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1.  Introduction
In RAN#68 meeting, the new work item [1] “Interference mitigation for downlink control channels of LTE” was approved. The general objectives for this WI are to specify UE demodulation requirements for control channels with practical interference aware receivers that can be used for inter-cell interference cancellation and suppression. Based on the objectives for the WI, one of the aspects is to identify reference advanced receivers for defining performance requirements for control channels.
· The candidate advanced receivers to be considered for demodulation requirements are the existing PDSCH receiver structures defined in Rel-11/Rel-12, with capability of

· Linear suppression of control channel interference of interfering cells such as

· MMSE-IRC

· E-MMSE-IRC


And

· Cancellation of CRS interference of interfering cell

· 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

· CRS assistant information (CRS-AssistanceInfo IE) from Rel-11 can be reused for this WI without additional signalling and network restriction.

· The work for E-MMSE-IRC is prioritized over that for MMSE-IRC.
In this contribution, we provide views on the reference advance receiver for interference mitigation of downlink control channels.
2. Discussion
2.1  MMSE-IRC receiver structure
In TR 36.829 [2] the signal model and covariance matrix estimation schemes for MMSE-IRC receiver were presented. We can reuse the reference receiver structure for interference mitigation of downlink control channels. 
The NRx-dimensional received signal vector r of the k-th subcarrier and the l-th OFDM symbol is assumed to be expressed as a sum of "own signal 
[image: image1.wmf])

,

(

)

,

(

1

1

l

k

l

k

d

H

, interference signals 
[image: image2.wmf])

,

(

)

,

(

l

k

l

k

j

j

d

H

 (j>1) and the white noise 
[image: image3.wmf])

,

(

l

k

n

;


[image: image4.wmf])

,

(

)

,

(

)

,

(

)

,

(

)

,

(

)

,

(

2

1

1

l

k

l

k

l

k

l

k

l

k

l

k

BS

N

j

j

j

å

=

+

+

=

n

d

H

d

H

r


where 
[image: image5.wmf])

,

(

l

k

j

d

and 
[image: image6.wmf]}

,...,

1

{

),

,

(

BS

j

N

j

l

k

=

H

 represent the NTx x1 transmitted signal vector and the (NRx x NTx) channel matrix between the j-th cell and the UE containing the contribution from both receiver branches, with 
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 channel-matrix of size NTx x1 for the i-th receiver antenna, respectively. The recovered NStream x 1 signal vector at the UE, 
[image: image9.wmf])

,

(

ˆ

1

l

k

d

, is detected by using the (NStream x NRx) receiver weight matrix 
[image: image10.wmf])

,

(

1

,

l

k

RX

W

 as follows.


[image: image11.wmf])

,

(

)

,

(

)

,

(

ˆ

1

,

1

l

k

l

k

l

k

RX

r

W

d

=


The MMSE-IRC receiver can suppress not only the inter-stream interference but also the inter-cell interference when the degrees of freedom at the receiver are sufficient, i.e., the number of receiver antennas is higher than that of the number of desired data streams, and MMSE IRC receiver weight matrix is expressed as follow:
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where 
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denote the estimated channel matrix and covariance matrix, respectively.

The ideal covariance matrix for MMSE-IRC receiver can be expressed as follows.
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where P1 is the transmission power of the serving cell and is equal to 
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, Pj is the transmission power of the interfering cell and is equal to 
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The covariance matrix is the covariance of composite variable of signal plus interference plus noise. In Rel-11 study item of MMSE-IRC advanced receiver, two kinds of schemes were considered to estimate covariance matrix. One is RS based covariance matrix estimation scheme where it is estimated at RS REs. RS could be either CRS or DMRS depends on the transmission mode. The other one is data signal based covariance matrix estimation scheme where it is estimated at PDSCH REs. The schemes are expressed as following.
●
CRS based covariance matrix estimation scheme 
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●
DM-RS based covariance matrix estimation scheme (applicable when DM-RS are configured)
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where Nsp is the number of sampling REs, respectively.
●
Data signal based covariance matrix estimation scheme
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It was evaluated that data signal based covariance matrix estimation scheme has poorer performance compared to RS based scheme, so we only take RS based scheme as candidate for the study of downlink control channel interference mitigation WI.
2.2  Enhanced MMSE-IRC receiver structure
In 36.829 [3] candidate receiver types for NAICS were presented. MMSE-IRC receiver and enhanced MMSE-IRC receiver were categorized into interference suppression receivers, which refer to receivers that apply linear filtering to the received signal to suppress the interference, as opposed to explicitly cancel the interference. 

