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Introduction
The Finland Research Center (FiRC) of Huawei Technologies contributed to the 3GPP SA4 “HaNTE” (Handsets with Non-Traditional Earpieces) round-robin testing as “Lab #4”. Other round-robin test participants are Qualcomm (“Lab #1”), Head Acoustics (“Lab #2”) and Orange (“Lab #3”).   
Background: “As UEs evolved, their displays became larger, occupying a significant portion of the UE. Recently, UEs with displays going all the way to the four edges of the device have started to gain traction in the market. In contrast with traditional UEs, some of these modern devices may not feature an acoustic transducer/port in the earpiece area (traditional earpiece). Instead, they produce sound, e.g. using actuators mounted to the phone structure or back of the display, leveraging structural features of the phone to radiate sound. Devices using this approach may not require an acoustic port and/or may radiate sound from a broad area of the device.” [1] 
The purpose of the round-robin testing is to review the performance of these “singing display” devices to support the HaNTE work item objectives to update 3GPP requirements for handset telephony testing and performance criteia if necessary to ensure adequate user experience. Several performance aspects such as RLR, RFR, speech quality, distortion, robustness in holding position variation, call privacy, and sensitivity to different HATS models are evaluated.
This document focuses to the scope of results and findings of “Lab #4”, aiming to maintain compact document length preventing to repeat the items described already in prior HaNTE documents. Therefore, for the readers not yet familiar with the HaNTE work item or work done by prior contributors Lab #1 - Lab #3, it is recommended to first go through the following 3GPP SA4 contributions: 
· HaNTE 3GPP work item [1] 
· HaNTE test plan [2]
· Initial results and definitions from Lab1 [3]
· Initial results from Lab2 [4]
· Initial results from Lab3 [5].

Devices under evaluation
Devices under testing (DUT) consist of eight commercially available mobile phones. 
Seven of these devices are so called “HaNTE” devices which have non-traditional earpiece technology, meaning that the “receiver” sound is created by taking advantage of the device display surface. Some call this type of technology also “singing display” solution. These DUTs are commercially available devices from five different manufactures (DUT1–DUT7) representing different choices of technology (display actuators), device price points and market regions.  
Round-robin testing includes also one reference device representing “traditional” receiver technology (“DUT8”). This device is a premium flagship smartphone shipping 2020. 
All devices have been originally acquired by Lab #1 and delivered to the other laboratories participating the round-robin test. Most of the DUTs are US market models and some of the DUTs are purchased from China (or broader Asia) region. 
It is expected that all devices are in good condition, performing correctly as designed, with the exception that “DUT6” has slipped from the HATS fork mount during the round-robin testing, and some of the Labs have reported that the device screen has a visual crack in the display glass surface. This damage in screen may be only cosmetic, or may have some effect on the test results.        

Test setup and environment

The contribution from “Lab #2” describes the round-robin test setup and equipment in very detailed manner [4]. “Lab #4” has closely followed the documented test setup for the best possible comparison of round-robin results. For the reader, it is recommended to familiarize oneself first with the test setup and method [2, 4] before proceeding to the following results chapter.  
Tests were carried out in an anechoic chamber (size 5x5x5m), using HATS equipment from B&K (4128-C, pinna 3.3) and Head Acoustics (HMS II.3). Radio communication interface was established using Rohde & Schwarz CMW-500 (AMR-WB call 12.65 kbit/s) and the free field measurement microphone was B&K 4190. Turntable was utilized for the HATS rotation in “privacy leakage” test. ACQUA (4.3.100) database provided by “Lab #2” was used to collect the measurement data. 
[image: ] 
Figure 1. FiRC anechoic laboratory setting located in Tampere, Finland
Figure 2 below presents the shifts around the given ECRP. According to the round-robin test plan [2], for HaNTE devices Shift 0 = [Ye=-21mm, Yz=0mm] and for the DUT8 Shift 0 was set at the visual sound port opening in the screen top. 
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Figure 2. Nine ECRP shifts for the holding robustness test.  

