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1. Introduction

For uplink CQI transmission, CAZAC-based structure similar to that shown in Figure 1 is agreed.  This contribution discusses the number and placement of reference signals for the CAZAC-based structure.  Note that this contribution addresses CQI transmission only.  Simultaneous transmission of CQI and ACK/NACK is addressed in [3].
2. CQI Channel Structure
The agreed CQI structure is shown in Figure 1 with the number and placement of reference signals to be determined.  It is expected that either 1 or 2 reference signals will be sufficient based on analysis of the trade-off between channel estimation performance and coding gain.  

[image: image1]
Figure 1.  CQI structure - users are multiplexed using different cyclic shifts.
With CQI, different types of reports, such as wideband, narrowband, and differential reports should be supported to efficiently trade-off uplink overhead and downlink performance.  In RAN1#49, the following agreements were reached regarding CQI reporting - 

· Types of CQI reporting: 

· Wideband CQI report: up to 5 bits (assuming SIMO)

· Multi-band CQI report: equivalent resolution up to 5 bits per sub-band (assuming SIMO)

· Sub-band is defined as the band to which a CQI value is related

· CQI reports for applicable MIMO schemes

· Combination of the above types of CQI reporting is FFS

· Overhead is added, e.g. from compression schemes or due to combination of different CQI reports

· Total number of CQI bits (including overhead) in a PUCCH subframe per UE shall not exceed approximately 10 bits (independently from the system bandwidth) assuming QPSK and an approximate code rate of up to 1/2, actual modulation and coding FFS
3. CQI Performance Analysis
In this analysis, 5-bit and 10-bit CQI reports corresponding to wideband and narrowband are analyzed.    Table 1 provides the CQI coding based on punctured (32, 10) Reed-Muller code for the two CQI types with various number of reference signals.  The CQI reports are transmitted over one sub-frame.   When 1 reference signal is used, the reference signal is placed on the fourth DFT-SOFDM symbol in each slot.  When 2 reference signals are used, the reference signals are placed on the second and second to last DFT-SOFDM symbols in each slot.
Table 1.  CQI coding based on punctured (32, 10) Reed-Muller code.

	Number of Reference Signal
	Number of CQI bits
	Coding 
(1ms sub-frame)

	1
	5 bits
	(24, 5)

	
	10 bits
	(24, 10)

	2
	5 bits
	(20, 5)

	
	10 bits
	(20, 10)


Two types of receivers are evaluated - 

· Type 1: Channel estimation is first done based on the reference signals, and then CQI decoding is performed based on these channel estimates.
· Type 2: Channel estimation and decoding is done jointly using all possible CQI codewords.  While this receiver is more complicated than Type 1 receiver, complexity is manageable for the CQI codeword length being considered (10 bits or less).
Figure 2 - Figure 3 illustrate performance of 10-bit CQI with 1 and 2 reference signals for the two receiver types.  From Figure 2, it is seen that for Type 1 receiver, performance is better with two reference signals due to improved channel estimation in addition to channel interpolation at high speeds, despite the coding loss.  However, for Type 2 receiver, performance is better with one reference signal due to the additional coding gain.  This is because, for this receiver, channel estimation is aided by CQI codeword detection, so estimation improvement is minor when an additional reference signal is used. Performance comparison between the two receiver types is shown in Figure 4 with Type 2 outperforming Type 1 receiver by approximately 2-3 dB.

Figure 5 - Figure 6 illustrate performance of 5-bit and 10-bit CQI with 1 and 6 multiplexed users using Type 2 receiver.  From the result, it is seen that performance with 6 multiplexed users is slightly worse (~0.5 dB worse at 1% BLER) compared to the single user case.
4. Conclusions
Based on the results shown, the following analysis may be drawn –
· Number of reference signals – In general, the number of reference signals required depends on the feasibility of using an advanced receiver to perform joint channel estimation and decoding.  This in turn depends on the number of CQI bits to be supported.  For instance, with CQI of size 12 bits or less, 1 RS is sufficient using an advanced receiver.  For CQI of size greater than 12 bits, 2 RS may be needed unless segmentation of the CQI is performed and each segment is coded separately.  
· Reference signal placement – 
· 1 RS: Fourth DFT-SOFDM symbol in each slot.
· 2 RS: Second and second to last DFT-SOFDM symbols in each slot.
· Number of multiplexed users – From link analysis, it is seen that six CQI users may be multiplexed together.  Performance in this case is slightly worse (~0.5 dB worse at 1% BLER) compared to the single user case.
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Figure 2.  Performance of 10-bit CQI at TU 3, 120, and 350 km/h, Receiver Type 1, punctured (32,10 Reed-Muller code.
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Figure 3.  Performance of 10-bit CQI at TU 3, 120, and 350 km/h, Receiver Type 2, punctured (32,10 Reed-Muller code.
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Figure 4.   Performance comparison of Receiver Type 1 and 2, 1 CQI user.
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Figure 5.   Performance of 5-bit CQI at TU 3, 120, and 350 km/h, Receiver Type 2, (24, 5) code with 1 RS.
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Figure 6.  Performance of 10-bit CQI at TU 3, 120, and 350 km/h, Receiver Type 2, (24, 10) code with 1 RS.
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Figure 7.  Performance of 10-bit CQI at TU 3, 120, and 350 km/h, Receiver Type 2 with 2 taps, punctured (32,10 Reed-Muller code.
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