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1. Introduction

In the RAN#68 plenary meeting the new RAN4 WI “Interference mitigation for downlink control channels of LTE” was approved [1] (further denoted as CCIM). The general objective for this WI is to specify UE demodulation requirements for control channels with practical interference aware receivers that can be used for inter-cell interference cancellation and suppression. 
In this contribution we provide detailed set of link-level simulation results based on the reference CCIM receivers discussed in the companion paper [2] and scenarios, interference models and link-level simulation assumptions proposed in [3].
2. PDCCH

In this section we provide the PDCCH demodulation performance simulation results under assumption of using different CCIM receiver structures and for various interference conditions. The PCFICH decoding impacts are not taken into account. The performance is analysed for the following scenarios:

· Serving cell PDCCH/PCFICH:
· Colliding CRS: CFI = 3
· Non-Colliding CRS: CFI = 1, 3
· PDCCH ALs 2 and 4
· High/Medium/Low INRs from the NAICS Scenario 1, 40% RU, low SINR interference profiles

· Synchronous network scenarios

· Colliding and Non Colliding CRS scenarios

· PDCCH interference model based on [3]

· Scenario #1: 100% PDCCH loading + Uniform power distribution

· Scenario #2: 100% PDCCH loading + Non-uniform power distribution (random from -6 to 6 dB)

· Scenario #3: 50% PDCCH loading + Uniform power distribution

· Scenario #4: 0% PDCCH loading + Uniform power distribution

· Asynchronous network scenario

· 1/3 and 2/3 subframes as timing offset for the 2 NCs.
· 100% interferer PDCCH and PDSCH loading.
The performance of the following receiver types is compared:

· LMMSE-MRC (baseline)

· LMMSE-IRC with and without CRS-IC

· E-LMMSE-IRC with and without CRS-IC (Type 2 for OFDM symbols without non-colliding CRS, Type 1 for OFDM symbols with non-colliding CRS)
The simulation results summary for all scenarios is illustrated in Figure 1. PDCCH simulation results summary. The detailed simulation results for the selected scenarios are illustrated in Figure 5 in the Annex B.
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	Figure 1. PDCCH simulation results summary


Observations #1 (PDCCH):

· Synchronous networks

· LMMSE-IRC receivers provide noticeable performance improvement over LMMSE-MRC receivers in all investigated scenarios. Depending on the scenario the gains vary from 0 dB to 2 dB.

· E-LMMSE-IRC receivers provide further improvement on top of the LMMSE-IRC receivers, especially for the high INR conditions in both colliding and non-colliding CRS conditions. The overall E-LMMSE-IRC receivers gains can reach up to 6 - 7 dB.
· Colliding CRS scenario:
· CRS-IC provides limited performance improvement for the case of using E-LMMSE-IRC receiver in the majority of the scenarios. The noticeable performance improvement is achieved for a subset of scenarios only.

· Non-colliding CRS scenario:

· For scenarios with CFI=1, LMMSE-IRC + CRS-IC and E-LMMSE-IRC + CRS-IC receivers have approximately same performance. In scenarios with CFI=3 E-LMMSE-IRC + CRS-IC receivers provide performance improvement over LMMSE-IRC + CRS-IC receiver (up to 3 dB)
· CRS-IC provides relatively small performance gains on top of the LMMSE-IRC and E-LMMSE-IRC receivers for the scenarios with CFI = 3, except 0% interference loading case. For the CFI = 1 case, CRS-IC provides strong additional performance improvement (up to 6 dB for LMMSE-IRC, up to 4 dB for E-LMMSE-IRC).
· Enhanced IS/IC receivers allow achieving performance improvement for different serving cell transmission parameters and interference environments:
· In Scenario #2 with non-uniform interferer PDCCH power distribution the performance gains from using IS/IC receivers are slightly reduced comparing to the Scenario #1 with uniform power distribution.

