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1Introduction
In RAN#59, an LTE Release 12 study item on Network-Assisted Interference Cancellation and Suppression was approved [1]. One of the objectives of this SI is to identify advanced receiver structures that can be used for co-channel interference mitigation with or without network signalling assistance for data and control channels. In this contribution we provide our views on the possible receiver structures that can be used for PDCCH including potential network signalling assistance.
2 Discussion on advanced receivers for control channel
Interference structure in the PDCCH region

In LTE-A Rel-11 for interference suppression on PDSCH the linear Minimum Mean Square Error Interference Rejection Combining receiver (MMSE-IRC) was introduced. To perform optimum linear rejection combining on multiple antennas at the UE, the IRC receiver typically estimates the interference covariance matrix on the reference signals (e.g., cell specific reference signals) and utilizes the spatial structure of the interference to calculate the receive antenna weights. Since for PDSCH the interference is uniform within a physical resource block (PRB), the calculated antenna weights on the reference signals can be used for all the PDSCH subcarriers of the PRB. However, for the control channel such an assumption may not be valid, since the interference within a PRB is typically not uniform and may be different from the interference on the reference signals. Fig. 1 illustrates PDCCH transmission from two cells, where random REG-level interference hit on PDCCH and CRS within a PRB can be observed.
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Fig. 1. Illustration of PDCCH structure in time and frequency for two cells
Additionally in the spatial domain for 2 and 4 CRS antenna ports the interference covariance matrix on CRS REs would be the same as for the SM mode with two layers. In such scenario MMSE-IRC receiver would not be able to cancel interference from interfering PDCCH and therefore to provide performance improvement. 
Therefore, conventional interference suppression techniques considered for PDSCH may not be applicable for the advanced decoding of PDCCH. 
Observation: 

· Conventional interference aware receivers may be not efficient for interference suppression on PDCCH.
Those observations motivate the development of advanced UE receiver structures which can be used to address interference issues on PDCCH.

LLR based interference suppression

In LTE-A the convolutional decoder for PDCCH typically does not have knowledge about the interference power values used by a neighboring base station for each REG. Thus, the decoder may encounter a received signal structure in which some subcarriers experience interference, while some other subcarriers do not. In practice, the UE receiver for PDCCH assumes the same interference for all REGs, which means that the actual receiver operation becomes mismatched to the actual interference conditions. That is, the UE receiver soft LLR scaling factors may account only for channel gains, but not for the actual interference power. 
Information about the non-uniform interference power on the received PDCCH signal can be taken into account by considering a more complex conditional pdf in the LLR. For example, assuming the most common scenario with one interfering cell, two Gaussian pdf functions with variances [image: image2.wmf]2
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)  for scenario with and without REG interference. Then, the LLR can be defined as
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where q determines the probability of interference hit on the PDCCH subcarriers, [image: image8.wmf])
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, h is channel transfer function on a given RE, 
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 are the set of QPSK points with ith bit equal to 0 and 1 respectively. 
Using Max-Log approximation the LLR can be also simplified to:
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(2)
Although parameter q is typically unknown at the receiver, it can be easily derived by the UE based on PDCCH loading information from the interfering cell. This information can be provided semi-statically to the UE, e.g., as part of network signaling assistance from the serving cell. 

To evaluate the efficiency of the proposed technique the link-level evaluations of PDCCH were carried out in the interference limited scenarios. The interfering PDCCH is modeled from one interfering base station with different probabilities of the REG interference. Five interference scenarios have been evaluated corresponding to full interfering PDCCH load (‘Scn-1’), partial interfering PDCCH load (‘Scn-2-4’) and without PDCCH interference (‘Scn-5’). For scenarios ‘Scn-2-4’ three probabilities 75%, 50% and 25% of PDCCH interference were simulated. The LLR calculation scheme was evaluated for the cases with and without network signaling assistance on the PDCCH load of the interfering cell. If no PDCCH load information is available, q = 0.5 was assumed at the receiver. The interference to noise power ratio (INR) in the simulations was constant and equal to 10 dB. The rest of simulation parameters are listed in Table 1 of the Appendix. The PDCCH performance results are presented in terms of the PDCCH Block Error Rate (BLER) vs. the Signal-to-Noise Ratio (SNR), where BLER is the ratio of the unsuccessfully received PDCCHs to the total number of PDCCH transmissions.

