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1 Introduction
The current working assumption is support of maximum of two codewords (2CWs) for 4x4 MIMO. In a 4x4 MIMO system up to a maximum of 4 layers can be supported. It then becomes important to consider mapping of codewords to MIMO layers. It is well known that even when the system can support 4x4 MIMO, rank-4 (4 MIMO layers) transmissions are not always desirable. The MIMO channel experienced by the UE generally limits the maximum rank that can be used for transmission. In general for weak users in the system, a lower rank transmission is preferred over a high rank transmission from throughput perspective. It is also possible that only a small fraction of UEs in the system are equipped with 4-Rx antennas. Therefore, the system should support a variable number of MIMO layer transmissions to the same user and to different users in the system. 
Another important aspect in MIMO design is the amount of feedback overhead required. In an OFDM MIMO system, multiple CQIs are potentially required even for single-layer transmission to exploit frequency-selective multi-user scheduling gains. The introduction of multiple MIMO layers is then expected to further increase the feedback overhead. Therefore, it becomes very important to minimize the UE feedback overhead required to support multi-layer transmission. Another important aspect in MIMO design is consequences of hybrid ARQ operation on mapping of codewords to MIMO layers. In this contribution, we discuss rank, layer ordering and CQI information feedback for 2-Tx and 4-Tx MIMO that allows for flexible mapping of codewords to layers under eNodeB control. The system performance of this scheme for single-user MIMO case was provided in [2]. Further simulations results for this approach both for single-user MIMO and multi-user MIMO cases with variable frequency granularity of UE feedback are given in [3].
2 UE Feedback for 2-TX and 4-TX antenna MIMO 
A full CQI is indicated for the highest CQI layer (ordered). The CQIs for the remaining layers are indicated by a “delta” difference relative to the Maximum CQI as shown in Figure 1. It is also possible to indicate an average delta CQI (averaged over all the delta CQIs) which will results in a lower CQI feedback overhead. In case of rank-2 transmission, the delta CQI is a single delta value relative to the maximum CQI.
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Figure 1: An example of full and delta CQI for rank-4 transmission
A UE supporting 4x4 MIMO spatial multiplexing can provide the rank, the layer order and CQI feedback as given in Table 1.  The number of Rank and Layer order indications (RLOI) combinations for rank R can be calculated as:
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Where L is the maximum number of layers supported. For a 4x4 MIMO system, L=4 and the RLOI is 4, 12, 24 and 24 for rank-1, rank-2, rank3 and rank-4 respectively. A total of 6-bits feedback (4+12+24+24=64 combinations) is provided for rank selection and layer order indication.  Both UE and Node-B will keep a Table with 64 entries (0-63 indices). When, for example, the rank is one, UE picks one of the indices between 0-3 and indicates 4 possible LOI. But the index between 0-3 implicitly corresponds to rank-1 and when node-B receives one of these indices, it determines rank as 1. Similarly, indices between 4-15, 16-39 and 40-63 implicitly indicate rank-2, rank-3 and rank-4 respectively as shown in Figure 2. The LOI is actually indicated by the index itself. It should be noted that rank selection and layer order indication information can be the same for all the subbands (a subband is defined as a set of resource blocks selected  for CQI feedback purpose) in order to reduce the feedback overhead. A rank selection and layer order indication per subband can provide greater flexibility at the expense of additional feedback overhead. The CQI feedback is per frequency subband selected  for CQI feedback purpose. In the case of 2-Tx MIMO, the rank, layer order and CQI feedback is provided according to Table 2.
Table 1 UE Feedback for 4-TX antenna MIMO
	
	Rank and Layer order indications (RLOI)
	Number of CQIs

	Rank-1
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	1-Max-CQI
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	1-Max-CQI+Delta-CQI

	Rank -3
	
[image: image5.wmf]24

)!

3

4

(

!

4

=

-


	1-Max-CQI+Delta-CQI

	Rank -4
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	1-Max-CQI+Delta-CQI

	Feedback overhead for RLOI = 6-bits (4+12+24+24=64 combinations)
Maximum CQI Feedback overhead per subband = 8-bits (5-bits Full CQI + 3-bits Delta-CQI)
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Figure 2: Rank and Layer Order Indication (RLOI) formats for 4-Tx MIMO
Table 2 UE Feedback for 2-TX antenna MIMO
	
	Rank and Layer order indications (RLOI)
	Number of CQIs

	Rank-1
	2
	1-Max-CQI

	Rank -2
	2
	1-Max-CQI+Delta-CQI

	Feedback overhead for RLOI = 2-bits (2+2=4 combinations)

Maximum CQI Feedback overhead = 8-bits (5-bits Max-CQI + 3-bits Delta-CQI)


It is also possible that the Node-B and UE negotiate the maximum rank supported using higher layer signalling. In this case, the UEs supporting a lower maximum rank require smaller feedback overhead. In general, the weak users in the system use lower rank transmissions. The bit-cost for feedback overhead for weak users is generally higher relative to good users. This is because the weak users need to transmit at higher power to provide the same reliability and therefore generate higher inter-cell interference to the neighbouring cells. Also, in some cases, weak users are power (coverage) limited and may not have power headroom to transmit a larger amount of feedback. The feedback scheme shown in Table 3 results in a lower feedback overhead for users whose transmission rank is limited to a smaller value.
Table 3 UE Feedback for 4-TX antenna MIMO – NodeB limits the maximum rank
	
	Rank and Layer order indications (RLOI)
	Number of CQIs
	Total Feedback overhead

	Rank-1
	4
	1-Max-CQI
	7-bits (2-bits LOI + 5-bits Max-CQI)

