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1. Introduction
Some working assumptions related to the MIMO UE feedback were made in RAN1#47bis [1] and confirmed in RAN1#48 [2]. To support MIMO, three different UE feedbacks need to be supported in the PUCCH in addition to the UE feedback defined for the single-antenna transmission:

1. Rank selection feedback

2. CQI feedback to support the transmission of the second codeword

3. Pre-coding feedback 

4. Uplink ACK/NAK to support the transmission of the second codeword
Note that we use the term CQI to indicate the quality information such as SINR or preferred transmission rate. This does not include the UE-preferred rank as well as the preferred pre-coder.

In this contribution, we focus on the first three feedback types. A coding approach for the first three UE feedback types is also discussed.
2. MIMO-Related UE Feedback
In this section, we discuss the definition as well as the time and frequency granularity of the three types of UE feedback. The implication on the downlink signalling is also described whenever applicable.
2.1. Rank Selection Feedback
The current working assumption requires a single rank feedback over the entire system bandwidth as there is no significant gain of employing frequency-dependent rank adaptation for the system bandwidth ≤ 10 MHz (see, e.g. [6, 7 ,8]).
While the preferred rank changes with the short-term channel variation, it changes at a lower rate compared to the CQI and preferred pre-coder. This is mainly because the variation in the channel condition number is slower than the variation of the channel coefficients themselves. In addition, the rank report holds for the entire system bandwidth. A detailed analysis is given in [9]. This motivates a rank feedback separate from the CQI and preferred pre-coder.
2.2. CQI Feedback

The CQI should be fed back every N sub-frames where N is configured by the Node-B or network depending on the channel condition and/or deployment scenario. Per the agreement in RAN1#48bis [3], the CQI is defined per MIMO codeword with a maximum of 2 CQIs corresponding to a maximum of 2 codewords.
The CQI definition depends on the transmission rank:

· For rank 1, only 1 CQI is needed.

· For rank ≥2, two CQIs are needed, each associated with 1 codeword. The two CQIs can be:

· Two full CQIs corresponding to the two CWs: 
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· One full (base) CQI and one delta CQI: 
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 can be defined either as the CQI of the first codeword. Then, 
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· The CQIs are computed from the channel, noise variance, and/or interference estimates. Once computed, the CQIs are quantized. Due to the inherent correlation between 
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 is smaller. Hence, employing delta CQI seems beneficial.
· It has been demonstrated that frequency domain scheduling (FDS) is beneficial in improving the throughput. To enable FDS, the CQI feedback should represent the channel quality (e.g. SINR) across all the resource blocks (RBs) within the system bandwidth. To reduce feedback overhead, a frequency-domain CQI compression should be used. Some efficient schemes with hierarchical refinement are given in the companion contribution [5]. This compression technique can be separately applied on 
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, or defined jointly with the spatial CQI definition. With the hierarchical refinement scheme proposed in [5], the CQI resolution can be flexibly configured by the Node-B/network depending on the link scenario.
2.3. Pre-coding Feedback
In RAN1#48, it was agreed that the frequency granularity of the pre-coding feedback information (pre-coder index) is configured by the network and chosen from a set of 2: 4/5/6 RBs or the whole bandwidth. It was also agreed that the time granularity is configured by the network. Since the pre-coder selection changes with the short-term channel variation, pre-coding feedback should be performed at the same rate as the CQI feedback. Note that it is also possible for the Node-B/network to restrict the use of pre-coding via subset restriction in some scenarios (e.g. high mobility) while CQI feedback is still performed with low resolution.
As outlined in Section 2.1, a single rank selection feedback per UE implies a single frequency granularity (=transmission bandwidth). Since the time and frequency granularity of pre-coding feedback information do not typically match with that of the rank selection feedback, pre-coding feedback and rank feedback should be defined separately to minimize the feedback overhead. An example of the composite (joint) definition of pre-coding + rank feedback is where the frequency granularity of pre-coding feedback is identical to that of rank feedback. In this case, the codebook is defined as the collection of codebooks for different transmission ranks. The composite feedback indicates the selected element from the composite codebook. However, the joint feedback approach has the following potential problems:
· Joint codebook definition implies that the granularity of rank feedback and pre-coding feedback are identical. Thus, to optimize performance, the feedback granularity should be equal to the maximum of the two quantities, resulting in unnecessary feedback overhead. As discussed in Section 2, rank granularity can be significantly larger than pre-coding granularity.
· Joint codebook definitions limit Node-B flexibility, both in the granularity of feedback information available for scheduling, and in the ability to vary codebook sizes for different antenna configurations. 
· Almost all CQI compression schemes proposed by various companies use the fact the rank remains constant over a much larger sub-band than the precoder index. Thus, allowing rank to vary significantly with frequency would also reduce the feedback reduction obtained in the CQI.