-
LMMSE-IRC: 
-
It is baseline for Rel-11 MMSE-IRC study (refer to TR36.829). 
-
No knowledge of interferer parameter(s) is required. 

-
Enhanced LMMSE-IRC (E-LMMSE-IRC): 
-
MMSE-IRC that explicitly considers interferer channel estimates and other interferer knowledge.
-
Interference parameters that can enable interferer channel estimation are needed, including, for example, its DMRS or CRS with PMI/RI.
In MMSE-IRC convariance matrix estimation scheme covariance of interference plus noise is estimated as a whole which is not accurate and would degrade the preformance. If network assistance information is available to perform channel estimation of interference cell, the accuracy of covariance estimation can be improved by using equations as follows. 
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This equation has similar form as ideal covariax matrix except that channel profile of serving cell and interfering cell are estimated.
2.3  CRS-IC receiver
CRS-IC was introduced in Rel-11 for eICIC/feICIC and is mandatory for UE. For NAICS in Rel-12 CRS-IC was combined with NAICS receivers. In Rel-13 there is ongoing WI CRS-IM which applies CRS-IC for homogeneous network. There have been a lot of study on CRS-IC and significant gains are shown under certain cases, so it should be used for downlink control channel interference mitigation whenever it’s possible.
3. Discussion

One of the objectives of downlink control channel IM is to identify reference receiver for defining performance requirements for the control channels of PCFICH/PDCCH/PHICH and ePDCCH. In the section below we provide views on reference receiver for different control channels.
Enhanced MMSE-IRC receiver outperforms MMSE-IRC receiver due to more accurate estimation of covariance matrix by performing channel estimation of interfering cells. The WID also states prioritization of enhanced MMSE-IRC receiver. Therefore if it is feasible, enhanced MMSE-IRC receiver should be used as the reference receiver for defining performance requirement.
From the WID we can know that CRS assistant information (CRS-AssistanceInfo IE) from Rel-11 can be reused without additional signalling and network restriction. In this case UE would know the CRS information of interfering cells which make it possible for UE to estimate interference channels based on CRS.

There have been lots of studies of demodulation performance on different CRS pattern scenarios when inter-cell interference is exist. Assume two dominant interferes, in general the colliding CRS scenario indicate CRS of serving cell and strongest interfering cell are collided while CRS of serving cell and second strongest interfering cell are not collided, non-colliding CRS scenario indicates none of the CRS of serving cell and two dominant interfering cells are collided. Other cases are also possible but the above two is the most important and we will focus on them in the below discussion.
3.1  PCFICH/PDCCH/PHICH

For the legacy control channels, i.e. PCFICH/PDCCH/PHICH, it is transmitted in the control region which occupy the first one/two/three OFDM symbol(s). No matter what the control region of serving cell and interfering cell are, i.e. whether aligned or not, the first OFDM symbol is always occupied by control channels of PCFICH/PDCCH/PHICH. Note that CRS is always transmitted in the first OFDM symbol.
In colliding CRS scenario it is possible for UE to estimate the interference channel based on CRS and obtain more accurate channel estimation of serving cell by applying CRS-IC. Then based on the estimated channel of serving cell and interfering cell it is can further obtain the covariance matrix of remaining interference plus noise. Therefore enhanced MMSE-IRC receiver is feasible for this case by using equations as follows.
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is the covariance matrix of composite variable of signal plus interference plus noise. 
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is the covariance matrix of remaining interference plus noise.
In non-colliding CRS scenario, interference data is unknown to UE on the CRS REs of serving cell. Though channel estimation of strongest interfering cells is possible the covariance matrix of remaining interference plus noise can not be obtained according equation 3.2 as d2 is unknown on the CRS REs of serving cell. It seems only MMSE-IRC receiver plus CRS-IC can be used for non-colliding CRS. However considering that when dealing with interference limited scenario the power of interferer is much stronger than that of signal. The accuracy of estimation of interference covariance plays more important role. Channel of strongest interfering cell can be estimated first and then covariance matrix of signal plus remaining interference plus noise can be obtained. In summary, there are two options for non-colliding CRS scenario.
Option 1: MMSE-IRC receiver
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  (3.3)
Note that samples are obtained from CRS REs of serving cell.
Option 2: enhanced MMSE-IRC receiver
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  (3.4)
Note that samples are obtained from CRS REs of strongest interfering cell. As mentioned above CRS is always transmitted in the first OFDM symbol it is possible to use equation 3.4 of option 2 based on the CRS of interfering cell in the first OFDM symbol.
We evaluated PDCCH performance for advanced reference receiver for colliding CRS and non-colliding CRS scenarios respectively. The results are given in Figure 1 to Figure 4. For the simulation full loading of interfering cells is assumed and interference model is taken from NAICS that INR1 is -13.91dB and INR2 is 3.34dB. 

