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Introduction
At RAN#65, a study on ‘Small Data Transmission (SDT) Enhancements for UMTS’ was approved as one of the topics to be studied as part of 3GPP Release 13 [1]. One aspect to be considered is coverage of small data transmissions, and during RAN1#79 a comprehensive evaluation of the Maximum Coupling Loss (MCL) for different physical channels was performed [2-9]; see Table 1 for a summary of some of the results. Three main bottleneck areas were identified from this evaluation, namely PCH over S-CCPCH, PRACH preamble and EUL. In this contribution, uplink coverage aspects associated with Enhanced Uplink (EUL) will be discussed and potential improvements will be outlined.

[bookmark: _Ref402872713]Table 1	Summary of MCL values for the agreed reference scenario.
	
	Cell search
(P-SCH,
S-SCH)
	BCH
(S-CCPCH)
	Paging
(PICH,
S-CCPCH)
	PRACH preamble
	AICH
	EUL
(DPCCH,
E-DPCCH, E-DPDCH)
	HS-SCCH
	HS-PDSCH

	MCL [dB],
Ped A 1 Hz
	154
	150
	143
	
	145
	141
	144
	160

	MCL [dB],
AWGN
	152
	152
	149
	143
	152
	146
	150
	158



Background
Ways of improving the uplink coverage have been discussed several times in 3GPP (see, e.g. [10, 12]). The different solutions can broadly be classified as:
· Increasing the power – Power is one of the most fundamental resources when it comes to coverage since increasing the power directly translates into increased coverage. However, power is a very scarce resource in the uplink, especially for coverage limited devices that are already transmitting with full power. Hence, it is important to distribute the available power in a good way. In particular, it might be preferred to focus the available power on as few physical channels as possible each time instant instead of spreading the power over several physical channels, i.e. time-multiplexing instead of code-multiplexing. 
· Reducing the rate – Reducing the rate is another fundamental approach of increasing coverage. A lower data rate requires less power for reliable communication. A reduced rate can in general be achieved by several means, for example reducing the information content, employ repetitions or increasing the TTI. For EUL, two different TTIs are available (2 ms and 10 ms) and a coverage limited device typically employs 10 ms TTI.
· Reducing the information content - Less information requires in general less power for reliable communication. Hence, small transport block sizes are favourable for coverage limited devices. Similarly, it is beneficial to reduce the control channel information.
· Repetitions and/or HARQ retransmissions – Given the limited output power from a UE, retransmissions or repetitions are powerful means to increase EUL coverage. Each new transmission increases the received power and gives a potential diversity gain. The main cost for this is increased latency and potentially an impact on higher-layers, for example re-tuning of timers.
· Favourable communication conditions – A somewhat different way of increasing uplink coverage is to aim at transmitting in favourable conditions, for example when the RoT is low in the cell or when the fading conditions are good. This has the potential to significantly increase the coverage but is obviously difficult to have full control on it. One example would be to steer SDT device traffic to low-load occasions, for example during off-peak hours such as night time. 

Improvements
EUL and HS-DPCCH have been identified as two main bottlenecks when it comes to coverage and improvements need to be considered to meet or approach the MCL range of the best physical channels. Based on the solutions listed in the previous section and results presented in [11] some alternatives for increasing the coverage in the uplink that are relevant to consider in the small data transmission enhancements work are discussed below.

Repetitions
Repetitions and/or HARQ retransmissions are powerful means of increasing coverage. Each new transmission increases the received power and gives a potential diversity gain. The main cost for this is increased latency and potentially an impact on higher-layers, for example re-tuning of timers. Looking at the results presented so far in this study, it is very likely that more than 8 E-DPDCH transmissions would be needed to achieve an MCL for EUL that is close to the MCL of other physical channels. Hence, further studies showing the impact of operating with very many physical-layer retransmissions are needed. It is primarily the impact on higher-layers that is of interest, and in particular effects of combining ‘ordinary’ operation using few retransmissions with more ‘extreme’ operation with very many retransmissions. A number of questions can be envisioned. For example, what are the specification impacts of allowing very many retransmissions, is it beneficial to fix the number of repetitions rather than relying on ACK/NACK feedback, and how can the cost of allowing very many retransmissions when coverage limited be reduced if normal operation consists of few retransmissions? The latter issue include, among others, aspects related to setup/configuration of buffer sizes, timers, etc, i.e. do all configurations need to assume a worst case consisting of very many retransmissions?

