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1. Introduction

The general objective of the “Interference mitigation for downlink control channels of LTE” WI [1] (CCIM WI) is to specify the demodulation requirements for the DL control channels under the assumption of using practical interference aware receivers that can be used for the inter-cell interference cancellation and suppression. Based on the WI objectives, the RAN4 WG needs to identify the related scenarios and realistic interference models [1]:

	· Identify the scenarios and evaluation assumptions (including the reference receiver(s) for defining performance requirements depending on the gain for each of the control channels listed below) during the works.
· Realistic interference models for the downlink control channels should be considered. 


In the previous RAN4 WG meetings multiple agreements on the scenarios and interference models were reached and are captured in the WFs [2-4]. 

In this contribution we summarize the current status of RAN4 agreements on the interference models and provide our views on the remaining aspects of the scenarios and interference models. The suggested set of link-level simulation assumptions and test cases is provided in the companion paper [5].
2. Summary of agreements on the scenarios and interference models
Below we summarize the current RAN4 agreements on the scenarios and interference models.

	· Interference power profiles

· Agreed to use interference profiles for Homogeneous deployments.

· Note: Enhanced receivers can be applied in both Homogeneous and Heterogeneous networks. 

· Two interference cells are explicitly modelled

· INR methodology is used as interference modelling for defining performance requirements for interference mitigation of downlink control channels.

· Baseline: High INR (I1/Noc = 13.91 dB, I2/Noc = 3.34 dB)
· Other options are not excluded if technical issue is identified
· Interference CRS pattern (for synchronous networks)

· Consider both colliding and non-colliding CRS scenarios

· Cell ID patterns

· Colliding CRS Cell IDs pattern: Cell ID 0/6/1 (S/I1/I2)

· Non-Colliding CRS Cell IDs pattern: Cell ID 0/1/6 (S/I1/I2)

· May be further revisited in case technical issues are identified

· Number of transmit antennas at the eNB side and # CRS APs

· 2x2 antenna configuration with low correlation, 2 CRS APs

· Interference model for PDCCH/PCFICH/PHICH IM receiver in synchronous networks 
· CFI values for serving cell and interference cell

· EIRC + CRS-IC: CFIS = 1, CFII = 1

· IRC +  CRS-IC: CFIS = 1, CFII = 1 ; CFIS = 3, CFII = 1 ; CFIS = 3, CFII = 3

· PCFICH interference signal is explicitly modelled

· CRS interference is explicitly modelled

· PDCCH/PHICH interference structure 

· Random QPSK-modulated symbols with the SFBC-based precoding.

· Partial PDCCH/PHICH interference loading is used with 50% PDCCH/PHICH interference loading level
· Non-uniform PDCCH/PHICH power boosting with random value from -6dB to 6 dB

· Interference presence and power boosting modeling granularity is FFS 

· Option 1: per-REG

· Option 2: per-CCE

· Down-selection is done in RAN4 78bis, companies are encouraged to provide more inputs

· PDSCH interference model

· CFIS ≤ CFII: PDSCH is emulated via OCNG with 100% loading

· CFIS > CFII: Per-PRB partial level model with 50% loading is used. Reuse Rel-11 Type A receiver (TM4)  interference model parameters (RI, modulation, precoding)

· Time and frequency offset model: Reuse Rel-12 NAICS assumptions for performance gain test cases (i.e. Interference cell #1 – 2us, 200Hz, Interference cell #2 – 3us, 300Hz)

· Aggregation CCE level for serving PDCCH

· [2] for CRS-colliding case

· [4] for CRS-non-colliding case

· EPDCCH interference model for synchronous networks
· Control region duration in the serving and interference cells

· Distributed EPDCCH: CFI=2, EPDCCH starting symbols is derived from CFI

· Localized EPDCCH: The EPDCCH starting symbol is 2. CFI = 1. EPDCCH starting symbol is RRC configured.

