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1. Introduction
Coherent transmission has been agreed for CQI on PUCCH. Figure 1 shows the CQI subframe structure for short and long CP, where 2 CQI reference signals (RS) exist for short CP and 1 CQI RS exists for long CP. With QPSK modulation, 20 coded CQI bits are available per UE within one subframe. Further, with CDM through cyclic shifted CAZAC-like sequences, multiple CQI UEs can be multiplexed on one resource block (RB). Ideally, 12 CQI UEs can be supported within one RB. However, due to spillover between consecutive cyclic shifts, it is recommended that not all 12 cyclic shifts are utilized.
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Figure 1: CQI Slot Structure, Short CP (left), Long CP (right)
In general, three MIMO-related information needs to be fed back in UL for proper DL transmission, i.e.
· Index of a selected precoding matrix (PMI); 

· Transmission rank (Rank), which is the number of spatial transmission layers; and

· Supportable modulation and coding schemes (MCS). 

In the rest of this contribution, we generally refer PMI and MCS as CQI. Typically, when there is no data transmission in UL, the control signaling from UE to NodeB is fed back in dedicated UL control channels, i.e. PUCCH. The Rank and CQI bits can be either jointly or separately coded for transmission. Note the number of CQI information bits is dependent on Rank. For wideband MIMO related feedback in UL, Table 1 shows the number of Rank and CQI bits for joint and separate rank and CQI transmission. For joint transmission, to avoid blind decoding at NodeB, the worst case CQI length needs to be used, irrespective of the Rank value. 
Table 1: Number of Rank and CQI Bits per Subframe

	
	2-Tx Antennas
	4-Tx Antennas

	
	Rank = 1
	Rank = 2
	Rank = 1
	Rank >1

	Separate rank
	1 Rank Bits

8 CQI Bits
	1 Rank Bits

10 CQI Bits
	2 Rank Bits

9 CQI Bits
	2 Rank Bits

12 CQI Bits

	Joint, fixed (no blind decoding)
	11 Rank + CQI Bits
	14 Rank + CQI Bits


In this contribution, we study BLER performance of joint and separate Rank and CQI report transmission. We show that separate Rank and CQI transmission outperforms joint transmission for Rank and CQI BLERs. Hence, we recommend the separate rank and CQI report transmission for the E-UTRA with the schemes proposed in this contribution.
2. Separate Rank and CQI Transmission
As demonstrated in [1-3], the required feedback rate for the rank report is at least 5x lower compared to that for the CQI (PMI and MCS). Hence, the rank report can be transmitted less often than the CQI which avoids the unnecessary overhead. In addition, it is also possible to introduce repetition gain to the rank report to improve the reliability/coverage if necessary. It is expected that error in decoding the rank report tends to be more detrimental than CQI decoding error. This can be achieved easily when rank and CQI reports are separately encoded (transmitted). 
To signal rank separately from CQI on PUCCH, it is possible to use format 0/1 which is intended for the UL ACK/NAK since the number of rank bits is the same as that of ACK/NAK. With this transmission scheme, the rank report utilizes a part of the available UL ACK/NAK resources. Since rank report is at most once per 10ms, this may not constitute to a large portion of the UL ACK/NAK resources. A multiplexing rule needs to be defined, however, to avoid collision between rank and ACK/NAK as well as between rank and CQI.
In this section, we present two alternative techniques that do not require the use of the UL ACK/NAK resources. Note that this format is used only when a rank report is transmitted since the rank report is at least 5x less frequent than CQI [1-4]. Alternatively, the rank report can be repeated over several reporting instances to increase coverage.
2.1. Piggyback Rank in CQI RS
Figure 2 shows a separate rank and CQI transmission scheme where the rank QAM (BPSK for 1 Rank bit and QPSK for 2 Rank bits) is embedded in one of the CQI RS symbols for the short CP subframe structure. The receiver (NodeB) decodes the Rank bits with the two CQI RS symbols, followed by CQI decoding with the corresponding CQI code scheme indicated by the Rank bits. Note that this piggybacked separate rank and CQI transmission scheme does not directly apply to the long CP subframe structure since there is only one CQI RS.
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Figure 2: Piggyback Rank in CQI RS
2.2. TDM Rank and CQI
Figure 3 shows a separate Rank and CQI transmission scheme by means of TDM. One CQI data symbol per slot is exclusively used for Rank. Frequency diversity is exploited by repeating the Rank bits on two PUCCH resource blocks, which makes the Rank bits much more reliable than the CQI bits. The receiver (NodeB) decodes the Rank bits with the Rank symbol and the two CQI RS symbols, followed by the CQI decoding with the corresponding CQI coding scheme indicated by the Rank bits. Moreover, the decoded Rank symbol can serve as CQI RS to improve the channel estimation for CQI symbols. Note that the TDM approach is applicable to both short and long CP subframe structures.
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Figure 3: Separate Rank and CQI Transmission by TDM, Short CP (left), Long CP (right)
3. Simulation Results
In this section, we show the BLER simulation results for separate and joint Rank and CQI transmission. The link level simulation assumptions are listed in Table 2. Punctured tail biting convolutional coding (CC) is assumed as the coding scheme for CQI. Rate 1/2 and rate 1/3 CC are assumed as the root coding schemes where the generator polynomial (Octal) is [G0=133, G1=171, G2=165] for rate 1/3 and [G0=133, G1=171] for rate 1/2, respectively. Table 3 shows the various CQI coding schemes for the short and long CP subframe structures.  
Table 2: Link Level Simulation Assumptions

