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1. Introduction
In VoLTE technology, the jitter buffer management (JBM) is an important technique in a device under tests (DUT) to provide good speech quality in varying delay situations with potential packet losses. In [1] and [2], several delay and error profiles for simulating the impact of the LTE network were introduced. While the profiles described in [1] seem to be captures from real-life networks, the approach presented in [2] by Qualcomm analyzes possible system elements for jitter and packet loss in a VoLTE transmission but without considering impairments from the network itself.
This contribution presents the results of a proof of concept for an acoustic measurement of the influence of VoLTE network impairments on speech quality. The impairments are generated and inserted using the HEAD acoustics IP-impairment simulator MFE IX. This device can be used to insert delay, jitter and packet loss according to a given pattern. The “playback” of this pattern can be triggered with the playback of the acoustical test signal itself, which allows reproducible measurements with synchronized impairment insertion.
2. Measurement Setup
2.1. Hardware Setup
The source of the measurement setup is the reference gateway MFE VIII.1 which includes the AMR-WB and receives/transfers audio data from/to the test system ACQUA. It encodes/decodes the audio data to RTP packets and transmits/receives them to/from the network. In order to see the influence of all impairments including any clock drift NO clock synchronization to the DUT was performed. 

The network impairment simulator MFE IX is inserted in between the Ethernet connection of LTE radio tester and the reference gateway MFE VIII.1. This device adds network impairments (packet loss, delay, and jitter) to an Ethernet connection and is controlled via the test system ACQUA. One operational mode is the so called “TCN mode” (trace control for NetEm). Further information can be found in [3]. This mode allows to “playback” a certain pattern of impairments. The start of this pattern is synchronized to the playback of the measurement via a trigger signal generated synchronously with the test signal.

The radio tester Rhode & Schwarz CMW 500 is used for the LTE / 4G connection. With this tester, SIP calls cannot be applied directly. Thus RTP streaming from MFE VIII.1 to the IMS Basic Service (option KAA20) of CMW 500 is used. 

The downlink signal from the terminal is recorded by the artificial ear with DF equalization and performed in the audio measurement frontend MFE VI.1.

An overview about the measurement setup is shown in figure 1. One LTE capable DUT was used in this measurement series. 


[image: image1]
Figure 1: Test setup of VoLTE acoustic testing.
2.2. Source Signal
As a test sequence, 8 English test sentences according to ITUT- P.501 were used (2 male, 2 female speakers). The sequences are concatenated in such a way that all sentences are centered within a 4.0s time window, which results in an overall duration of 32.0s. Due to the given delay profiles in TS26.114, where the duration of a profile was set to 150.0s, the sequences were repeated 5 times (160.0s). For all analyses, the last 10.0s were not taken into account.
The complete source file is shown in figure 2. For POLQA measurements, the full-band signal is used as the reference file. For playback, the signal is pre-filtered for wideband transmission and the active speech level according to ITU-T P.56 is set to -16.0 dBm0.
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Figure 2: Source file used for measurements
3. Error Profiles
In the following sections, the measurement results of the impaired transmissions are presented. For each profile, three figures are provided:
1. Packet pattern: These graphs show which impairments are inserted on the IP stream. Average delay, deviation and packet loss rate as metrics are given. The curve given in the following plots as “smoothed jitter” describes the jitter versus time according to the calculations given in appendix A.8 of [4].
2. Cross-correlation vs. time: These graphs show the cross-correlation versus time between the source signal and the signal recorded at the artificial ear. Delay discontinuities can occur due to clock drifts between DUT and CMW 500 or due to the behavior of the adaptive jitter buffer of the DUT.
3. POLQA scores vs. time: These bar graphs shows the POLQA results per single sentence versus time. Each 4.0s time window of the recording includes one sentence and thus one POLQA score.
TS 26.114 Delay & error profiles
3.1.1. Clean Channel Condition
In this profile, no network impairments are included. MFE IX is set to inactive. Thus this measurement can be seen as a reference measurement for all further delay and error profiles. Figure 3 shows the cross-correlation versus time between source file and recording, which does not even show a delay jump due to clock drift. Figure 4 shows the best-case POLQA scores which can be obtained with this DUT.
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	Figure 3: Cross-correlation between source signal and ear recording
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Avg. MOS = 3.70 - Std.Dev. = 0.32



