Page 1

3GPP TSG-RAN WG4 Meeting #78

R4-160127
St. Julian’s, Malta, 15 – 19 Feb 2016
Agenda item:
6.4.2
Source:
Intel Corporation
Title:
LTE DL Control Channels IM: Reference IM receiver structures
Document for:
Discussion
1. Introduction

In the last RAN4 meeting multiple agreements on the reference CCIM receiver structures were reached and are captured in [1]. 

	· IM receiver structures for PDCCH/PCFICH/PHICH in synchronous networks

· Candidate receiver structures for PDCCH/PCFICH/PHICH in synchronous networks

· Option 1: LMMSE-IRC + CRS-IC

· Option 2: E-LMMSE-IRC 

· Option 3: E-LMMSE-IRC + CRS-IC 

· Potential criteria for selection: Performance gains, Complexity, Robustness. Companies are expected to provide analysis on those aspects in the next RAN4 meeting.

· Selection of receiver structures will be done in the next RAN4 meeting. The following approaches will be considered:

· Option 1: Downselect one reference IM receiver structure 

· Option 2: Select several reference receivers and define different UE capabilities for different receiver structures 

· E-LMMSE-IRC receiver structure assumptions on number of co-processed REs:

· Option 1 

· Colliding CRS: 2 REs for symbols #0, #1, #2 

· Non-colliding CRS: 2 REs for symbols #1 and #2; 1 RE for symbol #0. 

· Option 2 (for evaluation purpose): 

· 1 REs for both colliding and non-colliding CRS scenarios

· E-LMMSE-IRC assumptions on interferer PDCCH/PHICH/PCFICH power boosting and loading

· For the definition of the minimum performance requirements apply E-LMMSE-IRC processing under assumption that the interferer has uniform power distribution with 0 dB boosting vs the CRS power and also have 100% RU. 

· Blind detection of the interferer signal power boosting and presence is up to UE implementation and not precluded by the test cases.

· Number of receive antennas at the UE

· Define test cases for the 2RX antennas UEs only

· Receiver fallback

· UE operation in the noise-limited conditions will be verified by the legacy test case(s). No additional test cases in noise-limited conditions will be defined for the enhanced DL control channel receivers

· E-LMMSE-IRC receiver structure assumptions on interferer PDCCH region duration

· Option 1: Blind detection of the interferer PDCCH region duration (CFI decoding)

· Option 2: Conservative processing under assumption of one symbol control region duration in interference cells (i.e. use E-LMMSE-IRC for symbol #0, use LMMSE-IRC for the remaining symbols)

· Option 3: Leave it up to UE implementation and define the requirements for the CFIS = 1 only.

· CRS assistance information for reference IM receivers

· CRS-AssistanceInfo is expected to be provided for LMMSE-IRC + CRS-IC, E-LMMSE-IRC + CRS-IC and E-LMMSE-IRC Type 2 receivers (i.e. with 2 REs processing)

· FFS whether CRS-AssistanceInfo is provided for the E-LMMSE-IRC Type 1 receivers (with 1 RE processing)


In this contribution we provide our views on the remaining details of the reference IM receivers for downlink control channel IM.
2. Discussion

2.1 PDCCH/PCFICH/PHICH reference IM receivers

In the last RAN4 meeting, reference CCIM receiver structures for the PDCCH, PCFICH and PHICH were discussed, however, no final conclusions were reached. Three candidate reference IM receiver structures were identified:
· LMMSE-IRC + CRS-IC

· E-LMMSE-IRC

· E-LMMSE-IRC + CRS-IC

Following the RAN4 agreements further downselection of the CCIM receiver structures should be based on the analysis of the receivers performance gains, complexity, and robustness.
Performance gains
Based on performance analysis in [2] it can be observed that the E-LMMSE-IRC Type 2 receivers with 2 co-processed REs (“E-LMMSE-IRC Type 2” and “E-LMMSE-IRC Type 2 + CRS-IC”) provide significant performance improvement (up to 5 dB) over “LMMSE-IRC + CRS-IC” receivers for different investigated scenarios including both colliding and non-colliding CRS, as well as high and medium interference power conditions, different PDCCH ALs, different interference loading levels and power level distributions. The Type 1 E-LMMSE-IRC receivers with per-RE processing (“E-LMMSE-IRC Type 1” and “E-LMMSE-IRC Type 1 + CRS-IC”) have lower performance than the E-LMMSE-IRC Type 2 receivers, however, still offer certain performance improvement over LMMSE-IRC.
Robustness

