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1. Introduction

In RAN1#51, simultaneous transmission of ACK/NACK and CQI was discussed.  It should be noted that dropping of CQI is allowed and may be configured by the eNB.  In addition, it was agreed that, for normal CP, the ACK/NACK information is signaled using reference signal.  However, performance at high-speed should be verified.  For extended CP, ACK/NACK and CQI are jointly coded.  This contribution provides a performance comparison of ACK/NACK signalled using RS and joint coding..  It also verifies that a more advanced receiver algorithm is needed at very high-speed (350 km/h) for ACK/NACK signalled using RS. 
2. CQI + ACK/NACK Multiplexing
Separate Transmission of CQI and ACK/NACK
For normal CP, it has been agreed that the ACK/NACK information is signaled using reference signal.  Several different options are possible regarding the ACK/NACK embedding, including –

· ACK/NACK is used to modulate the second reference signal position in the slot.  In this case, the first reference signal remains unchanged and may be used for channel estimation to aid in the demodulation of the ACK/NACK.  An example of this multiplexing structure in Figure 1.
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Figure 1.  CQI + ACK/NACK multiplexing – structure 1.
· ACK/NACK is conveyed using an orthogonal cover and embedded into both first and second reference signals using an orthogonal cover.  Different covers are used for different ACK/NACK symbols.  In addition, for 2-bit ACK/NACK, different covers are different between the first and second uplink slots.  An example of this multiplexing structure in Figure 2.
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Figure 2.  CQI + ACK/NACK multiplexing – structure 2.
· ACK/NACK is conveyed using both an orthogonal cover and cyclic shift of the reference signals.  The introduction of cyclic shift is intended to help performance in high Doppler scenario.
Joint Coding of CQI and ACK/NACK
For extended CP, it has been agreed that joint coding of CQI and ACK/NACK is used.  The basic block diagram of the joint coding process is shown in Figure 3.  Currently, it is expected that the multiplexing operation will always have to leave room for the ACK/NACK to properly handle the error case of missed DL assignment grant.
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Figure 3.  Block diagram of joint CQI + ACK/NACK coding process.
Although CQI design has not been finalized, with joint coding either 1 or 2 bits must be reserved for ACK/NACK.  Table 1 shows examples of possible code rates that may need to be supported for joint coding.  Illustrative performance of joint coding based on punctured (10, 32) Reed-Muller code is shown in Figure 7.
Table 1.  Examples of possible code rates required.

	CQI length

(Bits)
	Coding Rate

	
	CQI only
	CQI + 1-bit A/N
	CQI + 2-bit A/N

	5
	(5,20)
	(6,20)
	(7,20)

	8
	(8,20)
	(9,20)
	(10,20)


Table 2 provides the required quality targets for uplink control signalling.

Table 2.  Uplink control signalling target quality.

	Event
	Target quality

	ACK miss detection (for DL-SCH)
	(1e-2)

	DTX to ACK error (for DL-SCH)
	(1e-2)

	NACK to ACK error (for DL-SCH)
	(1e-4)

	CQI block error rate
	FFS (1e-2 – 1e-1)


3. Performance Comparison
For performance analysis, the CQI + ACK/NACK structure employed in Figure 1 is used.  Figure 4 illustrates performance of the ACK/NACK using a basic receiver where channel estimate from the second reference signal is used to demodulate the ACK/NACK.  From the figure, it is seen that there exists an error floor at 350 km/h due to channel variation within the slot.  As a result, a more advanced receiver algorithm is needed to overcome this problem.
Several advanced algorithms are possible including (1) blind decoding with hypothesis testing and (2) joint channel estimation and decoding.  In this contribution, joint channel estimation and decoding as described in [1] is used.  Basically, channel estimation and decoding is done jointly using all possible CQI and ACK/NACK codewords.  While this receiver is more complicated than a basic receiver, complexity is manageable for the CQI codeword length being considered. 
The main results may be summarized as follows -

· High Speed Performance: Figure 5 and Figure 6 illustrate performance of CQI and ACK/NACK multiplexing using the advanced receiver described above at 3 and 350 km/h, respectively.  As can be seen from Figure 6, there is no performance issue at high speed unlike those shown in Figure 4 using a conventional receiver.  With a conventional receiver, performance at speeds up to 180 km/h is acceptable.
· Performance Comparison with Joint Coding: Figure 5 and Figure 6 also compare performance of joint coding versus separate transmission of CQI and ACK/NACK.  It is seen that, at low speed, separate transmission outperforms joint coding.  At high speed, however, performance of the two methods is comparable.  It should be noted that the difference between separate transmission and joint coding naturally depends on the receiver algorithm employed.  
· CQI Performance Loss with Joint Coding: Figure 7 illustrates the performance loss for 8-bit CQI when ACK/NACK is multiplexed and coded jointly.  From the figure, it is seen that performance degradation for 8-bit CQI is approximately 0.8 and 1.8 dB with 1-bit and 2-bit acknowledgements multiplexed.  Note that to avoid an error situation when a downlink assignment is missed, ACK/NACK must always be multiplexed in with dummy value transmitted when no actual ACK/NACK is transmitted.  As a result, this performance loss is always present.  Although not shown here, performance degradation for 5-bit CQI is smaller, at approximately 0.6 and 1.4 dB loss with 1-bit and 2-bit acknowledgements, respectively.
4. Discussion
Table 3 provides a comparison of the two CQI and ACK/NACK multiplexing methods - ACK/NACK signalled using RS and joint coding.  In general, separate CQI and ACK/NACK transmission outperforms that using joint coding.  However, at very high-speed (350 km/h), a more advanced receiver algorithm is needed for separate transmission.  In addition, ACK/NACK signalled using RS requires at least two RS within the slot, so it can only be used with the normal CP structure.  With joint coding, performance is worse than separate transmission when CQI + ACK/NACK are multiplexed.  In addition, performance loss is also incurred with CQI only transmission.  However, joint coding can be used with both normal and extended CP which reduces the number of methods that must be supported.
Table 3.  Comparison of CQI + ACK/NACK multiplexing methods.

	
	Advantages
	Disadvantages

	ACK/NACK signalled using RS
	1. Outperforms joint coding. 
2. No performance loss when ACK/NACK is not multiplexed with CQI.
	1. Different solutions for normal and extended CP.

2. Performance issue at very high Doppler – advanced receiver needed at 350 km/h.

	Joint coding
	1. One solution for both normal and extended CP.

2. No performance issue at high Doppler – no need for advanced receiver.
	1. Performance loss compared to separate transmission.

2. Performance loss for CQI transmission even when ACK/NACK is not multiplexed with CQI.


5. Conclusions
This contribution provides a performance comparison of ACK/NACK signalled using RS and joint coding.. From a performance perspective, ACK/NACK signalled using RS generally outperforms joint coding.  However, a more advanced receiver algorithm is needed at very high-speed (350 km/h).  In addition, it can only be used with the normal CP structure.  Joint coding can be used with both normal and extended CP structures.  However, there is a performance loss that must be incurred even with CQI only transmission.   
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Figure 4.  ACK/NACK performance using basic receiver.
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Figure 5.  ACK/NACK + CQI performance using advanced receiver (3 km/h).
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Figure 6.  ACK/NACK + CQI performance using advanced receiver (350 km/h).
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Figure 7.  Joint coding performance: 8-bit CQI, advanced receiver.




























































































































































































































