	Figure 4: POLQA versus time / over sentences


The results show a fairly high sentence dependant MOS score. There seems to be a group of 4 P.501 sentences (2nd male and 1st female) which leads to significant higher POLQA scores than the other 4 sentences. It also can be observed that the scores of the repeated sequence of 8 sentences shows some slight variation in MOS scores even under clean conditions.
TS 26.114 Delay & error profile #1
This profile corresponds to the file dly_error_profile_1.dat of the attachment of [1]. The raw packet pattern is shown in figure 5, the cross-correlation in figure 6 and the POLQA versus time/sentences in figure 7.
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	Figure 5: Delay and packet loss versus time on packet layer


	[image: image6.emf]


t/s


0.1


0.2


0.3


0.4


0.5


0.6


t/s


0


25


50


100


125


150


%


20


30


40


50


60


70


80


90


RCV(2)*Source






t/s

0.1

0.2

0.3

0.4

0.5

0.6

t/s 0 25 50 100 125 150

% 20 30 40 50 60 70 80 90

RCV(2)*Source



	Figure 6: Cross-correlation between source signal and ear recording
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Avg. MOS = 3.66 - Std.Dev. = 0.33



	Figure 7: POLQA versus time / over sentences


3.1.2. TS 26.114 Delay & error profile #2
This profile corresponds to the file dly_error_profile_2.dat of the attachment of [1]. The raw packet pattern is shown in figure 8, the cross-correlation in figure 9 and the POLQA versus time/sentences in figure 10.
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	Figure 8: Delay and packet loss versus time on packet layer
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	Figure 9: Cross-correlation between source signal and ear recording
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Avg. MOS = 3.59 - Std.Dev. = 0.38



	Figure 10: POLQA versus time / over sentences


3.1.3. TS 26.114 Delay & error profile #3
This profile corresponds to the file dly_error_profile_3.dat of the attachment of [1]. The raw packet pattern is shown in figure 11, the cross-correlation in figure 12 and the POLQA versus time/sentences in figure 13.
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	Figure 11: Delay and packet loss versus time on packet layer
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	Figure 12: Cross-correlation between source signal and ear recording
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Avg. MOS = 3.53 - Std.Dev. = 0.48



	Figure 13: POLQA versus time / over sentences


3.1.4. TS 26.114 Delay & error profile #4
This profile corresponds to the file dly_error_profile_4.dat of the attachment of [1]. The raw packet pattern is shown in figure 14, the cross-correlation in figure 15 and the POLQA versus time/sentences in figure 16.
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	Figure 14: Delay and packet loss versus time on packet layer
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	Figure 15: Cross-correlation between source signal and ear recording
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	Figure 16: POLQA versus time / over sentences


3.1.5. TS 26.114 Delay & error profile #5
This profile corresponds to the file dly_error_profile_5.dat of the attachment of [1]. The raw packet pattern is shown in figure 17, the cross-correlation in figure 18 and the POLQA versus time/sentences in figure 19.
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	Figure 17: Delay and packet loss versus time on packet layer
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	Figure 18: Cross-correlation between source signal and ear recording
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Avg. MOS = 2.61 - Std.Dev. = 0.48



	Figure 19: POLQA versus time / over sentences


3.1.6. TS 26.114 Delay & error profile #6
This profile corresponds to the file dly_error_profile_6.dat of the attachment of [1]. The raw packet pattern is shown in figure 20, the cross-correlation in figure 21 and the POLQA versus time/sentences in figure 22.
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	Figure 20: Delay and packet loss versus time on packet layer
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	Figure 21: Cross-correlation between source signal and ear recording
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Avg. MOS = 3.63 - Std.Dev. = 0.34



	Figure 22: POLQA versus time / over sentences


3.2. Profiles according to Qualcomm’s proposal
The Matlab code provided in [2] was used to generate delay and error profiles. Some modifications were applied to obtain the highest similarity to the examples provided in [2]. The (originally random) parameters for mis_UE1_eNB1 and mis_UE1_eNB2 were set to the values given in the contribution. The generation code of course still includes random elements, thus the created examples presented here may not exactly give the same results as in the original work. Also the packet loss rate can be different due to that reason.
To be compatible with the TS26.114 network conditions, the amount of packets was increased from 1000 to 7500 (which corresponds to 150.0s duration respectively 20ms packet length).

