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1 Introduction
In the RAN WG1#46bis meeting, it was agreed to have a working assumption of maximum of two codewords (2CWs) for 4x4 MIMO. 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. This feedback structure was described in detail in [2], with further developments in [3]. In this contribution, we discuss rank, layer ordering and CQI information feedback for 2-Tx and 4-Tx MIMO. It is possible to reduce the feedback overhead by increasing the subband size over which CQI, precoder index and rank is reported. We present here system simulations which compare the effect of subband size and precoder size on the performance.
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 Figure 2.  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.
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Figure 2: Rank and Layer Order Indication (RLOI) formats for 4-Tx MIMO
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 1 results in a lower feedback overhead for users whose transmission rank is limited to a smaller value.

Table 1 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


2.1 UE Reporting  

The scheduler needs the following information from the UE for proper operation:

1. Reported Rank

2. CQI per codeword

3. Layer Ordering

4. Precoder Index

The method that the UE uses to calculate these parameters are shown in Figure 3. These operations occur independently per Subband. 
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Figure 3 UE CQI Calculation and Rank reporting
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. For rank greater than 1, two codewords can be transmitted.  It should be noted that the Node-B has knowledge of CQI on each of the layers and should be given flexibility in deciding mapping of codewords to layers.
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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. 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.
3.2 Multi-user 4x4 MIMO 

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. One possible case for multi-user MIMO operation is shown in Figure 5. 
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Figure 5: Multi-user MIMO for up to rank-4 transmission

4 System Simulations

We perform system simulations to determine an optimum subband size, as well as to quantify the gains of precoding, MU-MIMO over SU-MIMO. The general SU-MIMO scheme is described Figure 4, while the MU-MIMO scheme is described in Figure 5. We simulated the following configurations:

1. A 2x2 MIMO configuration. The results are in Figure 7 & Figure 8.
a. SU -MIMO Without Precoding 

b. SU -MIMO With Precoding 

c. A 2x2 SU/MU-MIMO without Precoding as is described in Figure 5.
2. A 4x2 MIMO configuration. The results are in Figure 11 & Figure 12.
a. Without Precoding 

3. A 4x4 MIMO configuration. The results are in Figure 9, Figure 10 
a. SU -MIMO Without Precoding  (The results are in Figure 9, Figure 10)
b. SU -MIMO With Precoding  (The results are in Figure 9, Figure 10)
c. A 4x4 SU/MU-MIMO without Precoding as is described in Figure 5. (The results are in Figure 9, Figure 10)
4.1 Simulation Assumptions

The simulations assumptions are inline with the agreed scenario of spatial multiplexing for the scheduled traffic channels as is described in TR25.812, Case 1. The detailed simulations assumptions are summarized in Table 2. 
Table 2 System Simulation Assumptions

	Parameter
	Value

	Transmission  Bandwidth
	10 MHz

	NFFT
	1024

	Usable sub-carriers
	600

	Sub-carrier spacing
	15 kHz

	Subframe duration
	0.5ms

	Number of OFDM symbols per sub-frame
	5 (data) & 2 (control)

	ISD
	500m

	Resource Block size (RB)
	12 tones

	SubBand Sizes
	1RB, 2RB’s, 5RB’s & 10RB’s

	Channel Model
	SCM (Macro Urban)

	Antenna spacing
	10*Lambda

	Mobile Speed
	3 Km/Hr

	Target FER
	1%

	MCS Levels
	QPSK: 1/3, 2/5, ½, 3/5, 2/3, ¾, 4/5

QAM16:  ½, 3/5, 2/3, ¾,4/5
QAM 64: 3/5, 2/3, 3/4, 4/5

	HARQ
	Chase Combining, max 6 transmissions

	UE’s per Cell
	2,10,16

	5 Bit quantizations
	-7 to 23 dB in 1dB increments

	Receiver
	MMSE-IRC

	Number of TXxRX antenna configurations
	2x2, 4x2, 4x4

	SubBand size for CQI reporting, Rank adaption, Precoder selection and scheduling
	1RB, 2RB’s, 5RB’s, 10RB’s

	Channel Estimation
	Ideal

	CQI Reporting
	Every 8 TTI, delayed by 3 TTI, per SubBand


4.2 System Simulation Results

In [2] we reported a performance difference between symmetrical and unsymmetrical mapping of codewords to layers. Based on revised simulations with a more fair link adaptation algorithm, we find no significant difference between these 2 mappings. In Table 3 we tabulate the Sector throughput and the 5% cell edge user throughputs. In Figure 6 we show the CDF’s of the user throughputs. Based Table 3 on and Figure 6 we can see that there is no performance difference between the different mappings.

