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1 Introduction
The CQI definition in LTE is specified based on the assumption of CRS based PDSCH transmission. A number of new features in LTE-A may impact the way how CQI should be defined and calculated. 

In Rel-10, the channel estimation for CQI calculation is based on CSI-RS. Unlike the CRS, CSI-RS is not available in every subframe. In the case of carrier aggregation, the CQI across different component carriers (or cells) may be quite different due to different frequency reuse, carrier frequency, or loading. If almost blank subframes are used in heterogeneous networks, the CQI across subframes can also be quite different. 

In this contribution, we discuss a few aspects of CQI definition for LTE-A.
2 The CQI definition in LTE Rel-8/9
The CQI definition is provided in the Rel-8/9 spec to ensure consistent UE behavior in CQI reporting, which is recaptured as follows:

Target BLER requirement

Based on an unrestricted observation interval in time and frequency, the UE shall derive for each CQI value reported in uplink subframe n the highest CQI index between 1 and 15 which satisfies the following condition, or CQI index 0 if CQI index 1 does not satisfy the condition:

· A single PDSCH transport block with a combination of modulation scheme and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CQI reference resource, could be received with a transport block error probability not exceeding 0.1. 

A combination of modulation scheme and transport block size corresponds to a CQI index if:

· the combination could be signalled for transmission on the PDSCH in the CQI reference resource according to the relevant Transport Block Size table, and 

· the modulation scheme is indicated by the CQI index, and 

· the combination of transport block size and modulation scheme when applied to the reference resource results in the effective channel code rate which is the closest possible to the code rate indicated by the CQI index. If more than one combination of transport block size and modulation scheme results in an effective channel code rate equally close to the code rate indicated by the CQI index, only the combination with the smallest of such transport block sizes is relevant.
CQI reference resource

Additionally, the CQI reference resource is defined as the PRBs a CQI corresponds to in a downlink subframe that precedes the CQI report. For example, for a subband CQI, the CQI reference resource in frequency is the PRBs of that subband. The timing of the CQI reference resource is defined based on a set of rules to make sure the CRS is available in the downlink subframe of the CQI reference resource, and the UE has enough processing time for CQI calculation. In the spatial domain, CQI is defined for the corresponding precoders. 
Assumptions on eNB downlink power control
In order to calculate the CQI based on the CQI reference resource, the UE assumes the following in calculating the CQI:
· The first 3 OFDM symbols are occupied by control signalling

· No resource elements used by primary or secondary synchronisation signals or PBCH

· CP length of the non-MBSFN subframes

· Redundancy Version 0

· the PDSCH transmission scheme depending on the transmission mode currently configured for the UE (which may be the default mode).  

· The ratio of PDSCH EPRE to cell-specific RS EPRE is per transmission mode configuration with the exception of 
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which shall be assumed to be 
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[dB] for any modulation scheme, if the UE is configured with transmission mode 2 with 4 cell-specific antenna ports, or transmission mode 3 with 4 cell-specific antenna ports and the associated RI is equal to one; 
· 
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[dB] for any modulation scheme and any number of layers, otherwise. 
The shift 
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is given by the parameter nomPDSCH-RS-EPRE-Offset which is configured by higher-layer signaling. 

