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1
Introduction

Improvements to coverage for UL VoIP and for medium data rate PUSCH were identified as first priority areas in the UL Coverage Enhancements SI [1]. Several potential techniques have been proposed, including changes to the HARQ RTT and number of bundled subframes, support for larger TB sizes and flexible configuration / signaling in support for TTI bundling.

In this contribution, we discuss system-level design aspects for some of the proposed transmission approaches to improve the UL VoIP coverage. In particular, we consider the bundle size 4 / k+12 re-transmission scheme, the 20 TTI based transmission scheme and the PUCCH F3 like transmission scheme evaluated in ([2][4][5]).

This contribution outlines several performance considerations, expected impact onto the UE UL transmission chain, network impacts as well as expected specification impacts.
2
Background
UL coverage is primarily determined by how much energy the receiver, i.e. eNB can collect for any transmitted VoIP SDU. Then, the channel characteristics like the amount of time diversity achievable over the duration of allowed UL delay budget, or the probability of loss for individual HARQ transmissions in presence or absence of TTI bundling as a function of the fading channel under consideration are important.
R8 LTE introduced TTI bundling to improve UL VoIP coverage (Figure 1). The principle is to maximize the amount of time a UE can transmit continuously at maximum power. A single TB is channel coded and transmitted in a set of 4 consecutive TTI’s. The bundled TTI’s are treated as a single UL resource assignment where only a single UL grant and a single PHICH ACK/NACK are required. TTI bundling in R8 LTE is activated through RRC. For example, observing UE pathloss or PHR can be used by the eNB to activate TTI bundling.

When R8 TTI bundling is used, every VoIP packet can now be transmitted using a bundle of 4 consecutive subframes repeating in patterns of period 16 subframes. This is to respect the LTE UL Synchronous HARQ n+8 re-transmission intervals for a given HARQ process. For the same assumed ~52 ms example UL Uu delay budget, per VoIP SDU some 16 subframes can now be delivered to the receiver. UL subframe utilization per HARQ process is increased to some 28%. The UE can now use the available Tx power in 28% of all available subframes to deliver that RLC SDU and when not assuming RLC segmentation. In average, the total UL subframe utilization ratio for a UE across all concurrently active HARQ processes (concurrent RLC SDU’s being transmitted) can reach as high as 80% for some radio frames. Observed UL subframe utilization ratios are typically higher than 40% during talk spurt periods.
Evaluations of R8 TTI bundling (bundle size 4) show that it offers the possibility to boost coverage by some 2-2.5dB for FDD when compared to the use of 8 UL HARQ processes to carry VoIP.
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Figure 1: R8 TTI bundling: bundle size 4, k+16 re-Tx, 4 max Tx per HARQ, 4 concurrent HARQ proc.

3
Overview of candidate transmission schemes for improved LTE UL VoIP coverage
Several contributions have evaluated link-level performance of candidate transmission schemes to improve upon LTE UL VoIP coverage [2][4][5]. Based on these results, the use of longer TTI’s either by sending a R8 PUSCH or by sending a R10 PUCCH Format 3 using PUSCH allocations offers potential for an improvement close to 1dB when compared to R8 TTI bundling for a residual BLER target of 2%. Similarly, use of TTI bundle size 4 while shortening the re-transmission timeline to k+12 allows to collect some 20 TTI’s per VoIP RLC SDU and to attain similar link-level gains.
The use of RLC segmentation also offers a limited amount of flexibility to improve performance. However, increased RLC/MAC/L1 overhead results in actually worse performance for a ~50ms UL Uu budget when used in conjunction with R8 TTI bundling. This is different compared to the case where the allowable UL Uu budget can be increased to some 70-75ms.
In this contribution, we specifically consider the above mentioned 3 transmission approaches to improve upon LTE UL VoIP coverage.