Power utilization
Power is a very limited resource that needs to be handled in a good way for coverage limited devices. In [11] it was seen that it is important to distribute the available power in an efficient manner (gain value optimization). Operating at very low DPCCH Ec/N0 may affect the channel estimation quality resulting in poor demodulation performance. For small E-DPDCH transport block sizes the cost of control channels becomes significant. Also, increasing the number of E-DPDCH transmissions reduces the required power for E-DPDCH further and control channel overhead becomes even more dominant. Consequently, it would be beneficial to focus the available power on one or a few physical channels at the time and avoid code-multiplexing. For the example considered in [11], an MCL gain in the order of 2 dB could be achieved by putting the power spent on E-DPCCH on DPCCH and E-DPDCH instead. Hence, one approach for increasing coverage is time-multiplexing E-DPCCH and E-DPDCH (see Section 3.4).
Another way of reducing the power demand of a particular physical channel is to reduce the information content or completely remove the channel (see Section 3.3). A related approach would be to move information from one channel to another, but, in general, it is not obvious that this will save power, especially if the total information content to be transmitted in a time unit remains the same.
 
[bookmark: _Ref409096951]Physical channel structure improvements
For HSPA operation the following uplink physical channels are transmitted in a code-multiplexed manner (see [15] for more details):
· DPCCH - The DPCCH carries pilot bits and TPC bits (FBI and TFCI are considered unnecessary for an SDT device). The TPC bits are used to power control the downlink (F-DPCH) and the pilot bits are required for channel estimation purposes. Both the TPC bits and the pilot bits will be needed for coverage limited SDT applications. The pilot bits will, however, be of particular importance, since the more pilot bits, the less power needs to be spent on DPCCH for accurate enough channel estimation. Hence, maximizing the number of pilot bits in the DPCCH slot format is preferred.
· E-DPCCH - The E-DPCCH carries control information related to the E-DPDCH and consists of E-TFCI (7 bits), RSN (2 bits) and happy bit (1 bit). For coverage limited SDT application, it seems reasonable that some of this information can be restricted. For example, the number of transport block sizes (E-TFCI) can be significantly reduced or even fixed to one value and the happy bit can potentially be removed. The RSN can be used by the decoder to know the redundancy version in incremental redundancy coding, but in general this can be deduced without the RSN due to the synchronous and non-adaptive HARQ procedure used in the uplink. Hence, restricting operation to Chase combining would, from a coding point of view, mean that the RSN could be reduced to a 1 bit ‘new data indicator’. However, the main reason why the RSN consists of two bits instead of one bit is to help identifying signalling error cases in SHO operation. Hence, the RSN needs to be kept or SHO operation needs to be restricted.  
· E-DPDCH - The E-DPDCH carries data and different rates are supported via code multiplexing, different coding rates, different modulation schemes, and different spreading factors. For coverage limited SDT devices, small transport block sizes (e.g. 120 bits) should be employed, and the number of possible transport block sizes can be significantly reduced or even fixed to one value.
· HS-DPCCH - The HS-DPCCH carries DL related feedback that is needed when HSPA is configured. The HS-DPCCH consists of ACK/NACK and CQI/PCI information. As was seen in [11], the HS-DPCCH can become very costly in terms of power unless very many repetitions are used. Current specifications do not allow more than four repetitions and extending the number of repetitions will impact various system aspects, such as imposing scheduler restrictions and delays. An alternative of employing repetitions could be to remove the channel completely for coverage limited operation. This can be compared to Rel-7 CELL-FACH where it is not possible for the UE to transmit the HS-DPCCH in the uplink. In this case the Node B needs to blindly decide whether to schedule a retransmission and an estimate of the supported data rate can be made from UE measured CPICH power provided by the RNC over the Iub frame protocol. Hence, a similar approach can be adopted for a coverage limited scenario, especially if EUL is configured and active simultaneously. A potential enhancement would be to include a limited CQI report in another uplink physical channel. For example, some of the E-TFCI bits in the E-DPCCH can be used to signal a limited set of CQI values. A similar approach could be envisioned for ACK/NACK information, but one complication is that HS-DPCCH is not time-synchronized with UL DPCCH, which could affect the DL HARQ timing. 