3.2.1. Example #1 of Qualcomm’s proposal
The following parameters for the Matlab code of [2] were used (“lab testing in perfect channel condition”):
	BLER
	0%
	drx_cycle_length
	20ms

	Max number of retx
	2
	max_net_delay
	0ms

	mis_UE1_eNB1
	5ms
	min_net_delay
	0ms

	mis_UE1_eNB2
	15ms
	plr
	0%


The raw packet pattern of this example is shown in figure 23, the cross-correlation in figure 24 and the POLQA versus time/sentences in figure 25.
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	Figure 23: Delay and packet loss versus time on packet layer
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	Figure 24: Cross-correlation between source signal and ear recording
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	Figure 25: POLQA versus time / over sentences




3.2.2. Example #2 of Qualcomm’s proposal
The following parameters for the Matlab code of [2] were used (“BLER = 2%, DRX cycle = 20ms, network delay between 25ms and 30ms”):

	BLER
	2%
	drx_cycle_length
	20ms

	Max number of retx
	2
	max_net_delay
	25ms

	mis_UE1_eNB1
	17ms
	min_net_delay
	30ms

	mis_UE1_eNB2
	8ms
	plr
	0.1%


The raw packet pattern of this example is shown in figure 26, the cross-correlation in figure 27 and the POLQA versus time/sentences in figure 28.
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	Figure 26: Delay and packet loss versus time on packet layer
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	Figure 27: Cross-correlation between source signal and ear recording
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	Figure 28: POLQA versus time / over sentences


3.2.3. Example #3 of Qualcomm’s proposal
The following parameters for the Matlab code of [2] were used (“BLER = 10%, DRX cycle = 20ms, network delay between 30ms and 50ms”):

	BLER
	10%
	drx_cycle_length
	20ms

	Max number of retx
	2
	max_net_delay
	30ms

	mis_UE1_eNB1
	3ms
	min_net_delay
	50ms

	mis_UE1_eNB2
	2ms
	plr
	1.9%


The raw packet pattern of this example is shown in figure 29, the cross-correlation in figure 30 and the POLQA versus time/sentences in figure 31.
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	Figure 29: Delay and packet loss versus time on packet layer
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	Figure 30: Cross-correlation between source signal and ear recording
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	Figure 31: POLQA versus time / over sentences


3.2.4. Example #4 of Qualcomm’s proposal
The following parameters for the Matlab code of [2] were used (“BLER = 2%, DRX cycle = 40ms, network delay between 25ms and 30ms”):

	BLER
	2%
	drx_cycle_length
	40ms

	Max number of retx
	2
	max_net_delay
	25ms

	mis_UE1_eNB1
	12ms
	min_net_delay
	30ms

	mis_UE1_eNB2
	29ms
	plr
	0.1%


The raw packet pattern of this example is shown in figure 32, the cross-correlation in figure 33 and the POLQA versus time/sentences in figure 34.
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	Figure 32: Delay and packet loss versus time on packet layer
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	Figure 33: Cross-correlation between source signal and ear recording
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	Figure 34: POLQA versus time / over sentences


3.2.5. Example #5 of Qualcomm’s proposal
The following parameters for the Matlab code of [2] were used (“BLER = 10%, DRX cycle = 40ms, network delay between 30ms and 50ms”):

	BLER
	10%
	drx_cycle_length
	40ms

	Max number of retx
	2
	max_net_delay
	30ms

	mis_UE1_eNB1
	38ms
	min_net_delay
	50ms

	mis_UE1_eNB2
	37ms
	plr
	1.7%


The raw packet pattern of this example is shown in figure 35, the cross-correlation in figure 36 and the POLQA versus time/sentences in figure 37.
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	Figure 35: Delay and packet loss versus time on packet layer
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	Figure 36: Cross-correlation between source signal and ear recording
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	Figure 37: POLQA versus time / over sentences