In summary, this CQI definition was designed to ensure the UEs from different vendors to have consistent behavior. In addition, the definition of CQI also took into consideration the testability of CQI. For example, it is required that the combination of modulation scheme and transport block size corresponding to a CQI has to be a combination that can be signaled in the downlink grant so that a UE’s compliance with the CQI definition can be easily tested. 
3 CQI definition for Rel-10
In Rel-10 with carrier aggregation, a UE may need to calculate and report CSI (including CQI, PMI, and RI) for multiple cells. Note that a UE may be configured with different transmission modes and feedback modes in each cell. The cells may also have different configurations in the number of transmit antennas, the CSI-RS periodicity, the MBSFN subframe configuration, etc. It is therefore sensible that the CQI reference resource be defined on a per-cell basis, and the assumption on the PDSCH RE to CRS power ratio, which is defined as 
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, and the PDSCH RE to CSI-RS power ratio, which is defined as
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, also be configured on a per-cell basis. 
The nominal PDSCH to RS EPRE offset, which is defined as 
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, was introduced in Rel-8 to make adjustment in UE’s assumption on eNB downlink power control to compensate for the bias of CQI report due to a variety of reasons such as UE receiver design, and cell loading conditions. In a Rel-10 system with carrier aggregation, the loading condition in different cells can be quite different, and the bias of a UE receiver in different transmission modes can also be different. Therefore, it is recommended that the nominal PDSCH to RS EPRE offset should also be configured on a per-cell basis. 
Though it may be possible to further reduce the signalling overhead to consolidate the per-cell 
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 into UE-specific but cell-common parameters (Note that
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), this limits the eNB’s operational flexibility, and may increase the optimization efforts to find a single set of downlink power control parameters for multiple cells. On the other hand, it is not clear how much overhead can be saved since these configurations are signaled via higher layer signaling, and are not expected to occur very often.
Proposal: The CQI reference resource for CQI calculation, and the assumption of eNB downlink power control parameters, including 
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, should be UE-specific and configured on a per-cell basis.
In the frequency domain, the CQI reference resource can be still defined as the PRBs the CQI corresponds to. In the time domain, since CSI-RS is not available in every subframe, the availability of CSI-RS should also be taken into account. This issue is particularly pronounced for aperiodic CSI feedback, whose report timing may be random relative to the CSI-RS timing. If the CQI reference resource timing is defined based on the report timing, e.g., with a fixed offset to the report timing, the CQI reference resource timing for aperiodic CSI feedback relative to CSI-RS may be random. This can cause issues in terms of UE complexity and testability (UE needs to predict from the channel measurement in the CSI-RS subframe to the CQI reference resource subframe with a variable prediction depth). One option is to define the CQI reference resource in a subframe with CSI-RS (for a UE operating in transmission mode 9). This will simplify the CSI-RS based feedback timing as the feedback can be calculated simply based on the CSI-RS timing, thus removing the UE implementation complexity and testability issues caused by variable timing difference between the CSI-RS and the aperiodic CSI feedback.
Proposal: The CQI reference resource should be defined in a downlink subframe that contains CSI-RS.
The needed text change based on these two proposals are provided in the Appendix.
For cells configured with Almost Blank Subframes (ABSF), the channel condition in the ABSFs and the non-ABSFs can be quite different. The CSI feedback may be completely different depending on whether the CQI reference resource is located in an ABSF or a non-ABSF. This can be undesirable in terms of system performance if the CSI definition does not take into account the CSI discrepancies between ABSFs and non-ABSFs.

Preferably, from system operation point of view, whether a UE reports CSI for ABSF, or non-ABSF, or both, can be configured by the network. From UE implementation point of view, however, it increases the complexity if two sets of CSI needs to be reported. In addition, this also (very likely) means increase of uplink overhead. Note that the benefits of two sets of CSI feedback are not clear for all UEs. For example, for a UE close to a picocell, the CSI in the ABSF and non-ABSF may not be that different at all. However, for a UE that is far from a picocell but is still connected to the picocell due to range expansion, the CSI in the ABSFs and the non-ABSFs can be very different. In this case, it may be beneficial to report the CSI for non-ABSFs as well. One simple solution could be as follows: 
Assuming the CQI reference resource is defined in a downlinks subframe contains CSI-RS, the system can coordinate the CSI-RS transmission between pico eNBs and macro eNBs such the CSI-RS from pico cells are always in the ABSFs of the macro cells. Conversely, the macro eNBs transmit the CSI-RS in the non-ABSFs. A macro UE or a pico UE only reports one set of CSI. As a result, only the CSI of the non-ABSFs is reported for the macro UE, and only the CSI of the ABSFs is reported for the pico UE, assuming interference is only estimated within the CSI-RS subframes also. It can be left to pico eNB implementation to come up with reasonable estimate of the CSI for a pico UE in the non-ABSFs. The drawback of this scheme, of course, is the restriction on how macro eNBs and pico eNBs should configure their CSI-RS subframe offset and periodicity such that the CSI-RS subframes are only located in the non-ABSFs for macro eNBs and are only located in the ABSFs for the pico eNBs. Although it may not be necessary to explicitly spell out this restriction in the specification, a deviation from this principle while only allowing a UE to report one set of CSI could lead to noticeable performance degradation.
Proposal: RAN1 to further study CSI report in the case of time-domain ICIC.
4 Conclusions

