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1 Introduction
This document addresses the measurement interfaces of the UE delay from an end-to-end delay perspective. The ambition is to define a measurement interface (UE delay reference points) that is

· Unambiguous

· Access agnostic (i.e. applicable to both GSM, UMTS, and LTE access)

· Intuitively correct from an end-to-end perspective
For GSM, the reference point for the UE delay requirements is defined in 3GPP TS 43.050 as

· The delay in the send (uplink) direction is the delay between an acoustic event at the MRP to the last bit of the corresponding speech frame at output of the antenna
· The delay in the receive (downlink) direction is the delay between the first bit of a speech frame at the antenna and the last acoustic event at the ERP of the corresponding frame
This definition is also partly adopted in the current versions of 3GPP TS 26.131 and TS 26.132 for UMTS, but no clear definition has been stated.

In this document, the TS 43.050 definition is revisited from an end-to-end perspective, and a UE delay definition for TS 26.131 based on a modification of the TS 43.050 definition is proposed.    

2 End-to-end one way transmission delay
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Figure 1: Schematic view of mouth-to-ear one way transmission delay. Yellow solid boxes indicates coded parameters, red striped boxes indicates PCM data. The respective delay contributions are not to scale.
The mouth-to-ear one way transmission delay for a generic connection (schematically designed to cover all system technologies GSM, UMTS, and LTE) including the components user equipment (UE), radio access network (RAN) including backhaul, PLMN core network (CN), and backbone is depicted in Figure 1. The diagram displays both of the two cases of transcoder free and PCM transcoding in the PLMN. 

The coded parameters on the air interface represents one frame of 20 ms of speech, and it is proposed to define the UE send delay from the first acoustic event at the mouth reference point (MRP) in that frame of speech to the last bit of the corresponding speech frame at the output of the UE antenna. In the TS 43.050 definition it is not explicitly stated to consider the first acoustic event, but Annex D of TS 43.050 includes the entity Tsample which corresponds to the duration of one speech frame. Hence, this proposed definition is in conformance with TS 43.050. It is also in conformance with the current measurement method proposed in TS 26.132 where the delay is measured via correlation of the input to the MRP and the decoded output at the system simulator with compensation for the delay introduced by the measurement system), since the first sample of the encoded frame with this compensation coincides in time with the last bit at the output of the UE antenna. This definition is further discussed and exemplified in Section 3. 
The UE receive delay in TS 43.050 is defined from the first bit on the antenna to the last acoustic event at the ERP of the corresponding speech frame. This “last acoustic event at ERP” does not correspond to the acoustic event defining the UE send delay. Hence, in order to obtain a definition of the UE delay that follows the mouth-to-ear delay definition, it is proposed to define the UE receive delay from the first bit of the speech frame on the UE antenna to the first acoustic event at ERP/DRP of the corresponding frame. This definition of the UE receive delay is in conflict with the Annex D of TS 43.050 and Tpcm (the duration of a segment of PCM speech) shall be excluded with this new definition. It is also in conflict with the current measurement method in TS 26.132. Similar to the UE send delay, the delay in the UE receive direction is measured via correlation of the down link speech samples with the output at the ERP/DRP. Since, with correction of the delay contribution of the measurement system, the last sample in the speech frame coincides in time with the first bit at the UE antenna, also the frame length shall be subtracted from the reported figure based on correlation in order to report the delay from the first bit to the first acoustic event. The proposed definition is further discussed and exemplified in Section 4.
To summarize, it is proposed to define the UE delay reference points as follow: 

· The delay in the send (uplink) direction is the delay between the first acoustic event at the MRP to the last bit of the corresponding speech frame at the output of the UE antenna
· The delay in the receive (downlink) direction is the delay between the first bit of a speech frame at the UE antenna and the first acoustic event at the ERP

It is further proposed to revisit the requirements in TS 26.131 to reflect this modification of the UE delay reference point. It should be noted that this does not alter the pass/fail situation for a UE, since the proposed change only compensates for a new reported figure of the instrument measuring the UE receive delay. 

In the next two sections this definition will be used for examining the delay in the send and receive directions, respectively, for the access technologies GSM, UMTS, and LTE.
3 UE send delay
An overview of the send processing and the contribution to the UE delay as defined in Section 2 is presented in Table 7 and Figure 2 in Section 8. The upper part of the diagram in Figure 2 displays the “non-access specific” processing, whereas the delay that is specific for the respective access technologies in GSM, UMTS, and LTE is displayed in the lower part of the diagram. 