3.3. Example: Impact of shifted delay and error profile

In the previous examples, all profiles were synchronized to the audio measurement. Each profile was synchronized to the start of the audio play & record. In this chapter the impact of a shifted profile is analyzed.
As an example, TS 26.114 Delay & error profile #3 is used again (see section 3.1.3). This profile has one characteristic delay burst between 40.0 and 70.0 seconds, which also includes packet loss. A circular shifted version of this profile was created. The shift was set to 40.0s. Figure 38 show both delay and error profiles on the packet layer. Both network profiles are identical from the parameter side regarding packet loss rate, average delay and jitter.
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	Figure 38: Original vs. 40s-shifted delay and error profile


Figure 39 shows the POLQA calculation versus time for both network conditions. When comparing beginning and end, it is obvious that similar network conditions are present in both versions. Here also the POLQA scores are almost identical. 
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Figure 39: POLQA versus time for original and 40s-shifted delay and error profile.
The interesting part of the analysis is found between 40.0s and 110.0s, where both delay and packet loss bursts are located. It can be noticed that the minimum POLQA score is shifted by 40.0s (strongest jitter, most packet loss at 60.0s in original profile). However, most of the POLQA scores located in the burst time of the original profile (40.0-70.0s) do not fit to the measurement recorded with the shifted version. Vice versa, the scores located in the burst time of the shifted version (80.0-110.0s) do not fit to the ones of the original profile. In overall, iun the range of 40.0-110.0s the POLQA scores do not corresponding to each other due to the different delay profiles here.
4. Reproducibility of measurements
The network impairment frontend MFE IX allows insertion of predefined delays and packet losses synchronized with the start of a measurement. To show the reproducibility of this setup, the measurement of profile TS 26.114 Delay & error profile #5 (see figure 17) was repeated 5 times. In this profile, most disturbances are present; the average POLQA MOS is only 2.6. Figure 40 shows the results of these runs. 
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	Figure 40: Multiple runs of POLQA measurements


Grey dots represent the score of one single sentence of one run; red dots indicate the average MOS of one sentence of all runs. Red lines show the standard deviation of each sentence. It can be seen that impairments occur always at the same position within the measured signal. The remaining deviations are rather small for some sentences but also significant for others. There may be different causes for these deviations: the DUT itself which may be time variant but also the POLQA calculation itself.
To analyze the reproducibility of the POLQA measurement itself, the same set of measurements were conducted again for the clean channel condition (MFE IX disabled, 0ms additional delay). The corresponding result graph is shown in figure 41.
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	Figure 41: Multiple runs of POLQA measurements (clean channel)


For most of the single sentences the standard deviations over the runs is negligible. But for some sentences, the deviation is quite high for a clean channel condition. Two possible reasons for remaining deviations may be considered:
1. It was reported that the POLQA algorithm sometimes may give unreasonable results per sentence. At least the outlier in figure 41 definitely shows this behaviour (no impairments audible in this sample, but POLQA MOS = 2.4). Thus figure 41 also shows which degree of reproducibility can be expected when measuring with POLQA algorithm.
2. Only one DUT was measured in this study. The adaptive JBM may behave differently on identical packet streams, e.g. due to jitter buffer fill state. In general it is not possible to reset a DUT to a certain “initial jitter buffer state”, which would remove this potential influence.
5. Conclusions
Measurements of a VoLTE terminal under different impairment conditions were presented. Besides the delay and jitter profiles described in TS 26.114 [1] profiles according to the proposal of Qualcomm  [2] were used.
The profile examples generated by Qualcomm’s proposal used in this contribution are attached as additional data (examples_proposal_Qualcomm.zip). The files provided here are stored in the same format (text file, numbers are delay in [ms], packet loss marked as -1) as in the attachment of [1].

Interesting variations over time for both, POLQA scores as well as for the delay variation can be observed. For the Profiles form TS 26.114 the MOS variation of the Average MOS value predicted by POLQA rages from MOS 3.66 - 2.61 for the terminal used in our tests. For the profiles realized based on the Qualcomm proposal the average MOS variation is MOS 3.64 – 3.05.
The need for the synchronization between the IP impairments and the audio signal was shown. Unsynchronized measurements lead to different POLQA scores versus time, even when using the same network profiles and thus adding further to the measurement variance which can be observed with repeated measurements.
The degree of reproducibility which can be achieved for a given terminal was shown by conducting multiple tests under the identical network condition. The different factors contributing to the variance of the measurements were analyzed.
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