· In Scenario #3 with partial interferer PDCCH loading the performance gains from using IS/IC receivers are reduced especially for the E-LMMSE-IRC based receivers. However, still substantial performance gains over LMMSE-MRC are observed.
· In Scenario #4 with no dominant interferer PDCCH transmissions enhanced IS/IC receivers may also provide performance improvement vs LMMSE-MRC for the non-colliding CRS scenarios.
· Asynchronous networks

· LMMSE-IRC receivers provide noticeable performance improvement over LMMSE-MRC receivers in scenarios with asynchronous transmissions in the neighbouring cells (up to 3 dB for the High INR conditions).
3. PCFICH

In this section we provide the PCFICH demodulation performance simulation results under assumption of using different CCIM receiver structures under various interference conditions. The performance is analysed for the following scenarios (the remaining parameters are provided in the Annex A):

· High/Medium/Low INRs from the NAICS Scenario 1, 40% RU, low SINR interference profiles

· Synchronous network scenarios

· Colliding and Non Colliding CRS scenarios

· PDCCH interference model based on [3]: 

· Scenario #1: 100% PDCCH loading + Uniform power distribution

· Scenario #2: 100% PDCCH loading + Non-uniform power distribution (random from -6 to 6 dB)

· Scenario #3: 50% PDCCH loading + Uniform power distribution

· Scenario #4: 0% PDCCH loading + Uniform power distribution

· Asynchronous network scenario

· 1/3 and 2/3 subframes as timing offset for the 2 NCs.
· 100% interferer PDCCH and PDSCH loading
The performance of the following receiver types is compared:

· LMMSE-MRC
· LMMSE-IRC with and without CRS-IC

· E-LMMSE-IRC with and without CRS-IC (Type 2 colliding CRS scenarios, Type 1 non-colliding CRS scenario)
The simulation results summary for all scenarios is illustrated in Figure 2. PCFICH simulation results summary. The detailed simulation results for the selected scenarios are illustrated in Figure 6 in the Annex B.
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	Figure 2. PCFICH simulation results summary


Observations #2 (PCFICH):
· Synchronous networks

· Enhanced LMMSE-IRC receivers provide relatively small performance improvement over baseline receivers in all investigated scenarios. 
· Enhanced E-LMMSE-IRC receivers provide noticeable performance improvement on top of LMMSE-IRC receivers. Gains can reached up to 6 dB.
· Using colliding CRS-IC provides rather small performance improvement over E-LMMSE-IRC in all considered scenarios. The additional performance gains are up to 1.5 dB.
· Using non-colliding CRS-IC provides noticeable additional performance improvement for both LMMSE-IRC and E-LMMSE-IRC receivers for all considered scenarios:

· In the scenarios with Low and Medium INR in case of using non-colliding CRS-IC, LMMSE-IRC and E-LMMSE-IRC receivers have approximately the same performance.
· In the scenarios with High INR E-LMMSE-IRC + CRS-IC receivers provide better performance than LMMSE-IRC + CRS-IC.
· Asynchronous networks

· LMMSE-IRC receivers provide noticeable performance improvement over LMMSE-MRC receivers in scenarios with asynchronous network (up to 3 dB). 
· For the High INR conditions the reliable PCFICH performance is achieved at -4 dB SINR for the legacy receiver and -6 dB for the enhanced receiver. Both test points are not testable.

· The absolute PCFICH demodulation performance is much better than the PDCCH demodulation performance and the PCFICH demodulation will not have impacts on the PDCCH demodulation performance. Therefore, using enhanced IS/IC receivers for the PCFICH processing may be not testable

4. PHICH

In this section we provide initial PHICH demodulation performance simulation under assumption of using different CCIM receiver structures under various interference conditions. For the analysis we consider the following main simulation assumptions (the remaining assumptions are provided in the Annex A):

· Serving cell PHICH: 

· PHICH configuration #1:

· One user (i.e. no intra cell interference) 

· Power boosting:  0 dB
· Payload: ACK

· PHICH configuration #2 (R.19)

