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1 Introduction

This contribution is an update of R1-091875. Non-contiguous PUSCH transmission with single DFT per component carrier (CC) will be supported in LTE-A. This is because when the CM is not a significant concern, non-contiguous resource allocations (RAs) were shown to provide ~12%-15% gain (10 MHz BW) in average sector throughput [1-4]. Despite some largely theoretical results also showing cell-edge throughput gains [3], such gains are unlikely to be observed in practice for several reasons, including the typically small SRS transmission BW from UEs with small SINR and the total overhead of maximum SRS BW required to support scheduling of tens of UEs over the entire BW.  
The outstanding issues for the support of non-contiguous RA per CC are the RA type and whether to introduce a new DCI format for SIMO and two DCI formats for SU-MIMO (one for contiguous and one for non-contiguous RAs). Focusing on SIMO, the introduction of a new DCI format is problematic and it is highly desirable that it is avoided due to the following reasons:

a) It will increase the maximum number of blind decoding operations (BDs) from 44 to 60 for a 36.4% increase! This does not even consider the introduction of DCI formats for UL SU-MIMO. Such complexity increase negates to a large extend the throughput gains from non-contiguous RA within the same CC.
b) The substantial increase in the number of BDs will be introduced only to serve a sub-set of LTE-A UEs; the ones without PUSCH transmission in multiple CCs and without contiguous transmission in 1 CC. However, all UEs will be impacted. Also, it will not be possible to have a UE class with LTE-type complexity (i.e. operation in a single CC and re-use of the LTE PDCCH decoder architecture) supporting non-contiguous RA.

c) The false CRC pass probability, with a 16-bit CRC, increases considerably when the number of BD operations increases by 36.4%, particularly for the operating BWs for which non-contiguous RA is beneficial (
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 5 MHz) [7, 8]. This of course increases the likelihood of UE soft buffer corruption and collisions in the UL ACK/NAK transmissions.
Note that because of the semi-static configuration of DCI formats in LTE and the duality of DCI format 0/1A, serving a sub-set of UEs with a particular DCI format in LTE does not increase the number of BDs.
With the objective to avoid the previous shortcomings from the introduction of multiple new DCI formats for PUSCH transmission, this contribution considers whether a new DCI format to support non-contiguous RA per CC is needed. The usual aspects of complexity and performance are considered. The former is unambiguously identified by the 36.4% increase in the total number of BDs. The latter is considered in this contribution through evaluations of the average and cell edge sector throughput. The increase in the likelihood of false CRC passes from the introduction of a new DCI format to support non-contiguous RA should also be considered as a performance aspect [8].
It is shown that the introduction of a new DCI format to support non-contiguous UL RAs is not warranted. Instead, DCI format 0 can be re-used with the introduction of the same RBG principle as for DCI format 1 for the RA.

2 Performance Aspects for Non-Contiguous RA
2.1 Localized Scheduling
The gains in average sector throughput and average cell-edge UE throughput with non-contiguous RA are evaluated for Case 1 (ISD = 500m) representing a non-power limited setup, and Case 3 (ISD = 1732m) representing a power limited setup [5]. The simulation assumptions are included in the Appendix. Some aspects include:

a) System BW of 10 MHz and use of RBG-type RA with each RBG consisting of 3 PRBs (as in LTE DL).
b) 10% from each BW edge is allocated to PUCCH and is not available for PUSCH (system at “full load”) ( the middle 40 PRBs are available for PUSCH scheduling at 10 MHz. This is an optimistic assumption for non-contiguous RA as a typically large number of PRBs allocated to semi-persistently scheduled UEs (e.g. VoIP) is not considered.
c) Ideal SINR estimation – optimistic for non-contiguous RA. The BW over which the SINR estimate is available depends on the UE SINR. SRS Configuration 2 [4] is assumed with BW of 40 PRBs for SINRs above 5 dB, 20 PRBs for SINRs above 0 dB, and 4 PRBs otherwise [6]. No SRS overhead/capacity issues were considered (optimistic for non-contiguous RA). Actual SRS transmission was actually not modeled; instead a fresh SINR estimate was assumed available (at the respective BW part depending on the UE SINR) every 4 msec.
d) Ideal channel estimation for the SINR to BLER mapping (SINR to BLER curves for different MCS were just re-used from LTE UL) - optimistic for non-contiguous RA (more susceptible to edge effects).  
e) 1x2 SIMO, again representing the best case scenario (except for 1x1 SISO) for non-contiguous RA. 
The average sector throughput is given in Table 1. No difference was observed for cell edge throughput, as expected.
Table 1: Average Sector Throughput versus Number of Clusters
	