Scheme A: TTI bundling with bundle size 4 but using a HARQ re-transmission timeline of k+12 (instead of k+16)

Scheme B: Longer TTI with bundle size 10 with a HARQ re-transmission timeline of k+30ms

Scheme C: PUCCH F3 like channelization

The HARQ re-transmission timeline for Scheme A (k+12) is shown in Figure 2 for a single HARQ process. The TTI bundle size of 4 is left unchanged when compared to R8 TTI bundling. However, the re-transmission delay is reduced from 16 subframes to 12 subframes. 3 concurrent HARQ processes can be supported.
A longer TTI PUSCH in its most simple realization would be a R8 PUSCH sent over 20 consecutive TTI’s carrying one VoIP RLC SDU. The R8 PUSCH format is unchanged, i.e. there is 1 RS on the middle symbol of a timeslot. The payload of TB size 320 bits + 24 bits CRC can benefit from a processing gain of 12*12*2*20/344 = 5760 or factor 16.7 in the form of channel coding. R8 turbo-coding is employed, and the contents of the circular buffer are mapped frequency-first across the 20 consecutive TTI’s resulting in an effective code rate of ~0.06. Consecutive VoIP packets delivered by the codec result in consecutive PUSCH allocations of 20 subframes each. In order to benefit from time diversity, Scheme B (Longer TTI) transmits a first VoIP packet in a single 10ms TTI PUSCH that is followed by a re-transmission of another 10 TTI’s starting at k+30 (Figure 3). 3 concurrent HARQ processes can be supported.
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Figure 2: Improved TTI bundling: bundle size 4, k+12 re-Tx, 5 max Tx per HARQ, 3 concurrent HARQ proc.
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Figure 3: Improved TTI bundling: bundle size 10, k+30 re-Tx, 2 max Tx per HARQ, 3 concurrent HARQ proc.

Scheme 3 (PUCCH F3) re-uses the R10 PUCCH Format 3 like transmission format on a PUSCH RB. In the R10 PUCCH F3, there are 2 RS per timeslot using OCC length 5. Every subframe can carry 48 channel-coded bits. 960 channel-coded bits are available for a TB size 320 bits + 24 bits CRC over transmission duration of 20 TTI’s. The effective code rate is around 0.35. The overall available processing gain for this single RB allocation occupying 20 TTI’s total factors into both spreading (x5) and channel coding (x3).
Use of a PUCCH F3 like transmission format on the PUSCH RB’s de-facto creates orthogonal resources for a CDMA like transmission approach which can be exploited in neighboring cells/sectors through FDM to improve observed UL geometry on portions of the PUSCH bandwidth. It is one consequence that UE’s configured to use such a transmission approach in a cell/sector would accordingly need to be grouped onto the same PRBs.
4
System-level design considerations
General

When considering system level impacts, it is important to remember that the bundle size and HARQ re-transmission timeline can be, but don’t need to be the same when comparing Scheme B (Longer TTI) and Scheme C (PUCCH F3). Time diversity is of course one important performance consideration, i.e. sending 2 groups of 10 TTI’s spaced 20ms apart like shown in Figure 3. However, a PUCCH F3 like channelization could also be adopted by following the R8 TTI bundling timeline shown in Figure 1.

The distinguishing feature of Scheme 3 (PUCCH F3) is the L1 transmission chain and resource mapping, including all operational aspects which related to the principle of CDMA like channelization for system operation. Both with Scheme 1 (k+12) and Scheme 2 (Longer TTI), system level impacts results mostly from the changed HARQ bundle size and/or transmission timeline. These would equally apply to either a PUSCH or a PUCCH F3 like transmission format.

Therefore, if it is assumed that Scheme 3 (PUCCH F3) follows a HARQ timeline such as shown in Figure 3 for the case of Scheme 2 (Longer TTI), then system level impacts would be additive.

Scheme A (k+12)
From the UE transmission perspective, besides the shortened re-transmission intervals, there are only few changes when compared to the implementation of R8 TTI bundling. The UE Tx buffer for incoming VoIP packets may need to operate under more stringent constraints when compared to R8. This is due to the fact that starting intervals for all 3 concurrently running HARQ processes are precisely timed, i.e. close to 100% UL subframe utilization. The predefined R8 RV sequence can still be used to generate the TTI bundle of size 4, and the PHICH AN is still received in the 4th subframe following the last transmitted TTI of a bundle. Both dynamic grant and UL SPS allocations can be used. The k+12 re-transmission timeline still allows for PDCCH in n-4 prior to a PUSCH transmission beginning in subframe n. Transmission of PUSCH and mapping of DL AN into a PUSCH in any given TTI can be done as by R8 specifications.

