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1. Introduction 

In order to support downlink link adaptation and channel-dependent scheduling, including the use of different MIMO transmission schemes, LTE uses feedback from the UE to the eNodeB of the instantaneous channel conditions. This is typically referred to as CQI reports. At RAN1#49, a structure for uplink control signaling was agreed, supporting up to approximately 10 information bits per subframe (in absence of ACK/NAK). Clearly, from an overhead perspective, it is desirable to keep the number of bits in the CQI reports to a minimum. At the same time, the larger the number of bits in the CQI report, the higher the amount of information can be provided to the scheduler, allowing for the possibility of a higher downlink throughput. Therefore, a trade-off between the two is required.
2. Discussion

2.1. Different CQI format types on PUSCH and PUCCH
The CQI reports (actually, uplink control signaling in general) can be transmitted in two ways:

· on the scheduled resource (PUSCH), i.e., time multiplexed with data, when the UE has a valid resource allocation on the PUSCH, and

· on reserved resources (PUCCH) at the edges of the transmission bandwidth when the UE does not have resources allocated on the PUSCH. 

This is illustrated in Figure 1.

A drawback with this scheme is that resources must be reserved for control signaling; resources that will be unused when the UE is transmitting data simultaneously with control signaling. This further adds to the importance of minimizing the CQI reporting overhead, especially for the latter case above (control signaling only). Finally, the amount of resources needed to be reserved for a certain UE depends on the MIMO scheme configured for that UE, potentially adding further complication to the configuration of the reserved resources.
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Figure 1: Principle illustration of control signaling on the scheduled PUSCH resource, possibly time-multiplexed with data (top) and on reserved PUCCH resources when no resources are allocated on the PUSCH (bottom).

LTE is largely based on the view of dynamic resource allocation. This leads to efficient resource utilization as resources are reserved and used only when needed. Nevertheless, for control signaling, there is (and has to be) a certain amount of semi-statically allocated resources. However, to efficiently use the spectrum resources, it is important to rely as much as possible on dynamically assigned resources.
When the UE is transmitting uplink user data on a scheduled resource, control signaling will also be transmitted on the scheduled resource on PUSCH and the “reserved resource” on PUCCH will be unused. Furthermore, also for downlink-heavy services such as file download, the amount of user data transmitted in the uplink can be considerable, e.g. TCP ACK/NAKs. These aspects point in the direction of minimizing the amount of CQI transmitted on the “reserved resources” and instead use the scheduled resources for more detailed CQI feedback. With such an approach, CQI overhead is mainly occurring when needed, i.e., when there is downlink traffic present, and the amount of semi-statically used resources is reduced. Thus, most of the CQI reports should preferably be sent when the UE is anyway transmitting in the uplink in response to downlink transmissions as this will minimize the amount of semi-statically allocated CQI resources. 

 This fact can be exploited to reduce the CQI overhead by defining two sets of CQI formats:

· type A with a larger number of bits, used when the UE has been assigned resources on the PUSCH and the control signaling is transmitted on PUSCH, and

· type B with a smaller number of bits, used for CQI-only transmission on PUCCH
In the general case, ‘type A’ and ‘type B’ are sets of formats as different reporting configurations could be envisioned in both cases (e.g. different MIMO modes). Which of the two formats that the UE shall use is tied to the presence of a valid scheduling grant such that ‘type A’ is used only when the UE has a valid grant for transmission on PUSCH. This allows for a more detailed CQI report as ‘type A’ does not have the same payload restrictions as signaling on the PUCCH using type B. When the UE does not have assigned resources on the PUSCH, CQI reports are transmitted on the PUCCH using ‘type B’ with more stringent limitations in the possible payload sizes. 

Having different sizes for the two CQI reporting types is not foreseen to complicate the overall structure. The transmission structure is anyway different for the two cases (control only or control/data) and allowing for different payload sizes does not add significantly to the overall complexity, but provides an efficient tool for utilizing the uplink spectrum. Finally, designing the formats for PUSCH (type A) and PUCCH (type B) independently allows for straightforward extensions to new reporting formats on the PUSCH if/when new transmission schemes are introduced.