· Three users (W I1 I2)
· Power boosting: -4, 0, -3 dB
· Payload: ACK, Random, Random

· High/Medium/Low INRs from the NAICS Scenario 1, 40% RU, low SINR interference profiles

· Synchronous network scenarios

· Colliding and Non Colliding CRS scenarios

· PDCCH interference model based on [3]

· Scenario #1: 100% PDCCH loading + Uniform power distribution

· Scenario #2: 100% PDCCH loading + Non-uniform power distribution (random from -6 to 6 dB)

· Scenario #3: 50% PDCCH loading + Uniform power distribution

· Scenario #4: 0% PDCCH loading + Uniform power distribution

· Asynchronous network scenario

· 1/3 and 2/3 subframes as timing offset for the 2 NCs.
· 100% interferer PDCCH and PDSCH loading
The performance of the following receiver types is compared:

· LMMSE-MRC
· LMMSE-IRC with and without CRS-IC

· E-LMMSE-IRC with and without CRS-IC (Type 2 colliding CRS scenarios, Type 1 non-colliding CRS scenario)
The simulation results summary for all scenarios is illustrated in Figure 3 REF _Ref434743013 \h 
. The detailed simulation results for the selected scenarios are illustrated in Figure 7 in the Annex B.
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	Figure 3. PHICH simulation results summary


Observation #3 (PHICH):

· Synchronous networks

· Enhanced LMMSE-IRC receivers provide relatively small performance improvement over baseline receivers in all investigated scenarios.
· Enhanced E-LMMSE-IRC receivers provide noticeable performance improvement on top of LMMSE-IRC receivers, especially for the high INR conditions.

· Using colliding CRS-IC provides small performance improvement over E-LMMSE-IRC in all considered scenarios. The performance gains for the high INR conditions are up to 1 dB.

· Using non-colliding CRS-IC provides noticeable additional performance improvement for both LMMSE-IRC and E-LMMSE-IRC receivers for all considered scenarios:

· In the scenarios with Low and Medium INR in case of using non-colliding CRS-IC, LMMSE-IRC and E-LMMSE-IRC receivers have approximately the same performance.

· In the scenarios with High INR E-LMMSE-IRC + CRS-IC receivers provide better performance than LMMSE-IRC + CRS-IC.

· Asynchronous networks

· LMMSE-IRC receivers provide noticeable performance improvement over LMMSE-MRC receivers in scenarios with asynchronous network (up to 3 dB). 
· Under assumption of using enhanced IS/IC receivers the operating PHICH SINR point for the PHICH configuration 1 with 0 dB power offset is very low and not testable. Using PHICH configuration 2 with -4 dB power reduction allows to increase the SINR operating point and can be used for the test case definition.
5. EPDCCH

In this section we provide EPDCCH demodulation performance simulation results under assumption of using different CCIM receiver structures under various interference conditions. The performance is analysed for the following scenarios (the remaining parameters are provided in Annex A):

· Serving cell EPDCCH parameters:
· FRC #1: AL 2, Localized EPDCCH mode

· FRC #2: AL 4, Distributed EPDCCH mode

· FRC #3: AL 8, Localized EPDCCH mode

· FRC #4: AL 16, Distributed EPDCCH mode

· High/Medium INRs from the NAICS Scenario 1, 40% RU, low SINR interference profiles

· Synchronous network scenarios

· Colliding and Non Colliding CRS scenario
· Scenario #1: 100% interferer PDSCH loading
· Scenario #2: 50% interferer PDSCH loading (on a per-TTI level)

· Scenario #3: No PDSCH interference
· Asynchronous network scenario

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

· 100% interferer PDCCH and PDSCH loading
The performance of the following receiver types is compared:

· LMMSE-MRC (baseline)

· LMMSE-IRC

· LMMSE-IRC + CRS-IC

The simulation results summary for all scenarios is illustrated in Figure 4. The detailed simulation results for the selected scenarios are illustrated in Figure 8 in the Annex B.
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	Figure 4. EPDCCH simulation results summary


Based on the results of the analysis we make the following observations.