In this contribution, we discussed the CQI definition of Rel-10. We make the following proposal: 

Proposal: 
1. The CQI reference resource for CQI calculation, and the assumption of eNB downlink power control parameters, including 
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, are UE-specific and configured on a per-cell basis.
2. The CQI reference resource is defined in a downlink subframe that contains CSI-RS.
3. Adopt the proposed text in the Appendix of R1-106034 in 36.213 for Rel-10
4. RAN1 to further study CSI report in the case of time-domain ICIC.
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Appendix: Text proposal for CQI definition in Rel-10
The following changes are proposed for section 5.2 in 36.213.

5.2 Downlink power allocation 
The eNodeB determines the downlink transmit energy per resource element.

A UE may assume downlink cell-specific RS EPRE is constant across the downlink system bandwidth and constant across all subframes until different cell-specific RS power information is received. The downlink reference-signal EPRE can be derived from the downlink reference-signal transmit power given by the parameter Reference-signal-power provided by higher layers. The downlink reference-signal transmit power is defined as the linear average over the power contributions (in [W]) of all resource elements that carry cell-specific reference signals within the operating system bandwidth.
A UE may assume downlink CSI RS EPRE is constant across the downlink system bandwidth and constant across all subframes in which CSI RS is present until different CSI RS power information is received. The downlink CSI RS EPRE can be derived from the downlink CSI reference-signal transmit power given by the parameter CSI-RS-power provided by higher layers. The downlink CSI reference-signal transmit power is defined as the linear average over the power contributions (in [W]) of all resource elements that carry CSI reference signals within the operating system bandwidth.
The ratio of PDSCH EPRE to cell-specific RS EPRE among PDSCH REs (not applicable to PDSCH REs with zero EPRE) for each OFDM symbol is denoted by either 
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according to the OFDM symbol index as given by Table 5.2-2. In addition,
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are UE-specific in each cell.
The ratio of PDSCH EPRE to CSI RS EPRE is denoted by 
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(not applicable to PDSCH REs with zero EPRE). In addition, 
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 is UE-specific in each cell.
For a UE in transmission mode 8 when UE-specific RSs are not present in the PRBs upon which the corresponding PDSCH is mapped or in transmission modes 1 – 7, the UE may assume that for 16 QAM, 64 QAM, spatial multiplexing with more than one layer or for PDSCH transmissions associated with the multi-user MIMO transmission scheme,

· 
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 [dB] when the UE receives a PDSCH data transmission using precoding for transmit diversity with 4 cell-specific antenna ports according to Section 6.3.4.3 of [3];

· 
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where
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is 0 dB for all PDSCH transmission schemes except multi-user MIMO and where
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 is a UE specific parameter provided by higher layers.

For transmission mode 7, if UE-specific RSs are present in the PRBs upon which the corresponding PDSCH is mapped, the ratio of PDSCH EPRE to UE-specific RS EPRE within each OFDM symbol containing UE-specific RSs shall be a constant, and that constant shall be maintained over all the OFDM symbols containing the UE-specific RSs in the corresponding PRBs. In addition, the UE may assume that for 16QAM or 64QAM, this ratio is 0 dB.
For transmission mode 8, if UE-specific RSs are present in the PRBs upon which the corresponding PDSCH is mapped, the UE may assume the ratio of PDSCH EPRE to UE-specific RS EPRE within each OFDM symbol containing UE-specific RSs is 0 dB. 