[bookmark: _Ref409096956]E-DPCCH and E-DPDCH time-multiplexing
One way of enabling higher power consumption per channel is to time multiplex the channels. One obvious candidate for such time multiplexing would be to time multiplex E-DPCCH and E-DPDCH, since E-DPCCH can have a significant power cost in scenarios where multiple E-DPDCH transmissions with small transport block sizes and soft combining are required A number of design criteria should be considered when designing an efficient E-DPCCH and E-DPDCH time-multiplexed operation, such as:
· The impact on current UEs, networks and specifications should be minimized.
· The impact on timing relations should be minimized. For example, the HARQ timing should preferably be kept.
· The current synchronous and non-adaptive HARQ operation should be kept.
· Aim at keeping existing channel structures, e.g. keep the current slot format and coding of E-DPCCH.
· The design can take advantage of the delay tolerant nature of SDT applications.
One possible E-DPDCH and E-DPCCH time-multiplexing design is outlined in Figure 1. The main idea is that for each HARQ process, the E-DPCCH is first transmitted in one subframe, followed by one or more bundled associated E-DPDCH transmissions in subsequent subframes (corresponding to the specific HARQ process). Some further details include: 
· Each bundled transmission is acknowledged (via E-HICH) according to existing mechanisms. Hence, bundled transmissions are combined with legacy retransmission procedures. As an example, if the maximum number of transmissions is set to 4 and 3 E-DPDCH transmissions are bundled, then a maximum of 12 E_DPDCH transmissions can be performed. One question is whether intermediate transmissions also should be acknowledged. This would not affect the overall transmission structure (i.e. the network would always assume that all bundled E-DPDCH transmissions occur before the next E-DPCCH), but could allow the UE to DTX parts of the E-DPDCH transmissions and thereby saving power. A related question is whether E-DPCCH transmissions also should be acknowledged. This could potentially help identifying signalling error cases.
· The current HARQ process structure and HARQ timing (round trip time) are kept. The MAC protocol needs, however, to keep track of whether the transmission is an E-DPCCH or an E-DPDCH and whether transmission info should be updated or not, e.g. E-HICH feedback, RSN, etc.
· The E-DPCCH structure can be kept, but the information could potentially be re-interpreted somewhat. For example, a new E-TFCI table can be introduced, where a subset of the E-TFCIs relates to the special coverage limited operation with time-multiplexing of E-DPCCH and E-DPDCH. This subset of E-TFCIs can carry different information, for example, how many consecutive E-DPDCH transmissions that are bundled. One example is shown in Figure 2, where E-TFCIs 1 to 3 correspond to a coverage limited scenario using the default coverage limited TBS (e.g. 120) and three, two or one bundled E-DPDCH transmissions, respectively. For example, HARQ process one uses E-TFCI 1 meaning that each E-DPCCH is associated with three E-DPDCH transmissions, HARQ processes two and three use E-TFCI 2 meaning that each E-DPCCH is associated with two E-DPDCH transmissions and HARQ process four uses E-TFCI 3 meaning that each E-DPCCH is associated with one E-DPDCH transmission.
· The number of bundled E-DPDCH associated with one E-DPCCH is a trade-off between latency, control channel overhead, and flexibility. Different processes can potentially use different bundling patterns.
· The time-multiplexed scheme can co-exist with normal code-multiplexed operation. For example, consider Figure 2, where E-TFCIs 1 to 3 are associated with time-multiplexed operation. Then all other E-TFCIs can be associated with ordinary code-multiplexed operation. Hence, if the UE, for example, choses E-TFCI=15, then ordinary code-multiplexing is used, while if E-TFCI 2 is chosen, then time-multiplexed operation with two bundled E-DPDCHs is employed. A SDT device would then be configured with the special E-TFCI table and depending on the currently used E-TFCI, either code or time multiplexing is used. This would enable support for the special coverage extension for the UEs that need it, while other UEs in more favourable conditions could still reach high bitrates and reduced latency by using higher E-TFCIs (possibly all the way up to what existing TB size tables support).
·  An alternative would be to re-configure time-multiplexing when becoming coverage limited and rely on ordinary code-multiplexing otherwise. However, it is very difficult (non-robust) to dynamically re-configure when the UE becomes power limited since the reliability of signalling decreases significantly resulting in an unpredictable behaviour. 
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[bookmark: _Ref409515801]Figure 1	Illustration of E-DPCCH and E-DPDCH time-multiplexed operation. In this example HARQ processes one, two, three and four use a bundle length of 1, 2, 2, and 3, respectively. The TTI length is 10 ms.
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[bookmark: _Ref409513692]Figure 2	More detailed illustration of E-DPCCH and E-DPDCH time-multiplexed operation. The TTI length is 10 ms.
[bookmark: _In-sequence_SDU_delivery]Conclusion
It has been agreed to study Small Data Transmission Enhancements for UMTS as part of 3GPP Release 13. One key area to be investigated in the study is the coverage aspects of small data transmissions. 
This contribution has discussed some alternatives for improving uplink coverage. In particular, an E-DPDCH and E-DPCCH time-multiplexed operation for EUL has been outlined, and ideas for how to handle the HS-DPCCH have been considered. These suggestions can improve the overall uplink HSPA MCL value by several dBs.
Proposal: Use the companion text proposal [14] to capture the ideas discussed in this contribution in the TR [13]. 
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