From the eNB perspective, the use of k+12 re-transmission patterns may somewhat increase complexity to deal with the prevention of collisions in UL subframes from synchronous HARQ re-transmissions by R8 UE’s. Already with R8 TTI bundling, the eNB needs to take into account that RB’s assigned to 4 consecutive subframes are in use by a given UE employing TTI bundling. Synchronous HARQ re-transmissions from a regular UE follow k+8 re-transmission intervals, those from UE’s using TTI bundling follow k+16. This has as a consequence that always the same HARQ processes from a regular UE map to subframes in use by a UE employing R8 TTI bundling. With the k+12 timeline, the potentially affected HARQ processes of a regular UE start to cycle, i.e. affecting different HARQ processes over periods of several frames. Also, RLC segmentation cannot be used anymore for LA (not a design delta). HARQ memory handling will be affected as well.
From the system perspective, PHICH/PDCCH operation can remain unchanged, i.e. no PHICH collisions. The UL Uu budget is little changed when compared to R8, i.e. some 52 ms to complete transmission of one RLC SDU.
Specification impacts will for example include updating 36.321 MAC to account for the k+12 re-transmission timeline. Similarly, the allowable number of supported HARQ processes is reduced to 3 when employing this improved TTI bundling mode. UL Tx power control is not impacted as far as specifications are concerned.

Observation:

Impacts from introduction of Scheme A (k+12) are estimated to be small.
Scheme B (Longer TTI)

From the UE transmission perspective, re-transmission intervals are longer than in R8. The UE Tx buffer for incoming VoIP packets can operate under somewhat relaxed timing constraints when compared to R8. This is due to the fact that starting intervals for all 3 concurrently running HARQ processes are deterministic and more or less timed aligned with the 10 ms transmission intervals, i.e. simple deterministic buffering delays with fixed delays. Both dynamic grant and UL SPS allocations can be used. The k+30 re-transmission timeline still allows for PDCCH in n-4 prior to a PUSCH transmission beginning in subframe n. Transmission of PUSCH and mapping of DL AN into a PUSCH in any given TTI can be done as by R8 specifications. However, there are more changes to consider than for the case of Scheme A (k+12) compared to the implementation of R8 TTI bundling. For example, the TTI bundling MCS RB/TBS allocations may need to be re-considered and the RV sequence mapping will need to be defined.
From the eNB perspective, the use of k+30 re-transmission patterns may somewhat increase complexity to deal with the prevention of collisions in UL subframes from synchronous HARQ re-transmissions by R8 UE’s similar to the case of Scheme A (k+12). With the k+30 timeline, the potentially affected HARQ processes of a regular UE start to cycle, i.e. affecting different HARQ processes over periods of several frames. Similar to the case of Scheme A (k+12), RLC segmentation cannot be used anymore for LA (not a design delta). HARQ memory handling and arbitration will be affected more than in the case of Scheme A (k+12). This is due to a much higher number of simultaneously processed metrics per received 10 ms TTI.
From the system perspective, the UL Uu budgets may be expected more favorable than compared to R8, i.e. some 40ms to complete transmission of one RLC SDU. This may indirectly and positively affect end-to-end VoIP performance. PHICH/PDCCH operation can in principle remain unchanged, i.e. no PHICH collisions. However, potential performance losses at system level incurred due to reduced HARQ early termination gains from the longer 10 ms TTI’s may result in the introduction of intermittent PHICH AN operation adding protocol complexity, or alternatively rely on tight control of such an improved VoIP transmission mode through eNB control (again affecting eNB implementation). It is worth noting that these effects can be assessed only following more system-level evaluation.
Specification impacts will for example include updating 36.321 MAC and limiting allowable number of supported HARQ processes to 3 when employing this improved TTI bundling mode. UL Tx power control is not impacted as far as specifications are concerned. Impacts also include introduction of PUSCH / RV sequence mapping, or would include re-considering MCS RB/TBS mappings affecting the DL DCI’s.
Observation:

Impacts from introduction of Scheme B (Longer TTI) are estimated to be somewhat, but not significantly higher than Scheme A (k+12). However, more performance evaluation of Scheme B (Longer TTI) at system level will be required in order to evaluate impacts such as potential losses from HARQ early termination gains.
Scheme C (PUCCH F3)

From the system design perspective, the use of PUCCH F3 like channelization on PUSCH bandwidth may be expected to result in further benefits beyond a 1dB link-level improvement due to the ability to multiplex users onto RB’s through OCC. This has the potential to improve upon the observed UL geometry for these VoIP users through de-facto creating orthogonal resources for a CDMA like transmission approach. To what extent operation in typically large urban macro cells such as 3GPP Case 3 with typically moderate RoT in the order of dB’s will benefit from this mode of operation will need to be evaluated at system level.