A UE may assume that downlink positioning reference signal EPRE is constant across the positioning reference signal bandwidth and across all OFDM symbols that contain positioning reference signals in a given positioning reference signal occasion [10].

The cell-specific ratio 
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 is given by Table 5.2-1 according to cell-specific parameter 
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 signalled by higher layers and the number of configured eNodeB cell specific antenna ports.

Table 5.2-1: The cell-specific ratio 
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 for 1, 2, or 4 cell specific antenna ports 
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	One Antenna Port
	Two and Four Antenna Ports 

	0
	1
	5/4

	1
	4/5
	1

	2
	3/5
	3/4

	3
	2/5
	1/2


For transmission mode 9, the UE may assume the ratio of PDSCH EPRE to UE-specific RS EPRE is constant for all PDSCH REs assigned to the UE (except for PDSCH REs with zero EPRE). The ratio of PDSCH EPRE to UE-specific RS EPRE is 0dB for a PDSCH transmission with 1 or 2 layers and 3dB for a PDSCH transmissions with more than 2 layers.
For PMCH with 16QAM or 64QAM, the UE may assume that the ratio of PMCH EPRE to MBSFN RS EPRE is equal to 0 dB.

Table 5.2-2: OFDM symbol indices within a slot where the ratio of the corresponding PDSCH EPRE to the cell-specific RS EPRE is denoted by 
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	Number of antenna ports
	OFDM symbol indices within a slot where the ratio of the corresponding PDSCH EPRE to the cell-specific RS EPRE is denoted by 
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	OFDM symbol indices within a slot where the ratio of the corresponding PDSCH EPRE to the cell-specific RS EPRE is denoted by 
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	Normal cyclic prefix
	Extended cyclic prefix
	Normal cyclic prefix
	Extended cyclic prefix

	One or two
	1, 2, 3, 5, 6
	1, 2, 4, 5
	0, 4
	0, 3

	Four
	2, 3, 5, 6
	2, 4, 5
	0, 1, 4
	0, 1, 3


The following changes are proposed for section 7.2.3 in 36.213.

7.2.3 Channel quality indicator (CQI) definition

The CQI indices and their interpretations are given in Table 7.2.3-1.

In each cell, based on an unrestricted observation interval in time and frequency, the UE shall derive for each CQI value reported in uplink subframe n the highest CQI index between 1 and 15 in Table 7.2.3-1 which satisfies the following condition, or CQI index 0 if CQI index 1 does not satisfy the condition:

· A single PDSCH transport block with a combination of modulation scheme and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CQI reference resource, could be received with a transport block error probability not exceeding 0.1. 

A combination of modulation scheme and transport block size corresponds to a CQI index if:

· the combination could be signaled for transmission on the PDSCH in the CQI reference resource according to the relevant Transport Block Size table, and 

· the modulation scheme is indicated by the CQI index, and 

· the combination of transport block size and modulation scheme when applied to the reference resource results in the effective channel code rate which is the closest possible to the code rate indicated by the CQI index. If more than one combination of transport block size and modulation scheme results in an effective channel code rate equally close to the code rate indicated by the CQI index, only the combination with the smallest of such transport block sizes is relevant.

The CQI reference resource is defined as follows:

· In the frequency domain, the CQI reference resource is defined by the group of downlink physical resource blocks corresponding to the band to which the derived CQI value relates.

· In the time domain, the CQI reference resource is defined by a single downlink subframe n-nCQI_ref,
· where for periodic CQI reporting nCQI_ref  is the smallest value greater than or equal to 4, such that it corresponds to a valid downlink subframe;
· where for aperiodic CQI reporting nCQI_ref  is such that the reference resource is in the last valid downlink subframe no later than the corresponding CQI request in a DCI format 0.