Observations #4 (EPDCCH):

· LMMSE-IRC receivers provide noticeable performance improvement over LMMSE-MRC in case of full and partial PDSCH loading. In case of 0% interferer PDSCH loading (i.e. no PSDCH) the LMMSE-MRC receivers have nearly same performance as LMMSE-IRC receivers.
· Using CRS-IC can provide performance improvement in the non-colliding CRS scenarios, especially for the case of no PSDCH transmissions in the aggressor cell. In case of 100% interferer PSDCH loading, the performance benefits are very limited. The CRS-IC receivers provide testable gains in case of 50% PDSCH loading scenario.
· Enhanced IS/IC receivers provide performance improvement for different serving and interference transmission parameters:
· The testable performance gains are observed for the Medium and High INR conditions.
· Larger gains are observed for the serving cell EPDCCH AL 4 and 8 comparing to the AL 2.
· Using enhanced IS/IC receivers shifts the operating SINR point to a low SINR regions. The following setups allow testing the enhanced receivers with SINR operating point > -3 dB:

· Synchronous Scenario #1 (full load): AL 2 + Localized EPDCCH, AL 4 + Distributed EPDCCH
· Synchronous Scenario #2 (50% load): AL 2 + Localized EPDCCH

· Synchronous Scenario #3 (0% load): NA
· Asynchronous scenario: AL 2/8 + Localized EPDCCH, AL 4 + Distributed EPDCCH
6. Conclusions

In this contribution we provided initial link-level simulation results for the PDCCH, PCFICH, PHICH and EPDCCH for the case of using different reference CCIM receiver structures and under various interference conditions. The results are recommended to be used as the basis for further discussions on the downselection of the reference receiver assumptions and for the test case design purposes.
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Annex A: Simulation Assumptions
Table 1. Common 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, 60% RU, low SINR Case

Low INR:        I1/Noc = 3.28 dB, I2/Noc = 0.74 dB

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
	Scenario #1: Synchronous network

Time offset: Interference cell #1 – 2us, Interference cell #2 – 3us

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

Scenario #2: Asynchronous network

Time offset: 1/3 and 2/3 subframes as timing offset for the 2 NCs

Frequency offset: 0 Hz between all cells

	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%

	Unused Serving cell RE-s and PRB-s
	OCNG

	Interference model for asynchronous scenario
	Full PDSCH loading with QPSK RI = 1 interference

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

	Reference receivers
	LMMSE-MRC

LMMSE-IRC

E-LMMSE-IRC

· With and without CRS-IC

· No interference presence and power blind detection for E-LMMSE-IRC

· E-LMMSE-IRC Type 2 for the Colliding CRS scenarios and Non-colliding CRS scenarios for OFDM symbols without CRS.

· E-LMMSE-IRC Type 1 for the Non-colliding CRS scenario first OFDM symbol.


Table 2. PDCCH/PCFICH simulation parameters

	Parameters
	Value

	Scenarios
	Scenario #1: Synchronous network + Colliding CRS

Scenario #2: Synchronous network + Non-Colliding CRS

Scenario #3: Asynchronous network

	Serving cell PDCCH
	AL 2, 4

DCI Format 2 (43 bits – FDD, 10MHz)

	CFI
	Synchronous networks

· Option 1: CFIS = 3, CFII = 3 (Colliding CRS and Non-colliding CRS)
· Option 2: CFIS = 1, CFII = 1 (Non-colliding CRS only)
Asynchronous networks

CFIS = 3, CFII = 3

	Number of PHICH groups (Ng)
	1

	PHICH duration
	Normal

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

· Scenario #1: 100% PDCCH loading + Uniform power distribution

· Scenario #2: 100% PDCCH loading + Non-uniform power distribution (random from -6 to 6 dB)