The mechanism used for CQI reporting on the scheduled resource (type A) can be extended in several ways. For example, a bit in the uplink grant could indicate whether the UE should transmit a CQI report or not. This would however cause considerable overhead as the bit needs to be present in each UL grant although no adjustment is needed. The CQI report size could also be made dependent on the uplink allocation such that the CQI size depends on the uplink resource allocation in order to avoid transmitting a large CQI report if the scheduled resource is small.
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Figure 2: CQI transmission. The UE uses the more detailed 'type A' report when transmitting CQI on the PUSCH.
2.2. Contents of CQI

In the previous section it was proposed to define a more detailed CQI format type A to be transmitted on PUSCH and a more restricted CQI format type B on PUCCH. We propose to divide the measurement bandwidth into a number of subbands and to define

· CQI format type A: multi-band CQI report with one CQI value for every subband (‘all-band report’)
· As a special case, the number of subbands could be 1, i.e. only a wideband CQI is reported.

· CQI format type B: wideband CQI report with a single CQI value for the entire bandwidth
In case of MIMO, additional information fields are needed for CQI, PMI and channel rank. If the number of bits in CQI format type B is too small to support MIMO, one possibility is to resort to subframe concatenation on PUCCH in case of MIMO.
It is proposed that the CQI reports are expressed as a “recommended transport block size”, similarly to HSDPA, rather than an SINR value. This simplifies defining the relevant test cases in RAN4 and is also recommended by RAN4 in ‎[1].

Another thing to keep in mind is that in order to be able to handle bursty inter-cell interference (e.g. caused by “flashlight effects”), it is important to average the interference sufficiently, in time domain and/or frequency domain, when calculating the CQI; this may seem more like a RAN4 issue than a RAN1 issue, but  it deserves to be kept in mind also in RAN1 since different CQI reporting methods exhibit different sensitivity to the phenomenon.
The eNodeB may restrict the measurement bandwidth for the UE in accordance with the system bandwidth and furthermore e.g. in order to support fractional frequency reuse. In this case the UE should only base its CQI report (and reports of PMI and rank) on measurements performed within this measurement bandwidth.

2.3. CQI compression scheme

To report one CQI value per RB would give a large overhead. For 10 MHz bandwidth, equivalent to ~50 RBs, some 250 bits would be required, assuming 5-bit CQI reports without compression.

However, the CQIs can be calculated and reported for subbands larger than one RB. If each subband consists of 5 RBs, the number of bits is brought down from 250 bits to 50 bits. We refer to the approach of reporting the CQIs for all these subbands as an ‘all-band report’. The subband size could be eNodeB configurable.

The benefit with the all-band report approach is that it is simple and robust. The eNodeB can obtain knowledge about the channel in the entire frequency band, since the all-band report always provides eNodeB with information about all subbands, something which may be particularly useful in scenarios with low mobility, where it seems most likely to have large frequency scheduling gains. We see it as important that the scheduler is never completely blind in any subbands since this puts severe restrictions on the scheduler, especially in cases with mixed traffic scenarios. 
The distance-dependent path loss and shadowing variation are correlated in the frequency and spatial domains, why significant overhead reduction can be achieved by using differential coding within a TTI. One possibility is to report an absolute (5-bit) value and differential (e.g. 3-bit) values for the different subbands and, in case of MIMO, for the different transport blocks. For 10 MHz bandwidth, with 5 RBs per subband and 3 bits per differential value, the total all-band CQI report requires approximately 5+10*3=35 bits. The absolute value could correspond either to the wideband CQI or to some random level, e.g. the maximum CQI of the subband CQIs.
3. Conclusion

It is proposed to define different CQI formats depending on whether CQI is reported on PUCCH or PUSCH.

· CQI format type A, more detailed CQI feedback when transmitted on PUSCH

· CQI format type B with restricted amount of information when transmitted on PUCCH

It is furthermore proposed that

· CQI format type A is a multi-band CQI report with one CQI value for every subband.
· The multi-band CQI report is proposed to consist of an absolute (5-bit) value and differential (e.g. 3-bit) values for each one of the subbands.

· CQI format type B is a wideband CQI report with a single CQI value for the entire bandwidth.

Finally, it is proposed to follow RAN4’s recommendation express CQI reports as a “recommended transport block size”, similarly to HSDPA.
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