The non-access specific processing has been discussed in e.g. contribution 3GPP S4-120403 and are not considered in the discussion in this document. A comparison to the equivalent components specified in 3GPP TS 43.050 is however presented in Table 7. Also, a short discussion relating this processing to the current UE delay for UMTS is presented Section 6.
The procedure for synchronization of the framing structure of the speech processing to the radio transmission is neither considered in this document. It should however be noted that a proper synchronization has the potential of reducing the UE delay.   

The main focus in this document is the specific delay inherent in the air interface of the respective access technologies, linked to the definition of the UE send delay “the first acoustic event to the last bit of the corresponding frame at the antenna”.
3.1 Radio transmission delay in UE send
For GSM full rate traffic channels, the radio interface introduces a delay due to the interleaving of the speech encoded parameters over eight TDMA frames, resulting in a radio delay of approximately 37,5 ms, varying slightly (within +/- 2 ms) due to the mapping onto time slots and the GSM multi-frame structure (see e.g. 3GPP TS 42.002 and TS 42.003).
For UMTS, the coded parameters of the 20 ms speech frame is channel coded and mapped onto two 10 ms radio frames, transmitted over the air interface (see e.g. 3GPP TR 25.944). This results in an air interface specific delay contribution of 20 ms. Note that the earlier contribution 3GPP S4-120403 erroneously specified this delay to 40 ms.
In LTE, it is considered that the UE utilizes semi-persistent scheduling and Discontinuous Reception (DRX) on the air interface. It is further assumed that all bits are transmitted in one Transmission Time Interval (TTI) of 1ms (see e.g. 3GPP TS 36.321). Two examples of DRX cycle length is presented in the diagram in Figure 2, 20 ms and 40 ms, but the analysis in this document holds for any DRX cycle length as a factor of 20 ms. In the case the UE is granted to transmit on the scheduled DRX cycle, the air interface specific delay contribution equals [DRX cycle – 20 ms + 1 ms]. 
The end-to-end effect of the transmission grant is further discussed in relation to the UE receive delay for LTE access in Section 4, and it is proposed that the UE send delay for LTE access is measured with grant to send on every DRX cycle and a good radio condition that results in no packet re-transmissions. Should a jitter buffer be needed in the measurement instrument, the effect of this jitter buffer shall be excluded from the reported UE send delay.
To summarize, the radio delay of the respective air interfaces in the send direction is shown Table 1. 

Table 1: Radio delay in UE sending direction for GSM, UMTS, and LTE

	
	Radio delay on UE send

	GSM
	37,5 ms

	UMTS
	20 ms

	LTE
	20 ms DRX cycle
	1 ms

	
	40 ms DRX cycle
	21 ms

	
	80 ms DRX cycle
	61 ms


3.2 Measurements

A summary of the UE sending delay measurements in 10 calls using the same UE with both GSM and UMTS access is shown in Table 2. The measurements were performed using a HEAD acoustics ACQUA system (3.1.200) and Rohde&Schwartz CMU200. The speech processing algorithms in the UE are the same for all access technologies, but it should be noted that a 5 ms codec look ahead is used in the AMR codec for UMTS but not in the EFR codec for GSM. The raw data obtained from the ACQUA system is presented in Table 9 in Section 10.
From Table 1 it is seen that the radio delay is approximately 17,5 ms shorter for UMTS compared to GSM. This in line with the measurements for which narrowband UMTS has maximum measured delay that is 7,5 ms shorter than UMTS. Thus, compensating for the UMTS AMR codec look ahead UMTS has 12,5 ms shorter delay. The remaining difference may be attributed to the different radio related processing and the frame synchronization between the speech processing and the radio transmission. It can also be noted that narrow-band and wide-band has a similar UE sending delay for UMTS.    
Table 2: UE sending delay measurements.

	
	GSM EFR
	UMTS AMR 12.2
	UMTS AMRWB 12.65

	Measurement 1
	74,6
	64,4
	63,5

	Measurement 2
	77,4
	64,9
	62,8

	Measurement 3
	75,5
	64,5
	62,9

	Measurement 4
	75,3
	64,9
	61,4

	Measurement 5
	75,0
	64,9
	62,8

	Measurement 6
	75,6
	64,6
	62,8

	Measurement 7
	75,2
	64,6
	62,9

	Measurement 8
	75,7
	64,8
	63,8

	Measurement 9
	75,0
	64,9
	62,6

	Measurement 10 
	77,4
	64,8
	63,5

	Average
	75,7
	64,7
	62,9

	Max
	77,4
	64,9
	63,8


4 UE receive delay
Table 8 and Figure 3, Figure 4, and Figure 5 in Section 9 displays the receive processing and the contribution to the UE receive delay for the access technologies in GSM, UMTS, and LTE. Similar to the case for the UE sending delay, the UE delay contribution is split between speech processing and delay due to the design of the radio air interface.