· Aligned control regions and EPDCCH starting symbols in the serving and interference cells

· Non-colliding CRS scenarios is considered only

· PDSCH interference model

· Interference model 1

· No PDSCH present

· Interference model 2

· Reuse PDSCH interference parameters from Rel-11 Type A receiver requirements (test case 8.3.1.1A). The probability of occurrence of transmission rank 1, 2 is 80% and 20%, respectively.
· Channel model

· FFS between EPA5, EVA70, ETU70

· Interference model for asynchronous network scenarios

· Option 1: 1/3 and 2/3 subframes as timing offset for the 2 NCs (i.e. same as for Rel.11 MMSE-IRC).

· Other options are not precluded
· The DL Control Channel IM demodulation test cases will be defined at least for the following scenarios

#

Control channel

Network Type

Duplexing

CRS pattern

Purpose

PDCCH / PCFICH

Synchronous

FDD

Colliding

Enhanced PDCCH/PCFICH receiver performance gains verification

Non-Colliding

TDD

Colliding

Non-Colliding

PHICH

Synchronous

FDD

Colliding

Enhanced PHICH receiver performance gains verification

Non-Colliding

TDD

Colliding

Non-Colliding

EPDCCH

Synchronous

FDD

Non-Colliding

CRS-IC verification

TDD

Non-Colliding

CRS-IC verification

Asynchronous

FDD

NA

LMMSE-IRC verification




3. Discussion

Based on the summary of agreements in Section 2 there are several remaining details on the interference model which need further discussion including PDCCH/PCFICH/PHICH interference model for synchronous networks.
3.1 PDCCH/PCFICH/PHICH interference model for synchronous networks

There are few remaining details for the PDCCH/PCFICH/PHICH interference model for synchronous networks, which need to be decided:
· Serving and interference cells DL control region duration for the LMMSE-IRC receivers tests

· PDCCH/PHICH interference modelling granularity

· PDCCH/PHICH interference power model

· PDCCH/PHICH interference partial loading model
3.1.1 DL Control Region Duration

In the previous meeting it was agreed to consider the following scenarios w.r.t. serving and interference cells DL control region duration:
	· EIRC + CRS-IC: CFIS = 1, CFII = 1

· IRC + CRS-IC: CFIS = 1, CFII = 1; CFIS = 3, CFII = 1; CFIS = 3, CFII = 3


The simulation alignment results in [6] show that the relative performance gains comparing to the LMMSE-MRC receiver are rather aligned for all 3 possible scenarios. An example of the PDCCH simulation results is provided in Figure 1. So, actually all three possible CFI scenarios can be used for the LMMSE-IRC receiver performance verification. The scenario with CFI = 1 provides slightly larger gains for the non-colliding CRS scenario. Furthermore, the “EIRC + CRS-IC” receiver test case will be defined for the CFIS = CFII = 1 scenario, we think that it would be reasonable to use same set settings for the “IRC + CRS-IC” test cases to reduce the number of different test configurations.

Proposal #1:
Use CFIS = 1, CFII = 1 scenario for the LMMSE-IRC + CRS-IC receiver verification
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PDCCH AL2, Colliding CRS pattern
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PDCCH AL4, Non-Colliding CRS pattern

	Figure 1. PDCCH demodulation performance – Control region duration impact


3.1.2 Interference modeling granularity
The PDCCH/PHICH interference presence and power boosting modeling granularity was agreed to be FFS between per-REG and per-CCE level. In general, the per CCE level granularity is more realistic. Based on the existing agreements, the minimum requirements will be defined under “conservative processing” assumptions without interference presence/power blind detection. Meantime, the blind detection should not be not precluded by the test cases. Depending on the UE implementation different types of blind detection can be considered (if any) including per-REG and per-CCE level blind detection. None of the approaches should be penalized. In Figure 2 we provide enhanced receivers performance comparison for the per-CCE and per-REG interference models. It may be observed that there is marginal difference due to statistical averaging and performance is actually identical. Therefore, we recommend to consider the per-CCE level interference modeling granularity and the model described in [4] can be used.
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CFIS = 1, CFII = 1, AL2, Colliding CRS.
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CFIS = 1, CFII = 1, AL4, Non-Colliding CRS.

	Figure 2. PDCCH demodulation performance – Interference model granularity impact.