· Scenario #3: 50% PDCCH loading + Uniform power distribution

· Scenario #4: 0% PDCCH loading + Uniform power distribution

PCFICH interference is explicitly modelled

	Interference model for asynchronous scenario
	Full PDSCH loading with QPSK RI = 1 interference

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

	Metric
	SINR at 1% Pm-dsg (DL scheduling grant miss detection probability)

SINR at 1% PCFICH error
PCFICH error does not imply PDCCH decoding error


Table 4. PHICH simulation parameters

	Parameters
	Value

	Scenarios
	Scenario #1: Synchronous network + Colliding CRS

Scenario #2: Synchronous network + Non-Colliding CRS

Scenario #3: Asynchronous network

	CFI
	CFIS = 1, CFII = 1

	Number of PHICH groups (Ng)
	1

	PHICH duration
	Normal

	PHICH FRC
	R.19

User roles: W I1 I2 (W=wanted user, I1=interfering UE 1, I2=interfering UE 2.)

Resource allocation: (0,0) (0,1) (0,4)

Power offsets: [-4 0 -3] dB
Payload: A R R (A=fixed ACK, R=random ACK/NACK.)

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

· Scenario #1: 100% PDCCH loading + Uniform power distribution

· Scenario #2: 100% PDCCH loading + Non-uniform power distribution (random from -6 to 6 dB)

· Scenario #3: 50% PDCCH loading + Uniform power distribution

· Scenario #4: 0% PDCCH loading + Uniform power distribution

PCFICH interference is explicitly modelled

	Metric
	SINR at 0.1% ACK to NACK miss detection probability


Table 5. EPDCCH simulation parameters

	Parameters
	Value

	Scenarios
	Scenario #1: Synchronous network + Non-Colliding CRS

Scenario #2: Asynchronous network

	Serving cell EPDCCH
	FRC #1: AL 2 Localized EPDCCH

FRC #2: AL 4 Distributed EPDCCH

FRC #3: AL 8 Localized EPDCCH

FRC #4: AL 16 Distributed EPDCCH

DCI Format 2C (44 bits – FDD, 10MHz)

	Number of PDCCH symbols
	3 for both serving and interference cells

	EPDCCH parameters
	Number of EPDCCH Sets Configured = 1

Distributed EPDCCH set PRBs {3, 17, 31, 45} 

Localized EPDCCH set PRBs {0, 7, 14, 21, 28, 35, 42, 49}

EPDCCH is transmitted in all subframes

The starting symbol for EPDCCH is derived from the PCFICH.

EPDCCH precoding model is in accordance to TS 36.101 B.4.4. and B.4.5

	Interference model for synchronous scenario
	Full PDCCH loading (OCNG)

Option 1: 100% interferer PDSCH loading

Option 2: 50% interferer PDSCH loading (on a per-TTI level)

Option 3: No PDSCH interference

	Metric
	SINR at 1% Pm-dsg (DL scheduling grant miss detection probability)

PCFICH error does not imply EPDCCH decoding error


Annex B: Simulation Results
PDCCH

	Synchronous networks. Colliding CRS scenario.

	High INR, Scenario #1, AL2
	High INR, Scenario #1, AL4
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	High INR, Scenario #2, AL2
	High INR, Scenario #2, AL4
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	High INR, Scenario #3, AL2
	High INR, Scenario #3, AL4
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	High INR, Scenario #4, AL2
	High INR, Scenario #4, AL4
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	Synchronous networks. Non-Colliding CRS scenario. CFI = 1.

	High INR, Scenario #1, AL2
	High INR, Scenario #1, AL4
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	High INR, Scenario #2, AL2
	High INR, Scenario #2, AL4
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	High INR, Scenario #3, AL2
	High INR, Scenario #3, AL4
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	High INR, Scenario #4, AL2
	High INR, Scenario #4, AL4
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	Asynchronous networks.

	High INR, AL2
	High INR, AL4
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	Figure 5. PDCCH simulation results


PCFICH

	Synchronous networks. Colliding CRS scenario.

