmark: _GoBack]The angle for the Velcro mounting on the left side, defining the handset positioning, was copied from the angle on the right side, where the handset positioner was mounted. Figure 3 illustrates both Prototype 1 and Prototype 2 mounted simultaneously on HATS using the headband adapter.
Figure 3 - Prototype 1 and 2 mounted simultaneously on HATS using a headband
[image: ]
2.2	Playback system
To drive Prototype 1 and Prototype 2, a personal computer (PC) was connected to an Oppo HA-1 headphone amplifier acting as a USB digital audio interface. Prototype 1 was directly driven by the Oppo HA-1 headphone amplifier. Prototype 2 was driven by a B&K 2718 amplifier which was in turn connected to the Oppo HA-1 pre-amplifier output. See Figure 4 for the block diagram. A Griffin Technology PowerMate USB Volume Knob was used to allow control of the playback level.
Figure 4 – Block diagram of test apparatus for the experiment


3. Description of experimental procedure
3.1	Objective Measurements on HATS
First, Prototypes 1 and 2 were objectively measured on HATS, using the handset positioner settings described in section 2.1, except that the force was adjusted to 2N, 8N, 13N to span a range of mounting conditions. The measurement was accomplished by playing noise band-passed with 1/3rd octave band filters. The level of each noise band was adjusted to match roughly 79dBSPL at the Ear Reference Position (ERP) when Prototype 1 (traditional earpiece) was mounted with a force of 8N. For Prototype 2 (non-traditional earpiece), the individual level adjustment per band from Prototype 1 was used as a baseline. A nominal gain of 20dB was added to the B&K 2718 Amplifier to roughly match the speech playback level perceived when using Prototype 1. Figure 5 shows the ERP level measurements in each 1/3rd octave band for mountings of 2N, 8N and 13N. 
Earpiece level measurements (Prototype 1) with varying force, demonstrate a substantial lack of leak tolerance, particularly at low frequencies. With 2N of force, the measured SPL at ERP of 3rd octave bands 200Hz – 1,250Hz is on average 16 and 19.1 dB lower than measurements with 8 and 13N of force, respectively. In the same frequency range, the actuator display as receiver prototype shows less variability as the force is increased.  Average level increases of 5.5 and 6.4 dB are seen as force is increased from 2 to 8N, and 2 to 13N, respectively. Overall level variability decreases at and above 1,600Hz for both prototypes. However, noticeable attenuation is still seen with 2N of force with Prototype 1.
Conversely, actuator level measurements (Prototype 2) show little variation with force, indicating less dependence on the coupling to HATS.
Figure 5 - Actuator Level (Prototype 2) and Earpiece Level (Prototype 1)
[image: ]
3.2	Listening Tests
For the listening tests, four participants were tasked with comparing the perceived loudness of each band-passed noise between Prototypes 1 and 2. Participants wore both handsets simultaneously using the headband-based apparatus from Figure 3.
Each participant completed four sessions. In each session, all 1/3rd octave bands from 200Hz to 12.5kHz were assessed. Between each session the side where Prototype 2 was mounted on the headband (left or right) was reversed. In each trial, participants were asked to adjust the level of Prototype 2 to match the perceived loudness of Prototype 1 using the Griffin Technology PowerMate USB Volume Knob. The volume knob allowed adjustment in steps of 0.5dB and a range of -24dB to +24dB. The starting gain of Prototype 2 was randomly adjusted between -5dB and +5dB. The order of the frequencies presented was also randomized.
An interface for the listening test was developed in Max/MSP and shown on Figure 6.
Figure 6 - Graphical User Interface for listening test
[image: ]

4. [bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK72]Listening Test Results
Figure 7 shows the results of the listening tests (i.e. the gain that must be applied to Prototype 2 to match Prototype 1) including mean and 95% confidence intervals, along with the equivalent objective measurement on HATS at 8N.
Figure 7 - Results of listening test in comparison to objective measurement on HATS at 8N
[image: ]
Comparing the measured transfer function between earpiece and actuator prototypes on HATS and the mean subjective actuator level adjustment, we see agreement in the mid-frequency bands from 800Hz to 4kHz. However, at low and high frequencies, the two transfer functions diverge. Although a steady increase in adjusted actuator gain is seen above 4kHz, HATS tends to overestimate the amount of gain needed to match the standard earpiece. A similar trend is seen in the 400, 500, and 630Hz bands.
5. Conclusion
The results support the performance of HATS as a measurement tool for the vibrating display prototype in the frequency range between 800 to 4kHz. However, for other frequencies, HATS prediction of the relative perceptual loudness differences between the two prototypes point to the need for further research, including additional data collection and experimental methodology development.
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