Proposal #2:
Use Per-CCE level PDCCH interference presence and power boosting modeling
3.1.3 Interference power model

In the last meeting a number agreements on the PDCCH/PHICH interference signals power model were reached [4]:

	· Interference model for PDCCH/PCFICH/PHICH IM receiver in synchronous networks 

· PDCCH/PHICH interference loading 

· 50% loading level 

· PDCCH/PHICH power boosting

· Non-uniform power boosting with random value from -6dB to 6 dB


After the meeting a follow up RAN4 reflector e-mail discussion was initiated with the purpose to further clarify the details of the PDCCH/PHICH interference power model for the link-level alignment simulations. In accordance to the outcome of this discussion the common understanding of the methodology can be summarized as follows:
· Interference CRS TX power is derived based on the INR

· Interference PCFICH TX power is equal to the CRS power 

· Interference PDCCH/PHICH TX power: 

· Per REG or per CCE presence and power level modelling granularity

· 50% PDCCH/PHICH presence probability

· Unequal power boosting with uniform distribution from the [-6,6] dB range

In addition, two open issues were identified and need to be clarified:

· Whether the power level should be derived in linear or log domain

· Whether additional power normalization should be used or not

In our view, there is no substantial difference whether linear or log domain distribution should be used. The log domain distribution provides a better approximation of the practical scheduling algorithms assumptions and can be recommended.
The presence/absence of the power normalization would impact the average interference signal power observed on each RE. In case power normalization is not used the average interference PDCCH RE power would be biased comparing to the average interference RSRP level (which is derived based on the INR level). As mentioned in the RAN4 e-mail discussion this may lead to several potential issues. First, as previously agreed interference PDCCH power boosting blind detection is not mandated and UE may use 0 dB boosting assumption to perform demodulation. Therefore, when an average PDCCH power bias is introduced, such conservative receivers may be somehow penalized comparing to the receivers using blind detection. Secondly, in case of using the un-normalized power approach we may face some methodology issues when defining the neighboring cell receive signal parameters. The Es term is defined as “The averaged received energy per RE … computed within a set of REs used for the transmission of physical channels”. So, when the neighboring cell Es/Noc is defined it should be defined taking into account the bias due to un-normalized power model. Meantime, in case of using power normalization, no methodology issues are foreseen.
The following power normalization model is suggested:
· 
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· α is the normalization factor;
· NRE is the total number of active PDCCH/PHICH REs in a symbol (excl. CRS, PCFICH and un-allocated REs)

· [image: image7.png]P(1)



is the power boosting coefficient of the i-th PDCCH/PHICH RE in a symbol in the linear domain before normalization;
· [image: image9.png]B(o)



is the power boosting coefficient of the i-th PDCCH/PHICH RE in a symbol in the linear domain after normalization.
In Figure 3 we illustrate the statistics of the interference cell PDCCH/PHICH RE power distribution for both un-normalized and normalized models. It may be observed that the average RE power boosting for the normalized model is equal to 0 dB while the average value for the un-normalized model is ~ 1.3 dB. Meantime, the actual range of values for the normalized model is increased from the original [-6 6] dB to the [-8.5 6] dB.
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Figure 3. Interference signal RE power boosting statistics

As shown by the simulation results in [6] the final SNR points for the two models are slightly different. It can be observed that the gap between the IRC and EIRC receivers is slightly reduced in case of using power normalizations model (due to overall interference level reduction), but is still kept at testable level. Therefore, performance wise both models can be used with normalized power model being more convenient from the test case definition perspective.
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CFIS = 1, CFII = 1, AL2, Colliding CRS pattern.
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CFIS = 1, CFII = 1, AL4, Non-Colliding CRS pattern.

	Figure 4. PDCCH demodulation performance - Power normalization impact.


Proposal #4:
Use normalized interference power model
3.1.4 Interference partial loading model
In the recent RAN4 reflector e-mail discussion the methodology for the partial PDCCH/PHICH interference loading modeling was discussed. Based on this discussion, several models can be considered:
· Model #1: Average 50% interference loading. In this case each REG/CCE in each subframe is randomly assigned to be in the active/inactive state (independent Bernoulli distribution for each REG/CCE).
· Model #2: Guaranteed 50% interference loading on a subframe basis. For each subframe 50% of all available REGs/CCEs are chosen to be active, while the remaining subframes are assigned to be inactive.