Results
Receiving loudness rating (RLR)
Table 1 provides the RLR results for the nominal (requirement: -1 to 5 dB, target: 2 dB) and maximum (requirement: >‑13 dB) DUT UI volume setting. RLR values not meeting the requirements are marked in red. RLR was tested using B&K and Head Acoustics HATS models. 
[bookmark: _Ref53674271]Table 1: Volume settings and RLR results for MAX and NOM
[image: ]
Notes: 
· Automatic volume control fails (error: "expected higher but measured lower...”) on step 11 with DUT4. That's why nominal volume was typed "manually" in ACQUA to step 6/14. Also MAX volume was typed manually 14/14. 
· Automatic volume control selects incorrect max volumestep for DUT7 (4), manually corrected to 5. 
· “Boost mode” from the DUT5 was not enabled.
· All the “failing” values in the RLR test are due to too high loudness compared to the RLR limits for Nominal or Maximum UI volume setting. 

Speech Quality (MOS)
Table 2 provides the results of the speech quality (MOS) testing for NOM and MAX volume settings.  
[bookmark: _Ref53675428]Table 2: MOS results for MAX and NOM settings
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Notes: 
· Most of the HaNTE devices perform good MOS results, also compared to the reference DUT8. 
· First impression is that one MOS value is not in line with the prior Labs 1-3. That is the DUT4 Maximum UI volume measurement with Head Acoustics HATS. 

Privacy “leakage” test
Table 3 provides the results in RLR for privacy testing and Table 4 shows the RLR attenuation at free-field microphone. Test was carried out using Head Acoustics HATS model. 

[bookmark: _Ref53753204]Table 3: RLR results for privacy testing (in dB)
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[bookmark: _Ref53753207]Table 4: RLR attenuation results for privacy testing (in dB)
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Notes:
· “Privacy leakage” direction Angle C seems to have least attenuation (highest “leakage”) among all DUTs.
· HaNTE devices show a bit more “directivity” in the “privacy leakage” (MIN-MAX among angles A-C).
· Some of the HaNTE devices (DUT3, DUT7) are “leaking” less sound than the reference device DUT8. There is great variation among the HaNTE devices, those seem not very homogenous group. 
· Does the anechoic chamber size and wall properties impact the attenuation level between Labs 1-4? 

RLR Robustness for holding position (ECRP) variation 
Table 5 provides the results of the RLR measurements for the robustness against shifts of ECRP. RLR values meeting the requirement (-1 to +5 dB) are colored in green. 
[bookmark: _Ref53755083]Table 5: RLR vs shifts
[image: ]
Notes: 
· Shifts 3, 4, and 7 seem to be challenging for all the DUTs (also DUT8), especially Shift 4.
· HaNTE devices result RLR PASS in 31/63 = 49% of the cases among all 9 shifts and 7 DUTs.
· The “reference device” results RLR PASS in 3/9 = 33% of the cases among all 9 shifts. 
· The “reference device” DUT8 has the greatest variation, due to high attenuation in Shifts 3, 4, and 7. 
· In average, DUT8’s RLR level is “off” by 8.5 dB over the Shift positions. (0 + 2.26 + 4.96 + 7.48 + 42.47 + 4.05 + 0 + 14.96 + 0) / 9 = 8.5 dB
· Typical reason for a DUT “failure” is too high RLR value (too “quiet” loudness level) in an unoptimal Shift position, but an exception is the DUT2 which seems not be “failing” due to limited robustness for holding position, but because of its originally too loud Nominal UI volume step RLR level. 


RFR Robustness for holding position (ECRP) variation 
Figure 3 below provides collasion view of eight DUTs’ RFR measurement results for the robustness against nine (3x3) shifts of ECRP. Shifts are illustrated earlier in the Figure 2. Measurement was done using nominal UI volume setting and Head Acoustics HATS model. Appendix 1 provides another view to the RFR results. 
[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]
Figure 3. RFR plots for the variation caused by Shift position changes. 