Table 8 describes the components of the UE receive delay with a comparison to the equivalent components from Annex D in 3GPP TS 43.050. It should be noted that it is proposed to modify the definition of the UE receive delay to measure to the first acoustic event of the received speech frame (the event that corresponds to the same event on the sending side), thus obtaining a correct definition of events from a mouth-to-ear delay perspective. Hence, the 20,0 ms contribution from Tpcm  in TS 43.050 shall be excluded from the UE receive delay.
4.1 Radio transmission delay in UE receive
Similar to the case for the UE sending delay, the GSM full rate traffic channel introduces a delay of approximately 37,5 ms from the first bit is available on the UE antenna until all the bits have been transmitted over the air interface. 

For UMTS, the time between the first bit and last bit of a speech frame on the UE antenna is approximately 20 ms.  
For LTE, it is similarly as for the down-link assumed that the system operates in DRX and with semi-persistent scheduling, with all packet data sent within one TTI of 1 ms. However, due to the possible non-regular scheduling on both the up-link DRX cycle of the sending UE and the non-regular scheduling on the DRX cycle in the down-link as well as HARQ packet re-transmissions on both the up-link and down-link and other packet jitter in the connection, a jitter buffer needs to be deployed in the receive direction of the UE in order to compensate for packet that arrives late due to the non-perfect transmission conditions. The depth of this jitter buffer should be as short as possible in order to reduce the delay, but long enough to allow for a good speech quality with a minimum number of packets arriving too late.
4.2 UE receive jitter handling in LTE

On the UE down-link air interface the packet arrival time may be irregular due to two effects: Packets not send on the regular DRX cycle or packets arriving late due to HARQ re-transmission. 

The former effect may be due to late arriving packet to the eNodeB (due to jitter earlier in the transmission chain including the up-link of the sending UE) or non-granted scheduling by the eNodeB. This introduces a possible packet delay of K times the missed number of DRX cycles. The latter effect of HARQ re-transmissions introduces a delay of 8 ms per re-transmission. 

In order to minimize the delay without introducing negative effects on the speech quality due to packets arriving too late, the jitter buffer should typically adapt to the situation in any given call. The different call situations that may occur is out of scope for this document, but it is foreseen that the UE at least should be able to handle a situation where packets are arriving one scheduled event late and being re-transmitted once on the down-link. A minimum jitter buffer depth for this situation is [DRX cycle + 8 ms].   

To summarizes, the radio delay of the respective air interfaces in the send direction is shown in Table 3. 

Table 3: Radio delay in UE receive direction for GSM, UMTS, and LTE

	
	Radio delay on UE receive

	GSM
	37,5 ms

	UMTS
	20 ms

	LTE
	20 ms DRX cycle
	1 ms + [jitter buffer depth], 29 ms as example

	
	40 ms DRX cycle
	1 ms + [jitter buffer depth], 49 ms as example

	
	80 ms DRX cycle
	1 ms + [jitter buffer depth], 89 ms as example


4.3 Measurements

A summary of 10 UE receive delay measurements on the same UE for GSM and UMTS access is shown in Table 4. The measurements were performed using a HEAD acoustics ACQUA system (3.1.200) and Rohde&Schwartz CMU200. The speech processing algorithms are the same for all access technologies. 

From Table 4 it is seen that the radio delay is approximately 17,5 ms shorter for UMTS compared to GSM for narrowband. This in line with the measurements for which narrowband UMTS has maximum measured delay that is 16,1 ms shorter than UMTS. The remaining difference may be attributed to the different radio related processing and the frame synchronization between the speech processing and the radio transmission. For wide band UMTS the reported delay is approximately 15 ms longer than for narrowband, this needs further investigations.   
Table 4: UE receive delay measurements.