The link-level simulations in [2] illustrate that both LMMSE-IRC and E-LMMSE-IRC receivers ensure performance gains over LMMSE-MRC receivers for the majority of the investigated scenarios. Both receivers may have slight performance loss vs the LMMSE-MRC for the case of the extremely low interference signal loading. However, such situation may be considered as a corner case. Furthermore, the results indicate that the “E-LMMSE-IRC + CRS-IC” receivers have performance no worse than the LMMSE-IRC for all investigated conditions.
Complexity

The Type 1 E-LMMSE-IRC receivers with the per-RE processing have almost identical complexity as the LMMSE-IRC receivers under an assumption that CRS-IC is applied for both of them. The Type 2 E-LMMSE-IRC would introduce certain complexity growth comparing to the LMMSE-IRC + CRS-IC due to different interference covariance matrix estimation procedure and different structure of the covariance matrix which impacts the complexity of the pre-whitening operation. However, given that DL control channel processing has relatively medium contribution to the overall baseband complexity, we think that Type 2 E-LMMSE-IRC acceptable from the overall receiver implementation perspective. Furthermore, we would like to note that different UE implementation approaches can be considered to reduce the algorithm complexity, while maintaining similar level of performance. For instance, as shown in Section 2.2.2 the interference covariance matrix granularity, which is one of the parameters affecting the complexity, can be adjusted at certain level to achieve target performance/complexity trade-off.
Therefore, we conclude that the E-LMMSE-IRC + CRS-IC receivers provide the best performance and ensure sufficient robustness. Although the E-LMMSE-IRC complexity can be higher than the LMMSE-IRC complexity at some extent, we think that the overall complexity is at the acceptable level. So, the E-LMMSE-IRC + CRS-IC receiver is recommended to be used as the reference IM receiver structure for the PDCCH/PCFICH/PHICH processing.
Proposal #1:
Use E-LMMSE-IRC + CRS-IC reference IM receiver structure for PDCCH/PCFICH/PHICH in the synchronous networks.
2.2 E-LMMSE-IRC receiver assumptions

To proceed with the E-LMMSE-IRC receiver requirements a number of the remaining aspects need to be decided:

· Number of co-processed REs for interference covariance matrix reconstruction

· Interference covariance matrix reconstruction granularity
· Interferer PDCCH region duration assumptions

2.2.1 Number of co-processed REs
In the last RAN4 meeting it was agreed to keep two options on the number of co-processed REs for E-LMMSE-IRC for further analysis. The following two generic options are considered:
· E-LMMSE-IRC Type 1: Interference covariance matrix is estimated under assumption that interference signals are transmitted based on SM Rank 2 precoder, i.e. the interference covariance matrix reflects the interference observed on a single 1 RE. Such type of processing is applicable for all considered scenarios including colliding and non-colliding CRS cases.