	1 Cluster (SC-FDMA)
	2 Clusters
	3 Clusters
	4 Clusters
	Gain from    2 Clusters
	Gain from    3 Clusters
	Gain from    4 Clusters

	Case 1
	6.90 Mbps
	7.60 Mbps
	7.64 Mbps
	7.65 Mbps
	10.14%
	10.72%
	10.87%

	Case 3
	6.72 Mbps
	7.40 Mbps
	7.41 Mbps
	7.42 Mbps
	10.05%
	10.31%
	10.44%


From the results in Table 1 and previously reported results [1-4], the following are observed:

a) The partial unavailability of SINR estimates over the entire BW, especially for Case 3, reduces the gains of non-contiguous RA in average cell throughput from the previously reported ~12%-15% to ~10%. Most throughput gains are from high SINR UEs which are likely to have large RA and high throughput.
b) The gain in average cell throughput from >2 clusters is less that 1% (practically confirming the results in [1]). This is partly because only a subset of UEs has SRS BW over the entire PUSCH BW and because, in most cases, scheduling over 2 non-contiguous sets of contiguous RBGs suffices.  

c) The gain in average cell throughput will further decrease and any gain from having more than 2 clusters will be practically eliminated (or may even become negative) when any of the following is also considered:

a. Actual SINR and channel estimation (CE) errors.
b. Multiple DFTs for transmission in multiple clusters of 1 CC are not always available (e.g. due to transmission in multiple CCs).
c. MIMO UEs and/or more than 2 eNB Rx antennas.
d. More realistic traffic than full buffer, including latency sensitive traffic.
Conclusion 1: Support of non-contiguous RA in 2 clusters is sufficient to capture practically all throughput gains.
2.2 Frequency Diversity 
The next issue to be examined is whether FH support is needed for more than 1 cluster. This has been already addressed in [2] for ideal channel estimation (CE) and SIMO/SFBC where it was shown that under favorable conditions to non-contiguous RA, the extra diversity gain was limited between 0 dB and 0.15 dB and it will actually be negative once the CM increase and actual channel estimation losses are considered. 

Additional simulations with actual CE were conducted to further evaluate any performance tradeoff from having more than 1 cluster with FH. Figure 1 presents the BLER results for 1 and 2 clusters for the TU6 channel with QPSK and QAM16 and with SIMO (1Tx/2Rx) and STBC. The RA was 4 PRBs which is a favorable setup for the 2 cluster case as larger PRB allocations will have more inherent frequency diversity and reduce any frequency diversity gains for non-contiguous RA. It can be observed that, even under favorable conditions, there is no performance gain from FH with 2 clusters relative to FH with 1 cluster with Rx diversity. Any frequency diversity gain is offset by the CE losses from the dispersion of RS power and the increased edge effects. FH transmission with 2 clusters will actually become even more detrimental once the CM penalty of 0.63 dB for QPSK or 0.42 dB for QAM16 is accounted. 
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Figure 1: BLER with FH for 1 Cluster (SC-FDMA) and 2 Clusters.

Conclusion 2: PUSCH frequency hopping is not beneficial with non-contiguous RA. 
3 Support of DFT-S-OFDM with DCI Format 0
Based on the previous 2 conclusions, the use of DCI format 0 is now examined for the support of non-contiguous RA over 2 clusters (only DCI format to be used for UL SIMO). The main issue is how to indicate the RA for PUSCH transmission over 2 clusters. To simplify matters, the focus will be in BWs of 5 MHz and above as there is little/nothing to be gained by scheduling over more than 1 cluster for BWs smaller than 5 MHz.
DCI format 0 can be used to schedule PUSCH transmissions over 1 or 2 clusters as follows:

a) Use the 1 extra bit (padded bit in LTE) to indicate whether the transmission is over 1 or 2 clusters

b) If the transmission is over 1 cluster, all DCI format 0 fields are as in LTE
c) If the transmission is over 2 clusters, then

a. The FH bit is used to extend the RA field

b. The RA uses the RBG concept as in LTE DL (RBG size of 2/3/4 PRBs at 5/10/20 MHz, respectively)

c. All other fields in DCI format 0 are as in LTE
d) Preferred improvement in RA efficiency (optional): Address only the PUSCH PRBs 
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a. PRBs at the BW edges can be addressed, if needed for ACI reasons, as in LTE using single-carrier (no need for PUSCH transmission in multiple clusters in such cases)  

Applying the above, the interpretation of the RA field at 5/10/20 MHz in case of PUSCH transmission over 2 clusters is given in Table 2.