It is observed from Figure 1 and Figure 2 that enhanced MMSE-IRC receiver bring significant gains for colliding CRS scenario while MMSE-IRC receiver has very small gains compared to baseline MRC receiver. CRS-IC also brings some gains because the channel estimation of serving cell is more accurate. 
It is observed from Figure 3 and Figure 4 that enhanced MMSE-IRC receiver also brings big gains for non-colliding CRS scenario. However MMSE-IRC receiver has no gain compared to baseline MRC receiver and in some cases there is performance degradation. CRS-IC can also be used to cancel interference for some REs and thus brings little gains.
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Figure 1 colliding CRS, 8CCE                     Figure 2 colliding CRS, 4CCE
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Figure 3 non-colliding CRS, 8CCE                    Figure 4 non-colliding CRS, 4CCE

Based on aforementioned discussion and simulation results, it is observed that enhance MMSE-IRC receiver and CRS-IC can be used for legacy control channels, i.e. PCFICH/PDCCH/PHICH. Significant gains are shown for both of non-colliding CRS and colliding CRS.

Observation 1: Enhance MMSE-IRC receiver and CRS-IC is feasible for control channels PCFICH/PDCCH/PHICH in interference limited scenarios. 

3.2  ePDCCH

ePDCCH is frequency multiplexed with PDSCH and is transmitted in the whole subframe except the legacy control region. ePDCCH is transmitted in PRB pair(s) which is same as PDSCH. The demodulation of ePDDCH is based on the DMRS in the PRB(s) that ePDDCH is transmitted. 
There are two kinds of transmissions for ePCCH which are localized transmission and distributed transmission. eREGs of a ePDDCH are distributed to PRB pairs in the ePDCCH set in distributed transmission and the PRB pairs in the set are distributed in the frequency. Interference from inter-cell could be PDSCH or ePDCCH. The interference could be very different for the different PRB pairs in the ePDCCH set. The interference parameters, including transmission mode, PMI and RI, is unknown. eREGs of a ePDCCH are within one PRB pairs for localized transmission. Even for the one given PRB pair, the transmission mode and other parameters of interference, such as PMI and RI, is unknown. 
As only CRS assistance information is provided, if transmission mode and other parameters of interference, such as PMI and RI, are unknown it’s not possible to estimate the channel of interference cells. In consequence, enhanced MMSE-IRC receiver can not be used as reference receiver for ePDCCH.
CRS-IC can be applied to reduce the interference and thus bring gains. For localized ePDCCH transmission, gain of CRS-IC would be high if interference cells are low loaded and it would be low if interference cells are full loaded. For distributed ePDCCH transmission small gains are expected as the colliding possibility of REs of a ePDCCH and CRS from dominant interfering cells are very low.
Observation 2: Only MMSE-IRC receiver and CRS-IC is feasible for ePDCCH in interference limited scenarios. 

4. Conclusions
In this contribution, we provided views on the reference advance receiver for interference mitigation of downlink control channels. Following observations are made.
Observation 1: Enhance MMSE-IRC receiver and CRS-IC is feasible for control channels PCFICH/PDCCH/PHICH in interference limited scenarios. 

Observation 2: Only MMSE-IRC receiver and CRS-IC is feasible for ePDCCH in interference limited scenarios. 

Based on the observations, proposals are given.

Proposal 1: Enhance MMSE-IRC receiver as well as CRS-IC is used as reference advanced receiver for defining performance requirements for legacy control channel, i.e. PCFICH/PDCCH/PHICH.

Proposal 2: MMSE-IRC receiver as well as CRS-IC is used as reference advanced receiver for defining performance requirements for ePDCCH.
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