· E-LMMSE-IRC Type 2: Interference covariance matrix is estimated under assumption that SFBC mode is used for the interference signal transmission and 2 REs are used for estimation to take into account spatial structure of interference signals. This type of E-LMMSE-IRC processing is applicable for all REs in the colliding CRS scenarios and for the second and third OFDM symbols REs in the non-colliding CRS scenarios.
Based on the RAN4 agreements, it is assumed that for non-colliding CRS case Type 1 processing can be used for the 1st OFDM symbol. Meantime, the number of co-processed REs for colliding CRS and other symbols for the non-colliding CRS are FFS. In the companion paper [2] we provide detailed link level simulation results with performance analysis of both E-LMMSE-IRC types for different scenarios. In Figure 1 we illustrate the selected PDCCH simulation results (the simulation assumptions are described in the Annex A).
	Colliding CRS pattern. Serving PDCCH AL 2. CFI = 3. 
High INR. 100% PDCCH loading. Uniform power profile.
	Colliding CRS pattern. Serving PDCCH AL 2. CFI = 3. 
High INR. 50% PDCCH loading. Non-Uniform power profile.
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	Non-Colliding CRS pattern. Serving PDCCH AL 2. CFI = 3. 
High INR. 100% PDCCH loading. Uniform power profile.
	Non-Colliding CRS pattern. Serving PDCCH AL 2. CFI = 3. 
High INR. 50% PDCCH loading. Non-Uniform power profile.
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	Figure 1. Impact of the number of co-processed interference REs on the E-LMMSE-IRC performance


Observations #1:
· The E-LMMSE-IRC Type 1 processing provides up to 2dB performance improvement over LMMSE-IRC processing in the investigated scenarios.
· The E-LMMSE-IRC Type 2 processing provides further noticeable performance improvement over both E-LMMSE-IRC Type 1 (up to 3 dB) processing and LMMSE-IRC (up to 4-5 dB).
Proposal #2:
Use E-LMMSE-IRC Type 2 receivers with 2 co-processed REs for the Colliding CRS scenarios and Non-colliding CRS scenarios for OFDM symbols without CRS.
2.2.2 Interference matrix reconstruction granularity
In the previous RAN4 meetings several questions on the interference matrix reconstruction granularity were raised. In general this granularity is one of the factors which might affect the complexity of the E-LMMSE-IRC. Depending on the implementation UE may use different granularities of the interference noise estimation granularity. In the ideal case UE can reconstruct the interference matrix for each processed RE (pair of REs). To reduce the complexity of the E-LMMSE-IRC demodulation, the interference and noise covariance matrix can be estimated with a coarser granularity (e.g. 1 matrix per 1 PRB). Below, in Figure 2 we illustrate the E-LMMSE-IRC Type 2 receiver performance for the case of fine per RE interference noise estimation granularity (“Full” complexity) and coarse granularity with 1 matrix per PRB (“Reduced” complexity). The results show that the receiver complexity reduction can be achieved, while maintaining almost similar level of performance. Given such results and assuming the difference between full complexity and reduced complexity algorithm is typically within 0.5 dB, we think that there is no need to specify the exact interference matrix reconstruction granularity assumptions used to define the requirements and it can be left up to UE implementation.
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	Figure 2. E-LMMSE-IRC - Interference noise estimation granularity impact


Observations #2:

· E-LMMSE-IRC receivers with per PRB level interference covariance matrix reconstruction have approximately same performance as receivers with per RE level interference covariance matrix reconstruction.

2.2.3 Interferer PDCCH region duration

In the last RAN4 meeting assumption about interferer PDCCCH region duration detection for E-LMMSE-IRC processing were discussed and three possible options were proposed:

· Option 1: Blind detection of the interferer PDCCH region duration (CFI decoding)

· Option 2: Conservative processing under assumption of one symbol control region duration in interference cells (i.e. use E-LMMSE-IRC for symbol #0, use LMMSE-IRC for the remaining symbols)

· Option 3: Leave it up to UE implementation and define the requirements for the CFIS = 1 only.