In Fig. 2 the BLER vs. SNR curves are presented for PDCCH transmission using two CRS antenna port base stations with TxD. It was assumed that network assisted (NA) signaling about the PDCCH load on the interfering cell was not available at the UE receiver. It can be seen that the UE receiver with the proposed LLR approximation (2) (referred in the figure as ‘apprx’) outperforms the UE receiver with the conventional LLR (referred in the figure as ‘conv’) in scenarios ‘Scn-4’ and ‘Scn-3’ by 2 dB and 1 dB, respectively, and provides almost the same performance in ‘Scn-1’ and ‘Scn-2’. However, in scenario ‘Scn-5’ the receiver with the conventional LLRs outperforms the receiver with the proposed LLRs. The degradation in that scenario is explained by the large mismatch between the interference probability assumption (q = 0.5) and the actual interference statistics. However, when NA-signaling information about the interfering PDCCH load is provided to the UE, the degradation of the receiver with the proposed LLRs in ‘Scn-5’ can be fully eliminated as shown in Fig. 2.
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Fig. 2. TxD PDCCH transmission without and with NA-signaling assistance
In Fig. 3 the BLER vs. SNR curves are presented for PDCCH transmission without and with NA-signaling, respectively, by assuming one CRS antenna port at both serving and interfering base stations. From Fig. 3 it can be seen that the gains of the proposed LLR are substantially increased compared to the scenario with two CRS antenna port base stations. For example, in scenarios ‘Scn-3’ and ‘Scn-4’ remarkable SNR gains of 3 dB and 4 dB, respectively, can be observed for the proposed LLRs compared to the conventional LLRs. As in the case of PDCCH transmission with two CRS antenna port base stations, NA-signaling can be used to improve the performance of the proposed receiver in scenarios ‘Scn-1’ and ‘Scn-5’.
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Fig. 3. One CRS antenna port PDCCH transmission without and with NA-signaling assistance
It should be noted that the performance gains could further increase for lower PDCCH aggregation level (higher coding rates), where reliability of PDCCH transmission is more sensitive to interference from the neighbouring cells.
Based on the simulation results the following proposal can be made.

Proposal: 

· Consider signalling of PDCCH load of interfering cell to assist interference aware receivers.
Maximum Likelihood receiver for PDCCH 

As mentioned above in case of 2 and 4 CRS the PDCCH interference covariance matrix measured on CRS REs would be the same as for the SM mode with two layers. In such scenario MMSE-IRC receiver would not be able to cancel interference from interfering PDCCH. Therefore other interference aware MIMO receiver structures should be considered for the decoding of PDCCH. 
One of the promising MIMO schemes currently considered for the interference suppression on PDSCH is ML/R-ML receiver [2]. ML/R-ML receiver relies on joint demodulation of serving and interfering cells under assumption of known modulation schemes. For PDSCH, the modulation scheme of the interfering signal is unknown and therefore should be estimated at the UE receiver using the received signal. However for PDCCH such estimation is not required, since only the QPSK modulation is used to modulate PDCCH. 
In spite of this simplification, PDCCH offers other challenges to the ML/R-ML demodulation of the PDCCH, such as unknown (at the UE) PDCCH power boosting (for both serving and interfering cells) and random REG-level interference hit. In order to improve the performance of ML receiver we propose to estimate these parameters from the received signal using ML criteria. For simplicity let’s consider fully overlapping PDCCH region of serving and interfering eNBs with single CRS antenna ports. The received signal model on the RE can be defined as follows:
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where 
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 is a hit indicator of the REs (may be considered as special case of boosting).
Then for a given signal assumption on serving and interfering PDCCH 
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 of the ML/R-ML IC receiver, the least square power boosting estimation can be calculated as follows:
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where 
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 can be selected using minimum distance criteria of the ML/R-ML IC receiver:
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(5)
As similar estimation of the power boosting from the received signal can be also considered for other receiver structures including E-LMMSE-IRC and SL-IC. The equation (5) can be also generalized for TxD mode when eNB has 2/4 CRS antenna ports.
Per RE power boosting estimation (5) can be improved by using the assumption that its value is the same of the set of REs. However in the current specification the time and frequency domain granularity of PDCCH power control (e.g. REG or PDCCH-level) is not defined. On the other hand such information (about set of REs on which PDCCH has the same power boosting) might be useful for advanced receivers to improve the accuracy of the power boosting estimation and detection of interference hit. For example, assuming that the power boosting is the same over N REs (e.g. N=4 for REG level power boosting) the updated estimation of the power boosting can be calculated as 
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 may be derived from the minimum distance (5). Then the updated estimation 
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 can be used in the conventional ML/R-ML receiver for PDCCH demodulation. 
It should be noted that the power boosting estimation in (4) can be any positive value without any constraints. In practice however we should expect some constraints , due to the following reasons:
· eNB transmitter implementation constraints (e.g., dynamic range of power amplifier is limited), 
· set of active users receiving PDCCH (there may be cell-edge and/or cell-centre users only) and 
· OFDM symbol index (the first OFDM symbol and the rest OFDM symbols of PDCCH may have different REs loading). 
Thus some network signalling assistance about possible power boosting values that can be in applied at the eNB to transmit PDCCH (see Figure 4) could be useful to further improve the performance of the ML/R-ML interference aware receivers.