The graphs in the Figure 3 are plotted so that first the “Shift 0” position is plotted and normalized to the upper limit of the RFR mask, then all the other Shift curves are plotted. All Shift responses maintain the absolute relative difference between each other, only the RFR mask is positioned to meet the “Shift 0” at upper limit. 
Notes: 
· HaNTE devices show relatively little of RFR variation caused by the position Shift change.
· For DUT3 example, it is not far that all the Shift positions would actually pass the RFR mask. Note that all responses are not normalized to the upper/lower mask limit, only the Shift 0 response. All other responses maintain the absolute relative difference. 
· Reference product DUT8 measures remarkable attenuation in Shifts 3, 4, and 7. These are the Shift positions in the upper edge of the DUT display surface.
· These same Shifts 3, 4, and 7 show up repeatedly also in the HaNTE devices, typically in form of low frequency attenuation. 

HATS model effect on RFR results 
Table 1 in chapter 4.1 presented the overall RLR measurement difference between the two HATS models. Figure 4 below shows RFR plots in UI nominal volume setting for HA and BK HATS models.
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Figure 4. RFR plots for eight DUTs for two different HATS models at Nominal volume UI setting. Plotted curves are normalized to the RFR mask upper limit. 

Notes: 
· The variation that two HATS models create is not equal among all DUTs.
· The reference product DUT8 has least of variation.
· Also some HaNTE devices such as DUT3 show very little of variation.
· It seems that the devices with originally most “smooth” RFR curve (DUT3, DUT8) seem to have also the least of variation between HA and BK HATS results. 
· It would be good to understand better the root cause of this HA / BK HATS variation, is it due to HATS “head” material or “ear” material properties. Also, linking these findings to subjective evaluation, and also understanding the human anatomy in this area. Does this go to the ITU area as well? 
 
Figure 5 below shows a close-up for DUT3 and DUT8 for HA and BK HATS models.
[image: ] 
Figure 5. A close-up on the “delta” between the B&K and Head Acoustics HATS models for DUT3 and DUT8. Measurements are done with Nominal UI volume and Shift 0 ECRP holding position. 


Robustness of fork position variation
Table 6 below presents the impact on fork position to the RLR result. Test was done using Nominal UI volume and Head Acoustics HATS model.
[bookmark: _Ref53755864]Table 6: RLR vs fork positions
[image: ]
Figure 6 below shows the measured difference in RFR when changing the fork position.
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Figure 6. Fork position change impact on RFR. Measured at Nominal UI volume setting and Head Acoustics HATS model. 

Notes: 
· LAB #4 had available only one short fork (pair) and only one long fork (pair)
· Fork position 1: Short fork was used in the middle and long in the bottom.
· Fork position 2: long at top, short at bottom
· Fork position 3: long at top, short in the middle
· Thoughts about repeatability and reliability: It should be double-checked that is the variance seen really born in the actual change of fork position, or is it related to general positioning of DUT in the fork and on HATS ear. Not all DUTs show delta between the fork positions. It could be argued that the delta seen in the low frequency area is due to DUT being positioned slightly differently in the fork or on the ear. This possibility could be sorted out by repeating the testing multiple times so that DUT is removed and placed to fork and HATS ear multiple times, but maintaining a same fork position. If repeatability shows low variance among all DUTs, then we know for sure that the variance seen is due to the actual fork position change.   