	Rank -2
	12
	1-Max-CQI+Delta-CQI
	12-bits (4-bits LOI + 5-bits Max-CQI+ 3-bits Delta-CQI)

	Rank -3
	24
	1-Max-CQI+Delta-CQI
	14-bits (6-bits LOI + 5-bits Max-CQI+ 3-bits Delta-CQI)

	Rank -4
	24
	1-Max-CQI+Delta-CQI
	

	Note that when the maximum rank is limited to 2, 3 or 4, all the lower rank feedback and hence transmissions are still possible


3 Single-user and multi-user operation for 4x4 MIMO 

3.1 Single-user 4x4 MIMO 

The UE feedback structure is the same for both single-user and multi-user MIMO. A Rank1 transmission is always a single-user transmission. For Rank greater than 1, Node-B can decide between single-user and multi-user MIMO mode. Some possible codeword transmission structures for single-user 4x4 MIMO are shown in.Figure 3. For rank greater than 1, two codewords can be transmitted.  It should be noted that Node-B has knowledge of CQI on each of the layers and is given flexibility in deciding mapping of codewords to layers.
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Figure 3: Single-user MIMO for up to rank-4 transmission

With Node-B in control of pairing the codewords, it is also possible that the CW1 is always transmitted on the first layer while CW2 on the remaining layers as shown in Figure 4. For example, for the case of rank-4 single-user MIMO transmission, the CW1 transmitted on layer1 uses modulation and coding according to Layer 1 Max-CQI (Q1). The CW2 transmitted on Layer2-4 uses modulation and coding according to the following CQI averaged over Layer2-4.
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Similarly, when the transmission rank is 3 or 2, the CW1 is transmitted on Layer1 and CW2 on Layer 2 for rank-2 and on Layer2-3 for rank-3. The average CQI for selecting modulation and coding for CW2 are given as below:
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It should be noted that delta-CQI in this case is a negative number because the CQIs for Layer2-4 are lower relative to Layer1 because the CQIs are calculated based on LMMSE receiver.
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Figure 4: Single-user MIMO for up to rank-4 transmission
In some cases it may require that two CWs are transmitted with different rank on different subbands for MIMO transmission to a user as shown in Figure 5. The subband1 and subband2 respectively support rank-2 (Layer 1 and Layer2) and rank-1 (Layer1) respectively. The codeword CW1 is transmitted on Layer1 on both the subbands. However, codeword CW2 is only transmitted on subband1 because subband 2 does not support the second Layer.
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Figure 5: An example of two CWs transmission with different rank on different subbands
3.2 Multi-user 4x4 MIMO 

Again, in case of multi-user MIMO, the Node-B has the rank, ordering and channel quality information from multiple UEs according to the feedback structure described previously.  For example, when a 4x4 UE reports a Rank of 2 along with the layer order information and CQI (Max-CQI + Delta-CQI), the Node-B can schedule this UE in a single-user or multi-user MIMO mode. In case of single-user MIMO, two best reported layers (Rank2) are used for transmission with first layer MCS selected based on the Max-CQI and the second layer MCS selected based on the Max-CQI + Delta-CQI feedback. In case of multi-user MIMO, the Node-B can schedule this UE on the best-reported layer and another UE on second layer. In case more than one UE reports the same first layer preference, Node-B can schedule a UE on the second best layer (or even third and fourth for rank-4). Two possible cases for multi-user MIMO operation are shown in Figure 6 and Figure 7 as examples. The Node-B should have full flexibility in scheduling and mapping the users to available MIMO layers. 
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Figure 6: Multi-user MIMO for up to rank-4 transmission
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Figure 7: Multi-user MIMO for up to rank-4 transmission
4 CW to Layer Mapping and Hybrid ARQ
In single-user MIMO, when hybrid ARQ ACK/NACK is provided per codeword, it may happen that one codeword is successful while the other codeword needs a hybrid ARQ retransmission. In Figure 8, for example, CW1 succeeds on first attempt while CW2 requires a retransmission. We also assume that eNodeB has no more data to transmit to this UE. In this case, if eNodeB is not given flexibility of mapping codewords to layers, CW2 would be transmitted on the two weakest layers. However, if eNodeB is given flexibility of mapping codewords to layers, CW2 can be retransmitted on the two strongest layers. It should be noted that this approach does not result in any additional signaling overhead with asynchronous Hybrid ARQ assumed for the downlink. The codeword to layer mapping, anyway needs to be explicitly indicated because of potential errors in UE feedback.
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Figure 8: CW to Layer mapping and hybrid ARQ
In some cases, a UE starts with 2 codewords transmissions but only single codeword needs to be retransmitted. In this case, it is also possible to schedule another UE on the remaining layer(s) as shown in Figure 9. In the example of Figure 9, CW2 is retransmitted on the best layer for the first UE while another UE is scheduled on the second layer with its CW1.
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Figure 9: CW to Layer mapping, hybrid ARQ and single-user/multi-user MIMO operation
5 Summary
We described rank, layer ordering and CQI feedback structure for single-user and multi-user MIMO that provides eNode-B flexibility in mapping of codewords to layers for single-user MIMO. The proposed feedback structure also allows a seamless operation between single-user and multi-user MIMO under eNode-B control.  We also considered consequences of hybrid ARQ operation on mapping of codewords to MIMO layers. We noted that the flexible mapping approach under eNode-B control can maximize the use of spatial resources resulting from early termination of codeword transmission on some MIMO layers. We also remark that flexible mapping of codewords to layers can be supported without requiring any additional signaling overhead under asynchronous Hybrid ARQ operation assumed for the downlink.
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