	High INR, Scenario #1
	High INR, Scenario #2
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	High INR, Scenario #3
	High INR, Scenario #4
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	Synchronous networks. Non-Colliding CRS scenario.

	High INR, Scenario #1
	High INR, Scenario #2
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	High INR, Scenario #3
	High INR, Scenario #4
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	Asynchronous networks.

	High INR
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	Figure 6. PCFICH simulation results


PHICH

	Synchronous networks. Colliding CRS scenario.

	High INR, Scenario #1, Configuration 1
	High INR, Scenario #1, Configuration 2
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	High INR, Scenario #2, Configuration 1
	High INR, Scenario #2, Configuration 2
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	High INR, Scenario #3, Configuration 1
	High INR, Scenario #3, Configuration 2
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	High INR, Scenario #3, Configuration 1
	High INR, Scenario #3, Configuration 2

	[image: image47.emf]-20 -15 -10 -5 0 5

10

-3

10

-2

10

-1

10

0

SINR, dB

BLER HI

 

 

LMMSE-MRC

LMMSE-IRC

E-LMMSE-IRC

E-LMMSE-IRC + CRS-IC


	[image: image48.emf]-20 -15 -10 -5 0 5

10

-3

10

-2

10

-1

10

0

SINR, dB

BLER HI

 

 

LMMSE-MRC

LMMSE-IRC

E-LMMSE-IRC

E-LMMSE-IRC + CRS-IC



	Synchronous networks. Non-Colliding CRS scenario.

	High INR, Scenario #1, Configuration 1
	High INR, Scenario #1, Configuration 2
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	High INR, Scenario #2, Configuration 1
	High INR, Scenario #2, Configuration 2
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	High INR, Scenario #3, Configuration 1
	High INR, Scenario #3, Configuration 2

	[image: image53.emf]-25 -20 -15 -10 -5 0 5

10

-3

10

-2

10

-1

10

0

SINR, dB

BLER HI

 

 

LMMSE-MRC

LMMSE-IRC

LMMSE-IRC+CRS-IC

E-LMMSE-IRC

E-LMMSE-IRC + CRS-IC


	[image: image54.emf]-25 -20 -15 -10 -5 0 5

10

-3

10

-2

10

-1

10

0

SINR, dB

BLER HI

 

 

LMMSE-MRC

LMMSE-IRC

LMMSE-IRC+CRS-IC

E-LMMSE-IRC

E-LMMSE-IRC + CRS-IC



	High INR, Scenario #4, Configuration 1
	High INR, Scenario #4, Configuration 2
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	Asynchronous networks.

	High INR, Configuration 1
	High INR, Configuration 2
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	Figure 7. PHICH simulation results


EPDCCH

	Synchronous networks. Non-Colliding CRS scenario.

	High INR, Scenario #1, AL2
	High INR, Scenario #1, AL4

	[image: image59.emf]-15 -10 -5 0 5 10

10

-2

10

-1

10

0

SINR, dB

BLER EPDCCH DCI

 

 

LMMSE-MRC

LMMSE-MRC+CRS-IC

LMMSE-IRC

LMMSE-IRC+CRS-IC


	[image: image60.emf]-15 -10 -5 0 5 10

10

-2

10

-1

10

0

SINR, dB

BLER EPDCCH DCI

 

 

LMMSE-MRC

LMMSE-MRC+CRS-IC

LMMSE-IRC

LMMSE-IRC+CRS-IC



	High INR, Scenario #1, AL8
	High INR, Scenario #1, AL16
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	High INR, Scenario #2, AL2
	High INR, Scenario #2, AL4
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	High INR, Scenario #2, AL8
	High INR, Scenario #2, AL16
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	High INR, Scenario #3, AL2
	High INR, Scenario #3, AL4
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	High INR, Scenario #3, AL8
	High INR, Scenario #3, AL16
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	Asynchronous networks.

	High INR, AL2
	High INR, AL4
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	High INR, AL8
	High INR, AL16
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	Figure 8. EPDCCH simulation results
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