· Model #3: Guaranteed 50% interference loading for the wanted signal resources. 50% of all available REGs corresponding to the wanted signal are chosen to be active. The model is applicable in case of the REG modeling granularity only and its usage for CCE granularity case may be complicated.
The model selection may potentially affect the interference power statistics, demodulation performance and also test convergence. Below in Figure 5 we illustrate the CDF of the of the interference loading on the resources corresponding to the wanted PDCCH signal in case of using different models in case of per REG granularity. The results show that Models 1 and 2 do not guarantee constant loading distribution and have approximately same interference statistics, meantime, the Model 3 results in the constant 50% interference loading.
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Figure 5. Interference signal loading statistics
In the Figure 6 below we compare the PDCCH demodulation performance for different models. The results do not show any substantial difference in the statistics. 
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CFIS = 1, CFII = 1, AL2, Colliding CRS.
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	Figure 6. PDCCH demodulation performance - Interference signal loading model impact


During the RAN4 e-mail discussion several concerns on the test convergence time for Models 1 and 2 were raised. In Figure 7 we illustrate BLER estimation variance statistics which may be used to characterize the test convergence time at some extent. The results show that in case Models 1 or 2 are used, the BLER estimation variance is reduced in comparison with using Model 3 due to better randomization. Therefore, Model 2 used for the alignment simulation is recommended to be used for the test case definition.
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	Figure 7. BLER estimation variance


Proposal #4:
Use the following interference loading modelling methodology: Guaranteed 50% interference loading on a subframe basis. For each subframe 50% of all available REGs/CCEs are chosen to be active, while the remaining subframes are assigned to be inactive.
3.2 PDCCH/PCFICH/PHICH interference model for asynchronous networks

In the recent RAN #71 meeting it was agreed that RAN4 needs to conduct evaluations of the enhanced DL control channel IM receivers in application to the asynchronous deployment scenarios [7]:
	Open issues
· Evaluate reference IM receiver structure for PDCCH/PCFICH/PHICH in asynchronous network


In RAN4 76bis meeting a limited number of agreements on the interference model for the asynchronous network scenarios were made [8]:

	· Option 1: 1/3 and 2/3 subframes as timing offset for the 2 NCs (i.e. same as for Rel.11 MMSE-IRC).

· Other options are not precluded


In RAN4 #77 and #78 meetings the WFs on the asynchronous interference model were discussed but not agreed [8-9]. In our view the following model can be used:
· 1/3 and 2/3 subframes as timing offset for the 2 NCs.

· Full PDCCH/PHICH/PCFICH region loading (can be modelled as OCNG)

· Reuse PDSCH interference model from Rel-11 Type A receiver requirements (TS 36.101 B.5.2, 8.2.1.2.4).
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Figure 8. Asynchronous interference model
Proposal #6:
Interference model for asynchronous network scenarios:

· 1/3 and 2/3 subframes as timing offset for the 2 NCs.

· Interference cells have full PDSCH and PDCCH loading.

· Rel-11 Type A receiver asynchronous interference model (TS 36.101 B.5.2).

4. Conclusions

In this contribution, we have provided our views on the remaining details of the interference models for the DL Control Chanel IM. In summary, we make the following proposals:

Proposal #1:
Use CFIS = 1, CFII = 1 scenario for the LMMSE-IRC + CRS-IC receiver verification
Proposal #2:
Use Per-CCE level PDCCH interference presence and power boosting modeling
Proposal #3:
Use normalized interference power model
Proposal #4:
Use the following interference loading modelling methodology: Guaranteed 50% interference loading on a subframe basis. For each subframe 50% of all available REGs/CCEs are chosen to be active, while the remaining subframes are assigned to be inactive.
Proposal #5:
Interference model for asynchronous network scenarios:

· 1/3 and 2/3 subframes as timing offset for the 2 NCs.

· Interference cells have full PDSCH and PDCCH loading.

· Rel-11 Type A receiver asynchronous interference model (TS 36.101 B.5.2).
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