Table 3 Performance Comparison between symmetrical and unsymmetrical codeword to layer mappings

	
	Unsymmetrical
 (1 , 2+3+4) 
	Symmetrical
(1+2 , 3+4)

	Sector THP (bps/Hz)
	   3.73
	   3.77

	Cell Edge 5%
	   0.11
	   0.10
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Figure 6 CDF's of different Codeword to layer mappings show no performance difference
In Figure 7 & Figure 8 we show the performance results for the 2x2 case, in Figure 9 & Figure 10 for the 4x4 case and in Figure 11 & Figure 12 for the 4x2 case. The system performance results for the different schemes simulated are summarized in Table 4 for the 4x4 case and in Table 5 for the 2x2 case. Scheduling, CQI reporting and rank adaptation is done per Sub-band.  We summarise the performance results in the next section.
The legends in the figures are as follows:
· 1PC = one fixed precoder

· 8PC = 8 (3 bits) precoders, where the UE selects and reports CQI on the best precoder

· MU =  Combined SU and MU MIMO. Only one fixed precoder is used here. The scheduling operation is  described in Figure 3.
· SU = SU-MIMO only. No MU-MIMO here.

· 1RB = 1RB’s per SubBand. 

· 2RB = 2RB’s per SubBand

· 5RB = 5RB’s per SubBand

· 10RB = 10RB’s per SubBand
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Figure 7 The 2x2 Performance of 5% UE throughput vs. Cell throughput (bps/Hz)
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Figure 8 Gains/Losses of 2x2 MIMO relative to 1RB, 1PC, SU-MIMO
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Figure 9 The 4x4 Performance of 5% UE throughput vs. Cell throughput (bps/Hz)
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Figure 10 Gains/Losses of 4x4 MIMO relative to 1RB, 1PC, SU-MIMO
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Figure 11 The 4x2 Performance of 5% UE throughput vs. Cell throughput (bps/Hz)
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Figure 12 Gains/Losses 4x2 MIMO relative to 1RB, 1PC, SU-MIMO
Table 4 Relative Gains and Losses for 4x4 MIMO with 10 UE's relative to SU-MIMO 1RB, One fixed Precoder
	    RB’s per Subband
	1
	2
	5
	10

	1PC
	1.0000    
	   0.9732    
	0.8783
	0.8136

	8PC
	1.0213    
	   0.9993    
	0.9175
	

	MU
	1.1196    
	   1.0867    
	1.0221
	


Table 5 Relative Gains and Losses for 2x2 MIMO with 10 UE's relative to SU-MIMO 1RB,  One fixed Precoder
	RB’s per Subband
	1
	2
	5

	1PC
	   1.0000
	   0.9262    
	   0.8465

	8PC
	   1.0409    
	   0.9616    
	   0.8979

	MU
	   1.0786
	   1.0199
	   0.9376


5 Summary
We described rank, layer ordering and CQI feedback structure for single-user and multi-user MIMO together with system simulations. The simulations compared the effect on performance of subband size, precoder size, and effect of MU-MIMO capabilities. The relative gains and losses can be summarized as follows:

1. Precoding gain decreases with increased number of UE’s. 

2. For 4x4 and 10UE’s: 
a. MU-MIMO Gain with 10 UEs is 12% - 16%. 
b. Precoding Gain with 10 UEs is about 3%, while it is about 11% with 2 UE’s 

c. The loss with increasing subband size from 2RB, to 5RB to 10RB vs. 1RB is:

i. 2%    12%    18%

3. For 4x2 and 10 UE’s

a. The loss with increasing subband size from 2RB, to 5RB to 10RB vs. 1RB is:

i. 4%    14%    22%

4. For 2x2 and 10UEs:

a. MU-MIMO gain is about 9%.

b. Precoding gain is about 4% 
c. The loss with increasing subband size from 2RB, to 5RB vs. 1RB is:

i. 7%    15%    
5. Conclusion
We see a slight performance loss when increasing the subband size, for the SCM channel. We saw a similar trend with the Typical Urban channel model in [4]. We also know that in relatively flat fading channels, subband size can be quite large without incurring any performance penalty. Therefore we propose that the subband size for MIMO feedback should remain as a configurable parameter. Moreover, we noticed that precoding does not provide significant gains when layer ordering and rank adaptation is used.
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