Note that the transmission rank also points to the codebook since the codebook content and size can be rank-specific.

2.4. Summary
The description in Section 2.1-2.3 can be summarized in the table below.
Table 1. MIMO-related UE feedback
	Feedback type
	Definition
	PUCCH: feedback granularity

	
	
	Time
	Frequency

	CQI
	SINR across RBs for CW1 (base) and CW2 (delta)
	Every N sub-frames: configured by Node-B/network 
	Hierarchical refinement, granularity configured by Node-B/network [5], applied to each CW or jointly defined

	Rank
	Preferred rank
	Lower than CQI
	1 per UE for entire BW

	Pre-coding
	Preferred pre-coder index
	Same as CQI
	1 every 4/5/6 RBs or 1 for entire BW: configured by Node-B/network


3. Coding of MIMO-Related UE Feedback
In general, it seems natural to jointly encode all the three feedback types into a single UL control entity for improved coding efficiency. This is because the time granularity of the three feedback types is typically the same. This is not the case, for example, with the uplink ACK/NAK since it is signalled only when the UE receives some data. However, jointly encoding the three feedback types has the following potential problems:
1. The size of CQI feedback depends on the transmission rank. Once the granularity is configured by the Node-B/network, there are 2 possible sizes: for rank 1 (1 CW) and higher (2 CWs). In addition, the size of pre-coding feedback may depend on the transmission rank since the codebook size for different transmission ranks can be different. That is, the transmission rank fully specifies the size of CQI and pre-coding feedback.
2. Hence, if joint encoding is employed, there are up to 4 possible feedback sizes which has to be detected prior to or upon decoding the PUCCH. To avoid having to indicate the size via some other signalling, the size can be “blindly” detected by decoding the PUCCH with all the 4 hypotheses. This not only increases the complexity but also degrades the decoding reliability. Since PUCCH needs to be received even at a very low SNR, “blind” decoding should be avoided.
To avoid the above problems, the rank feedback should be separately encoded from the rest while the CQI and pre-coding feedback can be jointly encoded (see Figure 1). If the rank feedback is first decoded, the Node-B can infer the size of CQI + pre-coding feedback from the transmission rank. This avoids the need for blind decoding.  
We now consider the appropriate coding scheme for the UE feedback. Assuming a 5-MHz system bandwidth, we can approximate the required number of feedback bits. The required number of CQI and pre-coding bits represent an approximate number of bits with frequency information.
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Figure 1. Separate coding of rank feedback and CQI + pre-coding feedback

Table 2. Approximate feedback requirement for 5-MHz system bandwidth

	Feedback type
	MIMO configuration

	
	2x2 or 4x2
	4x4

	Rank
	1 bit
	2 bits

	CQI
	Rank-1: ~30 bits

Rank-2: ~60 bits 
	Rank-1: ~30 bits

Rank-2/3/4: ~60 bits

	Pre-coding
	Rank-1: 3-15 bits

Rank-2: 2-10 bits
	Rank-1/2/3: ~4-20 bits

Rank-4: ~4-20 bits


From Table 2, it is apparent that the rank feedback only constitutes to a small portion of the overall MIMO-related feedback. Hence, the following coding schemes seem plausible:

· Due to the small number of bits, the rank feedback should be encoded using the same or comparable scheme as that for the uplink ACK/NAK transmission.
· The CQI and pre-coding feedback can be jointly encoded convolutional coding. This is because the number of bits (~25-60 bits for 5 MHz system bandwidth) is within the range where convolutional code performs the best, or at least well even for larger system bandwidth.
4. Conclusion
In this contribution, different aspects of MIMO-related UE feedback are considered. In particular, the time and frequency granularity for the rank, CQI, and pre-coding feedbacks are discussed. 
In addition, it is recommended that the rank feedback be separately encoded from the CQI and pre-coding feedback while the CQI and pre-coding feedback should be jointly encoded. By doing this, the Node-B may obtain the size prior to decoding the CQI + pre-coding feedback. This avoids the need for blind decoding which deteriorates the decoding reliability and increases complexity.
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