Conclusions and discussion
“Because test equipment and specifications were drafted considering UEs with an acoustic port in an earpiece area on the display side, a study was conducted to check whether any updates to technical specifications are required for modern devices.” [1]
Round-robin measurements have been collected according to the test plan [2]. Lab #4 was the final laboratory participating to the round-robin testing, and all data is collected and can be summarized. 
It should be dicussed and agreed how to best visualize and plot the measured data. Should we for example develop metrics that represent the “variance” in RFR measurements (check for example Figure 5). Should we plot the actual variance instead of measured responses? Also, how to include the measured data from all Labs 1-4 and maintain a well readable format needs to be considered. 
Round-robin testing included seven DUTs representing HaNTE devices and one DUT representing traditional technology. These HaNTE devices are a group of handsets from five different manufacturers and not necessarily very homogenous group of equipment. Some of the DUTs 1-7 are sold in the US market and some purchased from China or other Asia region. HaNTE devices also cover different price points and selections of technology (different display modules and actuator components). Testing included only one reference device (DUT8), which is a flagship model in US market 2020.
It would be perhaps good to continue HaNTE investigation further and try to match also subjective audio quality to the objective audio quality metrics. Do the findings from objective metrics correlate with subjective findings? 
Also the differences between the HATS models could perhaps be investigated a bit further. Is the root cause of variation related to HATS “head” properties or to the “ear” properties? Is this ITU or 3GPP topic?
Results show that some “singing display” integrations in these HaNTE devices (for example DUT3) can perform close to the reference product DUT8 in the absolute performance as well as in the reduced variation.  
Results also show that in general HaNTE devices seem to be very robust for the variation of holding position on HATS ear. 
[bookmark: _GoBack]Question which may remain still open, is how well the objective measurement results for HaNTE devices correlate with subjective user experience. Current test methods and limits have originally been linked to the subjective experience of the “traditional” earpiece devices. 


References

[1] 		3GPP SP-191212 “New WID on Handsets Featurin Non-Traditional Earpieces (NaNTE)”
[2] 		3GPP S4-201164 “Proposals for data collection of HaNTE – test methods”
[3] 		3GPP S4-201096 “Results of HaNTE round robin tests in Lab 1”
[4] 		3GPP S4-200153 “Preliminary results of HaNTE round robin test results for Lab2”
[5] 		3GPP S4-200160 “Preliminary report on HaNTE round robin test for Lab3”






Appendix 1: RFR robustness for holding position
DUT1-DUT8, Nominal UI volume setting, Head Acoustics HATS model. All curves are normalized to the RFR mask upper limit. 
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Notes:
· DUT3 and DUT8 pass RFR mask almost in all the 9 shift positions. However, the normalization to the upper limit adds ~10, ~20, and ~40 dB of extra sensitivity to DUT8 measured values for shifts 3, 4, and 7.
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image3.emf
NOM MAX NOM MAX NOM MAX NOM MAX