Another rather fundamental system design decision to make is the question whether the R10 PUCCH F3 can be re-used as is. R10 PUCCH uses 2 DMRS per timeslot on the 2nd and 6th symbol using OCC length 5. This is different from the PUSCH where the DMRS is on the middle symbol of a timeslot. If the R10 PUCCH F3 is sent in a PUSCH RB allocation, such an approach would force the eNB-side implementation of channel estimation on the PUSCH region to deal with regular PUSCH RB’s containing the DMRS on the middle symbol and RB allocations with VoIP UE’s containing DMRS on the 2nd and the 6th symbol. While the R10 eNB receiver has to deal with this same question in principle, the use of PUCCH F3 is limited to the PUCCH Region 3 RB’s only, and doesn’t affect the PUSCH region in R10. It may be an alternative to consider a PUCCH F3 like transmission format that uses only 1 DMRS per timeslot. Given the expected channel estimation losses, this may result in the consequence that intra-subframe FH is to be disabled in order to benefit from channel estimation gains across timeslots in a subframe. In this case, the OCC length for the data-carrying symbols could be increased to 6 resulting in even more processing gain.
While both alternatives could be investigated, it becomes clear that more work needs to be done to assess the trade-off between eNB design changes versus additional design efforts to modify the existing and extensively evaluated R10 PUCCH Format 3.
Another system design aspect to consider is that support for sending AN corresponding to DL PDSCH is also required when using the PUCCH F3 like channelization. This will require more work on data and control multiplexing when supporting the PUSCH F3 like transmission format. While mapping of Turbo-coded bits for the VoIP payload and RV sequence mapping may not represent any fundamental issue, mapping the DL AN bits into a TTI occupied by a PUCCH F3 like transmission will require puncturing into the data portion or will require separate coding for UCI and multiplexing with channel coded data. This would need to be introduced on top of the existing R10 PUCCH F3 transmitter side processing.
It can be expected that several other related design issues exist, such as for example modifications to UL grant DCI’s to support UL user multiplexing onto the OCC resources.
From the UE transmission perspective, a good amount of implementation changes to the UL processing and channel mapping can be expected, and that even for the case that the existing R10 PUCCH F3 signaling format is re-used.

From the eNB perspective, L1 processing and scheduler will be affected as well, but many details will depend on the choices made for the actual PUCCH F3 like transmission format.
Observation:

Scheme C (PUCCH F3) has the best potential for more gains at system level beyond the 1dB link-level gains amongst all considered schemes to improve UL VoIP coverage. When compared to Scheme A (k+12) and Scheme B (Longer TTI), significantly higher impacts for specification effort and incurred design delta for UE and eNB can be expected.
5.
Conclusions and Recommendations

In this contribution, we discuss system-level design aspects for some of the proposed transmission approaches to improve the UL VoIP coverage. In particular, we consider the bundle size 4 / k+12 re-transmission scheme, the 20 TTI based transmission scheme and the PUCCH F3 like transmission scheme evaluated in ([2][4][5]).
Scheme C (PUCCH F3) has the best potential for more gains at system level beyond the 1dB link-level gains amongst all considered schemes to improve UL VoIP coverage.

We estimate system, implementation and system impacts from introduction of Scheme A (k+12) to be small. Impacts from introduction of Scheme B (Longer TTI) are estimated to be somewhat, but not significantly higher than Scheme A (k+12). Significantly higher impacts can be expected with Scheme C (PUCCH F3) when compared to Scheme A (k+12) and Scheme B (Longer TTI).

We recommend to continue system-level evaluations and to pursue UL coverage improvements for LTE VoIP in a work item. This should include system level evaluation for Scheme B (Longer TTI) to evaluate impacts such as potential losses from HARQ early termination gains, and for Scheme C (PUCCH F3) to determine system level gains and details for the actual transmission format.
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