	Parameters
	Assumptions

	Numerology
	5MHz @ 2.0GHz

	Resource Block
	180 kHz (15 kHz x 12)

	Frequency Hopping Subframes
	2

	Number of UEs
	1

	Number of Rank Bits
	1 or 2

	UE Velocity
	3 km/h, 60 km/h, or 120 km/h

	Channel Model
	SC

	Number of Receive Antennas
	2 for 1 Rank Bit; 4 for 2 Rank bits

	Number of Transmit Antennas
	1


Table 3: CQI Coding Schemes

	
	Short CP
	Long CP

	
	Coding Scheme
	Coding Scheme

	Piggyback
	1 Rank Bit
	Rank = 1
	R = 1/3, (8, 20)
	N/A

	
	
	Rank = 2
	R = 1/2 , (10, 20)
	N/A

	
	2 Rank Bits
	Rank = 1
	R = 1/3, (9, 20) 
	N/A

	
	
	Rank > 1
	R = 1/2, (12, 20)
	N/A

	TDM
	1 Rank Bit
	Rank = 1
	R = 1/2, (8, 16) 
	R = 1/2, (8, 16) 

	
	
	Rank = 2
	R = 1/2, (10, 16)
	R = 1/2 , (10, 16)

	
	2 Rank Bits
	Rank = 1
	R = 1/2, (9, 16)
	R = 1/2, (9, 16)

	
	
	Rank > 1
	R = 1/2, (12, 16)
	R = 1/2, (12, 16)

	Joint
	1 Rank Bit
	R = 1/2, (11, 20)
	R =  1/2, (11, 20)

	
	2 Rank Bits
	R = 1/2, (14, 20)
	R = 1/2, (14, 20)
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Figure 4: CQI (left) and Rank (right) BLER, 1 Rank Bit, Short CP
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Figure 5: CQI (left) and Rank (right) BLER, 2 Rank Bits, Short CP
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Figure 6: CQI (left) and Rank (right) BLER, 1 Rank Bit, Long CP
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Figure 7: CQI (left) and Rank (right) BLER, 2 Rank Bits, Long CP

Figures 4 – 7 show the BLER for CQI and Rank bits, for the short and long CP subframe structures. The following observations can be drawn:

· The piggybacked separate Rank and CQI transmission scheme achieves the best CQI BLER performance for the short CP subframe structure;

· The TDM separate Rank and CQI transmission scheme outperforms joint Rank and CQI transmission in terms CQI BLER for both short and long CP subframe structure;

· The Rank BLER of the separate Rank and CQI transmission methods is significantly better than the joint approach;

· The Rank BLER of the TDM method is better than the piggybacked method for the short CP subframe structure.
· The above observations hold for various UE speeds. In particular, increasing UE speed from 3 km/h to 60 km/h introduces negligible Rank and CQI BLER degradation.
4. Advantages of Separate Rank and CQI Transmission

4.1. Better Rank Performance
With separate Rank and CQI transmission, one or more OFDM symbols can be exclusively dedicated for Rank transmission. Furthermore, frequency diversity can be easily achieved by repeating the Rank bits on both slots of a subframe. It is shown in the previous section that the Rank performance of separate Rank and CQI transmission is always better than the joint approach.

4.2. Better CQI Performance
Although the length of the CQI information bits depends on Rank, the joint Rank and CQI transmission scheme assumes the worst-case (or largest) CQI length, irrespective of the Rank bits. Whenever Rank is decoded erroneously, CQI is incorrectly received. Moreover, for CQI length shorter than the worst case, some coding gain is lost since the worst-case CQI length is always assumed. Note it is possible to perform blind decoding for the joint approach, which may subsequently introduce additional processing delays and receiver complexity. 
4.3. Flexible Control of Rank Feedback and Quality
It is observed that the Rank feedback time granularity can be longer than CQI [1]. Thus, it is unnecessary to feedback Rank every time CQI is transmitted on PUCCH. Figure 8 shows the principle of Rank and CQI feedback with different time granularities, where Rank is fed back less frequently than CQI. For the subframes in which only CQI is transmitted, the most recently decoded Rank bits are used to determine the corresponding CQI coding scheme. Thus, Rank must be reliably received, since CQI decoding in subsequent subframes relies on the Rank bits. Hence, separate Rank and CQI feedback is preferable, as it is shown in the previous section that it provides much better Rank performance than the joint approach. To further improve the Rank reliability, it is also possible to repeat and combine the Rank bits in the first a few subframes, as shown in Figure 9. The number of subframes in which the Rank bits are repeated can be UE-specific and configured by NodeB. 
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Figure 8: Different Rank and CQI Feedback Time Granularity
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Figure 9: Repeat Rank in First a Few Subframes
5. Conclusions
In this contribution, we compare the Rank and CQI BLER for separate and joint Rank and CQI transmission methods. Simulations show that the separate Rank and CQI transmission methods achieve significantly better performance than the joint Rank and CQI transmission scheme. In particular, it is shown that the piggybacked Rank transmission scheme achieves best CQI BLER for the short CP subframe structure and the TDM approach has the best Rank performance. Considering the better performance along with the other advantages outlined in this contribution, we recommend the separate rank and CQI report transmission for the E-UTRA with the schemes proposed in this contribution.  
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