· where for aperiodic CQI reporting nCQI_ref  is equal to 4 and downlink subframe n-nCQI_ref corresponds to a valid downlink subframe, where downlink subframe n-nCQI_ref is received after the subframe with the corresponding CQI request in a Random Access Response Grant.

A downlink subframe shall be considered to be valid if:
· it is configured as a downlink subframe for that UE, and
· it is not an MBSFN subframe, and

· it does not contain a DwPTS field in case the length of DwPTS is 
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 and less, and
· it does not fall within a configured measurement gap for that UE.
Additionally, if the PDSCH transmission scheme is assumed to be Transmission mode 9 as in Table 7.2.3-0, a downlink subframe is only considered to be valid if it contains CSI-RS. 

If there is no valid downlink subframe for the CQI reference resource, CQI reporting is omitted in uplink subframe n.
· In the layer domain, the CQI reference resource is defined by any RI and PMI on which the CQI is conditioned.
In the CQI reference resource, the UE shall assume the following for the purpose of deriving the CQI index:

· The first 3 OFDM symbols are occupied by control signaling

· No resource elements used by primary or secondary synchronisation signals or PBCH

· CP length of the non-MBSFN subframes

· Redundancy Version 0

· the PDSCH transmission scheme given by Table 7.2.3-0 depending on the transmission mode currently configured for the UE (which may be the default mode).  

· If the PDSCH transmission scheme is assumed to be Transmission mode 1 to 8 as in Table 7.2.3-0, the ratio of PDSCH EPRE to cell-specific RS EPRE is as given in Section 5.2 with the exception of 
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[dB] for any modulation scheme, if the UE is configured with transmission mode 2 with 4 cell-specific antenna ports, or transmission mode 3 with 4 cell-specific antenna ports and the associated RI is equal to one; 
· 
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[dB] for any modulation scheme and any number of layers, otherwise. 
If the PDSCH transmission scheme is assumed to be Transmission mode 9 as in Table 7.2.3-0, the ratio of PDSCH EPRE to CSI RS EPRE is assumed to be 
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 is given by higher layer signaling for each cell.
The shift 
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is given by the parameter nomPDSCH-RS-EPRE-Offset which is configured by higher-layer signaling for each cell. 
Table 7.2.3-0: PDSCH transmission scheme assumed for CQI reference resource

	Transmission mode
	Transmission scheme of PDSCH

	1
	Single-antenna port, port 0

	2
	Transmit diversity

	3
	Transmit diversity if the associated rank indicator is 1, otherwise large delay CDD

	4
	Closed-loop spatial multiplexing

	5
	Multi-user MIMO

	6
	Closed-loop spatial multiplexing with a single transmission layer

	7
	If the number of PBCH antenna ports is one, Single-antenna port, port 0; otherwise Transmit diversity

	8
	If the UE is configured without PMI/RI reporting: if the number of PBCH antenna ports is one, single-antenna port, port 0; otherwise transmit diversity

If the UE is configured with PMI/RI reporting: closed-loop spatial multiplexing



	9
	Closed-loop spatial multiplexing with DMRS port 7 - 14


Table 7.2.3-1: 4-bit CQI Table

	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK
	78
	0.1523

	2
	QPSK
	120
	0.2344

	3
	QPSK
	193
	0.3770

	4
	QPSK
	308
	0.6016

	5
	QPSK
	449
	0.8770

	6
	QPSK
	602
	1.1758

	7
	16QAM
	378
	1.4766

	8
	16QAM
	490
	1.9141

	9
	16QAM
	616
	2.4063

	10
	64QAM
	466
	2.7305

	11
	64QAM
	567
	3.3223

	12
	64QAM
	666
	3.9023

	13
	64QAM
	772
	4.5234

	14
	64QAM
	873
	5.1152

	15
	64QAM
	948
	5.5547
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