Upper limit 5 5

Lower limit -1 -13 -1 -13

DUT 1 3 7 4 7 2.92 -9.28 3.45 -6.77

DUT 2 6 7 6 7 -3.35 -6.08 -1.4 -4.12

DUT 3 7 14 8 14 1.13 -12.17 1.13 -10.14

DUT 4 6 14 7 14 1.41 -15.32 2.37 -11.56

DUT 5 1 6 2 6 2.42 -10.13 1.93 -8.09

DUT 6 7 10 7 10 -0.97 -10.25 0.84 -8.66

DUT 7 1 5 2 5 3.34 -10.11 -0.4 -7.05

DUT 8 6 15 6 15 1.58 -7.47 2.66 -6.41

HA HATS B&K HATS HA HATS B&K HATS

RLR Results, default position DUT volume settings


image4.emf
NOM MAX NOM MAX NOM MAX NOM MAX

DUT 1 3 7 4 7 3 2.6 3 2.6

DUT 2 6 7 6 7 3 2.9 3 3

DUT 3 7 14 8 14 3.9 3.6 3.9 3.7

DUT 4 6 14 7 14 3.8 3.1 3.5 3.5

DUT 5 1 6 2 6 3.4 3.5 3.5 3.4

DUT 6 7 10 7 10 2.9 2.4 2.9 2.1

DUT 7 1 5 2 5 3.3 3 3.2 3

DUT 8 6 15 6 15 2.9 2.8 3 2.9

B&K HATS HA HATS B&K HATS HA HATS

MOS Results, default position DUT volume settings


image5.emf
RLR MAX A B C D E MIN MAX MAX-MIN

DUT 1 -9.33 38.34 35.22 30.73 31.88 36.71 30.73 38.34 7.61

DUT 2 -6.10 40.94 37.22 33.97 35.4 37.62 33.97 40.94 6.97

DUT 3 -12.33 36.28 32.42 29.43 31.23 35.43 29.43 36.28 6.85

DUT 4 -15.05 29.22 24.89 22.3 26.79 30.46 22.3 30.46 8.16

DUT 5 -10.73 30.05 25.08 22.08 24.2 27.94 22.08 30.05 7.97

DUT 6 -9.49 37.1 33.55 29.9 31.94 33.29 29.9 37.1 7.2

DUT 7 -10.70 39.84 36.93 33.86 32.49 34.72 32.49 39.84 7.35

DUT 8 -7.61 34.03 30.94 28.41 30 34.16 28.41 34.16 5.75

RLR at measurement microphone


image6.emf
Attenuation at measurement microphone

RLR MAX A B C D E MIN MAX MAX-MIN

DUT 1 -9.33 47.67 44.55 40.06 41.21 46.04 40.06 47.67 7.61

DUT 2 -6.10 47.04 43.32 40.07 41.50 43.72 40.07 47.04 6.97

DUT 3 -12.33 48.61 44.75 41.76 43.56 47.76 41.76 48.61 6.85

DUT 4 -15.05 44.27 39.94 37.35 41.84 45.51 37.35 45.51 8.16

DUT 5 -10.73 40.78 35.81 32.81 34.93 38.67 32.81 40.78 7.97

DUT 6 -9.49 46.59 43.04 39.39 41.43 42.78 39.39 46.59 7.2

DUT 7 -10.70 50.54 47.63 44.56 43.19 45.42 43.19 50.54 7.35

DUT 8 -7.61 41.64 38.55 36.02 37.61 41.77 36.02 41.77 5.75


image7.emf
Shift #0 Shift #1 Shift #2 Shift #3 Shift #4 Shift #5 Shift #6 Shift #7 Shift #8

Upper limit 5 5 5 5 5 5 5 5 5

Lower limit -1 -1 -1 -1 -1 -1 -1 -1 -1

DUT 1 2.74 6.99 3.24 7.35 8.53 5.29 1.25 8.3 3.42

DUT 2 -3.46 -5.06 -3.55 2.04 1.21 -4.16 -3.03 1.74 -3.74

DUT 3 1.14 4.1 -0.16 6.81 12.29 1.32 -0.94 8.69 4.18

DUT 4 1.41 0.42 -2.31 10.05 10.36 -1.05 0.68 10.06 2.74

DUT 5 2.41 -1.15 -0.89 16.16 14.46 -1.41 3.71 14.01 3.05

DUT 6 -1.04 0.65 -2.12 4.88 5.44 -1 -1.8 4.73 -0.01

DUT 7 3.37 4.1 5.17 10.25 8.17 4.01 4.28 8.98 2.94

DUT 8 1.56 -3.26 -5.96 12.48 47.47 -5.05 3.56 19.96 3.64
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DUT vol

HA HATS

NOM F pos #1 F pos #2 F pos #3

Upper limit 5 5 5

Lower limit -1 -1 -1

DUT 1 3 2.74 2.39 2.69

DUT 2 6 -3.46 -2.55 -2.85

DUT 3 7 1.14 0.83 1.12

DUT 4 6 1.41 2.05 2.23

DUT 5 1 2.41 2.33 2.28

DUT 6 7 -1.04 -1.6 0.27

DUT 7 1 3.37 2.91 3.2

DUT 8 6 1.56 1.68 1.83

RLR Results, fork positions

HA HATS
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