	
	GSM EFR
	UMTS AMR 12.2
	UMTS AMRWB 12.65

	Measurement 1
	74,4
	61,1
	51,6

	Measurement 2
	74,5
	56,6
	52,4

	Measurement 3
	72,7
	56,0
	55,3

	Measurement 4
	73,4
	56,6
	54,9

	Measurement 5
	72,9
	57,5
	55,4

	Measurement 6
	74,5
	59,9
	53,3

	Measurement 7
	73,7
	59,9
	51,5

	Measurement 8
	73,3
	56,7
	55,4

	Measurement 9
	73,0
	57,9
	52,5

	Measurement 10 
	74,4
	59,3
	51,7

	Average
	73,7
	58,2
	53,4

	Max
	74,5
	61,1
	55,4


5 Total UE air interface related delay

The sum of the UE delay due to the design of the air interface is summarized in Table 5. It should be noted that for LTE access, the UE receive delay is influenced by the jitter statistics that is a non-deterministic. The jitter handling of the UE should be adaptive to the call situation, but in order to make a comparison in good transmission conditions it is assumed that the jitter buffer in the receiving UE is adapted to handle packets arriving one scheduled DRX cycle late and/or one HARQ re-transmission.

Table 5: Total UE delay due to air interface design.

	
	Radio delay on UE send
	Radio delay on UE receive
	Total UE delay

	GSM
	37,5 ms
	37,5 ms
	75 ms

	UMTS
	20 ms
	20 ms
	40 ms

	LTE
	20 ms DRX cycle
	1 ms
	1 ms + [jitter buffer depth], 29 ms (example)
	30 ms (example)

	
	40 ms DRX cycle
	21 ms
	1 ms + [jitter buffer depth], 49 ms (example)
	70 ms (example)

	
	80 ms DRX cycle
	61 ms
	1 ms + [jitter buffer depth], 89 ms (example)
	150 ms (example)


6 Current TS 26.131

For UMTS circuit-switched operation, 3GPP TS 26.131 states that the sum of the UE delays in sending and receiving directions should be ≤ 185ms and shall in any case be ≤ 220ms. It is further concluded that although a low delay generally is preferred, there is a trade-off between low delay and UE implementation aspects such as hardware systemization, power consumption, and different speech enhancement algorithms, thus the delay of 185 ms may not always be achieved. 
The UE delay can be seen as composed of processing and air interface inherent delay (see e.g. Sections 3 and 4) where the processing consists of speech processing (including speech enhancement algorithmic delay) and radio related processing. The speech processing (excluding jitter buffer handling for LTE access) is assumed to be independent of the access technology. The processing (not including the air interface inherent delay) of the radio frames differs between different access technologies, but it is assumed that the processing time is within the same magnitude for all access technologies. 

By subtracting the delay inherent in the UMTS air interface from the UE delay requirements in TS 26.131 gives a processing delay of 145 and 180 ms for the “should” and “shall” requirements, respectively. Assuming that the processing delay is similar also for GSM and LTE, the 145/180 ms may be added to the UE air interface delay to obtain the total UE delay for the different access technologies. Table 6 summarizes the total UE delay based on the processing delay derived from the TS 26.131 requirements. The table also includes the equivalent requirements with the proposed updated UE acoustic reference point that reflect a correct mouth-to-ear delay figure also in transcoding free operations.  
Table 6: Total UE delay for different access technologies. Values in italic within parenthesis are tentative values based on the assumption of a similar processing delay as for the UMTS requirements.
	
	Radio interface delay
	Current TS 26.131 requirements with TS 43.050 UE delay definition (“should”/”shall”)
	Equivalent TS 26.131 requirements with proposed UE delay definition (“should”/”shall”)

	GSM
	75 ms
	(220/255 ms)
	(200/235 ms)

	UMTS
	40 ms
	185/220 ms
	165/200 ms

	LTE
	General
	2 + [jitter buffer depth] ms
	(147/182 + [jitter buffer depth] ms)
	(127/162 + [jitter buffer depth] ms)

	
	20 ms DRX cycle
	30 ms (example jitter)
	(175/210 ms (example jitter))
	(155/190 ms (example jitter))

	
	40 ms DRX cycle
	70 ms (example jitter)
	(215/250 ms (example jitter))
	(195/230 ms (example jitter))


7 Proposal

It is proposed to

· Update TS 26.131 to include the following definition of the UE reference points based on a revision of the TS 43.050 UE delay definition to obtain a correct mouth-to-ear reference model:

The delay in the send (uplink) direction is the delay between the first acoustic event at the MRP to the last bit of the corresponding speech frame at the output of the UE antenna

The delay in the receive (downlink) direction is the delay between the first bit of a speech frame at the UE antenna and the first acoustic event at the ERP

· Update the current TS.26.131 requirements to the equivalent delay values with the new proposed definition that unlike the TS 43.050 UE delay reference points does not include the PCM framing in the down link and yields a correct mouth-to-ear delay for the complete transmission chain