In Figure 3 we provide link level results with analysis of interference PCFICH detection impact on the performance of the E-LMMSE-IRC Type 2 receivers for the scenarios with CFIS=CFII=3 and CFIS=3, CFII=1. For the LMMSE-IRC receiver we assume that the interferer PCFICH is not available and the receiver always applies interference whitening based on the PDCCH interference. For the conservative E-LMMSE-IRC receivers, we assume that the E-LMMSE-IRC processing is applied for the 1st OFDM symbol. For the remaining symbols LMMSE-IRC based interference whitening is used under assumption of the PDCCH region interference. For the blind E-LMMSE-IRC, we assume that UE detects interferer PCFICH and applies receive processing accordingly. For the equal CFI case it can use the E-LMMSE-IRC processing for all symbols. For the CFIS=3, CFII=1 scenario, it can apply interference whitening based on the PDSCH interference assumptions. Based on the provided simulation results it can be observed that the blind detection of the interferer PCFICH allows much more flexibility in terms of interference handling and provides non-trivial performance improvement in the investigated scenarios. From our point of view, the additional complexity from the interferer PCFICH detection is rather limited. Meantime, we consider this implementation as an advanced one and think that at least the requirements for the baseline E-LMMSE-IRC functionality need to be introduced. So, the CFIS = 1 scenario seems to be a reasonable compromise which does not provide preference to one or another solution and leaves PCFICH detection up to UE implementation. In the companion paper [2] we illustrate that E-LMMSR-IRC receivers provide noticeable performance improvement in the scenarios with CFIS=CFII=1 in comparison with Baseline solution, especially for the High interference power conditions. Therefore, in our view, at least the requirements for the CFIS = 1 (Option 3) should be defined. Whether the requirements for the CFIS > 1 and E-LLMSE-IRC with Blind detection of the interferer PDCCH region duration (Option 1) should be defined may need further discussion in RAN4.
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	Figure 3. E-LMMSE-IRC - Interferer PCFICH detection impact


Observations #3:

· E-LMMSE-IRC receivers with interferer PCFICH detection provide significant performance improvement in comparison with conservative processing.

· E-LMMSE-IRC receivers with conservative processing have limited performance improvement (less than 1 dB) in comparison with LMMSE-IRC receivers.

Proposal #3:
Define the performance requirements for the CFIS = 1. FFS whether to introduce requirements for the CFIS > 1 case and E-LLMSE-IRC with Blind detection of the interferer PDCCH region duration.
3. Conclusions

In this contribution, we have provided our views on the reference downlink control channel IM receiver structures. In summary, we make the following proposals:

Proposal #1:
Use E-LMMSE-IRC + CRS-IC reference IM receiver structure for PDCCH/PCFICH/PHICH in synchronous networks.
Proposal #2:
Use E-LMMSE-IRC Type 2 receivers with 2 co-processed REs for the Colliding CRS scenarios and Non-colliding CRS scenarios for OFDM symbols without CRS.
Proposal #3:
Define the performance requirements for the CFIS = 1. FFS whether to introduce requirements for the CFIS > 1 case and E-LLMSE-IRC with Blind detection of the interferer PDCCH region duration.
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Annex A: Simulation Assumptions

Table 1. Simulation parameters
	Parameters
	Value

	System bandwidth
	10MHz for both serving cell and interfering cells

	Duplexing mode
	FDD

	Cyclic prefix
	Normal

	Channel model
	EPA-5Hz for all links

	Number of interference cells
	2 interfering cells

	Interference power profile
	Interference profile - NAICS scenario #1, 40% RU, low SINR Case

Medium INR:  I1/Noc = 7.77 dB, I2/Noc = 2.29 dB

High INR:        I1/Noc = 13.91 dB, I2/Noc = 3.34 dB

	Network synchronization scenarios
	Synchronous network
Time offset: Interference cell #1 – 2us, Interference cell #2 – 3us

Frequency offset: Interference cell #1 –200Hz, Interference cell #2 –300Hz

	Cell ID
	Serving cell: 0

Colliding CRS: Interferer cell #1 - 6, Interferer cell #2 – 1

Non-Colliding CRS: Interferer cell #1 - 1, Interferer cell #2 – 6

	CRS ports
	Port 0 and 1

	Antenna configuration
	2x2 with Low correlation

	Tx EVM
	6%

	Serving cell PDCCH
	AL 2, 4
DCI Format 2 (43 bits – FDD, 10MHz)

	Interference model
	PDCCH/PHICH interference signals are emulated using random QPSK-modulated symbols with the SFBC-based precoding with per-REG signal transmission granularity:

PCFICH interference is explicitly modelled

PDSCH interference signals – QPSK, Rank 1 with per-TTI partial loading model
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