Table 2: RA Field for PUSCH Transmission over 2 Clusters

	System Bandwidth
	 Number of RA Bits
	RA Interpretation

	5 MHz (RBG = 2)
	10
	First 5 bits address 7 RBGs: start from first, index in increasing order

Last 5 bits address 7 RBGs: start from last, index in decreasing order

	10 MHz (RBG = 3)
	12
	First 6 bits address 10 RBGs: start from first, index in increasing order

Last 6 bits address 10 RBGs: start from last, index in decreasing order

	20 MHz (RBG = 4)
	14
	First 7 bits address 15 RBGs: start from first, index in increasing order

Last 7 bits address 15 RBGs: start from last, index in decreasing order


Figure 2 shows the addressing of the first cluster and the addressing of the second cluster for 
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 (just for the simplicity of the description, the value of 
[image: image6.wmf]UL

RB

N

assumes 90% spectral efficiency at 10 MHz and 
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 captures the “PUCCH region”).
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Figure 2: RA Addressing 
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 PRBs for DCI Format 0 with 2 clusters at 10 MHz.

PRBs indicated as “Set 1”/“Set 2” may not be captured by the second/first cluster, respectively, but such an event is both rare and trivial. In Figure 2, these PRB sets exist only when the allocation of the first/second cluster is only the first/last RBG and the second/first cluster needs to address the third RBG from the start/end. In general, given
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and the number of RA bits, the size of these PRB sets depends on 
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 and the RBG size. Nevertheless, for 10 MHz BW, these PRB sets can be practically eliminated with an RBG size of 4 PRBs while even addressing the entire UL BW, as in Figure 3. However, this is not needed (the occurrence of these PRB sets was not observed in simulations and will have no effect on throughput).
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Figure 3: RA Addressing 
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PRBs for DCI Format 0 with 2 clusters at 10 MHz.

4 Conclusions
This contribution considered aspects of non-contiguous RA in LTE-A. Link and system level results were presented indicating, in relative agreement with other results, that limiting the number of clusters to 2 is sufficient for capturing practically all throughput gains with non-contiguous RA while using FH for non-contiguous PUSCH transmissions is actually detrimental. Throughput gains for PUSCH transmission over more than 1 cluster are expected to substantially diminish once operating non-idealities, transmission over multiple CCs, and other realistic assumptions are considered. 
DCI format 0 can be re-used for non-contiguous RA without any meaningful impact on system throughput by:
a) Using the currently unused bit in DCI format 0 to differentiate between RAs for 1 and 2 clusters.
b) Addressing RBGs instead of individual PRBs.
c) Using the 1 bit from the FH field to supplement the bits in the RA field.
The benefits of re-using DCI format 0 for non-contiguous RA in LTE-Advanced can be outlined as:
a) Avoid unnecessarily introducing new DCI formats, particularly for UL SIMO where the duality with DCI format 1A exists. This is also likely to lead to the introduction of only 1 DCI format, instead of 2 DCI formats, to support UL SU-MIMO with the capability of addressing non-contiguous RA in one CC. 
b) Avoid any complexity impact from unnecessarily increasing the number of blind decoding operations by 36.4% (per CC).
c) Enable re-use of PDCCH decoding design for UE capability classes as in LTE (scheduling in one CC) while supporting non-contiguous RA.

d) Avoid increasing the false CRC pass probability to the point of impacting proper LTE-A system operation.

e) Avoid unnecessarily increasing PDCCH overhead (from a new DCI format with larger size than DCI format 0).
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Appendix
The UE Tx power back-off, relative to SC-FDMA with QPSK modulation was modeled as in Table A.1. The maximum transmission power of SC-FDMA with QPSK was 23 dBm (to account for CM of ~1 dB for SC-FDMA with QPSK).
Table A1: UE Tx Power Back-off Modeling (in dB)
	
	Number of Clusters

	
	1
	2
	3
	4

	QPSK
	0
	0.63
	1.10
	1.35

	QAM16
	0.78
	1.20
	1.50
	1.69

	QAM64
	0.95
	1.34
	1.58
	 1.75


The remaining of the system level simulation parameters are given in Table A.2.

Table A2:  System Level Simulation Parameters for Case 1 and Case 3 from [6]
	Parameter
	Assumption/Value

	System BW
	10 MHz

	Number of UEs
	40

	Maximum Number of

Scheduled UEs/sub-frame
	10

	SIMO Setup
	1x2

	Channel Model
	TU6, 3 Kmph, 2 GHz, Ideal CE

	Target IoT
	Case1: 7 dB, Case3: 5 dB  

	Power Control
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	Cell Layout
	Hexagonal, 19 cells, 3 sector/cell

	Scheduler, Target BLER
	PF, 10% (full buffer)

	ACK/NAK Delay
	8 sub-frames

	SINR Estimate
	Ideal, Update every 4 msec

	SRS Operation
	Implicitly Modeled

SINR Availability in BW portion depending on PL

	PUCCH Overhead
	10 PRBs (20%)
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