· Remove (or rephrase to reflect that the full air interface is included on both UE send and receive) the ambiguous text in Sections 7.10 and 8.10 of TS 26.132

All test equipment delays, for the network type, codec type and bitrate used according to clause 5, (including radio access, speech codec, A/D and D/A conversions etc.) are included in TTES. The values used for testing (typical value considering variations due to interleaving etc.) as declared by the test equipment manufacturers shall be reported along with the measurement results. 
· For LTE access, attribute the jitter buffer depth and management to the UE receive delay and assume a perfect transmission on the UE send delay. The effect of the UE receive  jitter buffer depth and management is proposed to be verified by applying delay profiles to the UE down-link data
8 Annex A: UE send delay diagrams

Table 7: UE send delay components.

	
	TS 43.050 equivalent (GSM Enhanced full rate)

	
	Definition
	Budget

	Processing delay
	T_ad
	The time from an acoustic event at MRP to the corresponding digital sample is available for speech processing.
	Ta/d
	2,0 ms

	
	T_frame
	The duration of one speech frame operated on by the speech encoder
	Tsample
	20,0 ms

	
	T_speech_proc 
	The processing time required for speech enhancement (e.g. echo cancellation, noise reduction) of one speech frame 
	Not included in 43.050 Annex D
	0

	
	T_codec
	Speech codec look ahead 
	No look ahead in GSM EFR
	0

	
	T_speech_code 
	The processing time required for speech encoding
	Ttransc
	8,0 ms

	
	T_tx_code
	The processing time required for preparing the encoded speech frame for the radio transmission
	Tencode
	1,6 ms

	
	T_margin
	An allowance for system entities that are implementation and HW systemization dependent (not included in the diagram)
	Tmargin
	3,0 ms

	Radio delay
	T_radio_synch
	The time required to synchronize the processed speech frame to the radio transmission interval
	Not included
	0

	
	T_radio
	The time required to transmit the encoded bits over the air interface
	Trftx
	37,5 ms

	
	Total 72.1 ms
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Figure 2: UE send delay
9 Annex B: UE receive delay diagrams

Table 8: UE receive delay components

	
	TS 43.050 equivalent (GSM Enhanced full rate)

	
	Definition
	Budget

	Radio delay
	T_radio
	The time required to transmit the encoded bits over the air interface
	Trftx
	37,5 ms

	Processing delay
	
	Current 3GPP TS 43.050 defines UE receive delay to last acoustic event at ERP/DRP. This is proposed to be excluded from the definition of US receive delay.
	Tpcm
	(20,0 ms)

	
	T_rx_decode
	The processing time from all bits are available on the antenna of the UE until the coded speech parameters are available for speech decoding. For down link this includes synchronization of the radio transmission interval to the speech processing frame.
	Trxproc
	8,8 ms

	
	T_speech_decode
	The processing time required for speech decoding
	Tsample
	1,5 ms

	
	T_speech_proc 
	The processing time required for receive side speech enhancement of one speech frame 
	Not included in 43.050 Annex D
	0

	
	T_da
	The time from the first processed digital speech sample is available  to it is present as an acoustic event at ERP/DRP
	Td/a
	1,0 ms

	
	T_margin
	An allowance for system entities that are implementation and HW systemization dependent (not included in the diagram)
	Tmargin
	3,0 ms

	
	Total 51.8 ms (71,8 ms)
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Figure 3: UE receive delay for GSM and UMTS
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Figure 4: UE receive delay for LTE access with 20ms DRX cycle
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Figure 5: UE receive delay with 40ms DRX cycle

10 Measurement data
Table 9: UE send and receive measurement data from HEAD acoustics ACQUA system and Rohde&Schwarz CMU200

	UMTS WB
	UMTS NB
	GSM EFR

	DL
	UL
	DL
	UL
	DL
	UL

	196,6
	148,5
	186,1
	149,4
	154,4
	154,6

	197,4
	147,8
	181,6
	149,9
	154,5
	157,4

	200,3
	147,9
	181,0
	149,5
	152,7
	155,5

	199,9
	146,4
	181,6
	149,9
	153,4
	155,3

	200,4
	147,8
	182,5
	149,9
	152,9
	155,0

	198,3
	147,8
	184,9
	149,6
	154,5
	155,6

	196,5
	147,9
	184,9
	149,6
	153,7
	155,2

	200,4
	148,8
	181,7
	149,8
	153,3
	155,7

	197,5
	147,6
	182,9
	149,9
	153,0
	155,0

	196,7
	148,5
	184,3
	149,8
	154,4
	157,4
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