[image: image34.emf]No interference 

hit on the RE

QPSK with restricted 

PDCCH power boosting 

Unrestricted PDCCH 

power boosting 


Fig. 4. Power boosting restrictions at the eNB for PDCCH

To evaluate the efficiency of the ML/R-ML receiver for PDCCH, the link-level evaluations were carried out in the interference limited scenarios. The interfering PDCCH is modeled from one interfering base station with 50% probability of the REG interference. The evaluations were carried out in two scenarios with 6dB and without interfering PDCCH power boosting. The interference to noise power ratio (INR) in the simulations was constant and equal to 10 dB. The rest of simulation parameters are listed in the Appendix. The PDCCH performance results are presented in terms of the PDCCH Block Error Rate (BLER) vs. the Signal-to-Noise Ratio (SNR), where BLER is the ratio of the unsuccessfully received PDCCHs to the total number of PDCCH transmissions.

In Fig. 5 the BLER vs. SNR curves are presented for PDCCH transmission using one CRS antenna port base stations. It was assumed that for blind ML-IC, information about PDCCH power boosting on the interfering cell is not available and estimated at the UE. For network assisted ML-IC (referred as NA ML-IC) the range of the possible power boosting values that can be applied at the eNB was provided.
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Fig. 5. PDCCH for different ML receiver structures with and without signalling assistance

The simulation results for PDCCH are presented in Figure 5. It can be seen that advanced ML receivers provide remarkable gains over conventional E-LMMSE-IRC receiver. Additionally the network signalling assistance about possible power boosting values could further improve PDCCH performance especially when smaller set of the possible power boosting values are considered at the UE receiver. Finally it should be noted that the performance gains of PDCCH could further increase for lower PDCCH aggregation level (higher coding rates), where reliability of PDCCH transmission is more sensitive to interference from the neighbouring cells.

Based on the discussion above the following proposal can be made. 
Proposal: 

· Consider signalling or specification of power control parameters for serving and interfering PDCCH to assist interference aware receivers:
· Signalling of the possible power boosting values (power boosting restriction) that can be used at the eNB on PDCCH (may be OFDM-symbol dependent).
· Specification of the REs granularity (frequency resolution) for PDCCH power control.
Other aspects of PDCCH/PDSCH
The CQI is reported to assist link adaptation at the eNB for PDSCH only. In LTE-A specification the CQI is based on the unrestricted observation interval in time and frequency. Potentially in TM1-9 this assumption allows UE implementations with CRS based interference measurements within the PDCCH region, i.e. on the first OFDM symbol of the subframe, where PDSCH can never occur. In such implementations the reported CQI would include interference not only from PDSCH resources, but also from the PDCCH interference of the first OFDM symbol. As the interference load and structure of PDSCH and PDCCH interference might be different, the reported CQI could lead to inaccurate link adaptation for PDSCH. Therefore some time-domain restrictions in the CQI calculation might be useful in the current specification to avoid UE implementations with interference measurements for CQI on the first OFDM symbol of the subframe. 
3 Summary

In this contribution we have discussed the possible receivers that can be used for interference cancellation and suppression on PDCCH. It was observed that conventional interference aware receivers (e.g., MMSE-IRC) may be not efficient for interference suppression on PDCCH. Therefore, other advanced receiver structures should be considered as proposed in this contribution. In order to improve the performance of such receivers network signalling assistance might be useful, such as signalling of interfering PDCCH load and power control parameters for PDCCH including possible power boosting values per OFDM-symbol (power boosting restrictions at the eNB) and REs granularity (frequency resolution) for PDCCH power control.  Using link-level simulations it was shown that such receivers can provide the performance gains for PDCCH in the interference limited scenarios. 
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Appendix
Table 1. Link-level simulation parameters
	Parameter
	Assumption

	PDCCH aggregation level at the serving base station
	4

	PDCCH payload
	31 bits

	Number of OFDM symbols in the PDCCH region
	3

	Channel model
	EPA-5Hz

	INR
	10 dB

	PDCCH transmission scheme at the base stations
	One antenna port /TxD (2 antenna ports)
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