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1. Introduction
This contribution proposes Improved Flexibility/Performance coding of ACK/NACK and CQI from one UE in the LTE Physical Uplink Control Channel (PUCCH). 
ACK/NACK and CQI from one UE are to be transmitted in the physical uplink control channel (PUCCH), and different quality targets for CQI and ACK/NACK have been agreed by RAN WG1 [1]. Joint Coding of CQI and ACK/NACK has been proposed in many contributions to show some coding gain over separate coding with TDM, however, one major problem regarding Joint Coding is that the CQI and ACK/NACK will have the same error target quality, and it is not possible to support different quality targets. 

In this contribution we propose that the coding of CQI-R and ACK/NACK should be accomplished to take into consideration the differences in the required quality levels. We propose such a scheme, called Embed Coding, which also delivers an improvement in performance compared to Joint Coding. We present link level performance results of the proposed CQI + ACK/NACK Embed Coding scheme which show that target quality differences are achieved and the performance is also improved over Joint Coding. 

2. Working assumptions for UL CQI control signaling
The RAN1 agreed UL CQI structure is depicted in Figure 1 [2]. The number and placement of reference signals are shown as in the figure. QPSK modulation is used [2].

Figure 1  CQI structure
Table 1 provides the required quality targets for uplink control signaling, NACK-ACK has a more stringent target than CQI [1, 4].

Table 1 Uplink control signaling 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. Proposed Embed Coding of CQI + ACK/NACK
We propose a variant of Joint Coding, and we show that this proposed Embed Coding scheme not only allows different quality targets to be met, but it also results in improved performance. The scheme is also flexible, in that it can be easily re-configured in the event that the quality target levels change until complete finalization by RAN1.
The basic Embed Coding scheme is to embed the ACK/NACK information in codewords of CQI.  The coding scheme is summarized as follows:
· At the transmitter, for each ACK/NACK value to be transmitted, a separate CQI codebook is used such that in one codebook, all the codewords corresponding to all possible CQI values have the same specific distribution of modulated symbols; this distribution being constant for any one ACK/NACK value to be transmitted. For example, four CQI codebooks are used for 2-bit ACK/NACK, one codebook corresponding to 1 of 4 ACK/NACK values; all the codebook entries within 1 codebook have the same distribution of modulated symbols, as shown in Figure 2 below, Embed Coding of ACK/NACK into CQI. The distribution of the modulated symbols is different between the different codebooks corresponding to the different ACK/NACK values.
· The UE will select the CQI codebook (1 out of 4 as example) based on the ACK/NACK value to be transmitted, and use it to encode the CQI value to be transmitted.

· The decoding procedure at the receiver contains two steps. As the first step, the ACK/NACK information will be determined based on the distribution of the received symbols, which is constant for the transmitted ACK/NACK value but different between different ACK/NACK values. Thus the CQI codebook to be used for Step 2 is first selected in Step 1 based on the ACK/NACK information; the second step is a conventional decoding of the CQI codeword.


[image: image1]
Figure 2 Embed Coding of ACK/NACK into CQI

An example QPSK symbol distribution for 2-bit ACK/NACK, is shown in Table 2 where A, B, C and D represent the complex-valued QPSK modulation symbols of the mappings “00”, “01”, “10” and “11” respectively. 
Table 2 An example QPSK Symbol distribution for 2-bit ACK/NACK

	ACK/NACK
	QPSK symbol distribution

	00
	7A, 1B, 1C, 1D

	01
	1A, 7B, 1C, 1D

	11
	1A, 1B, 7C, 1D

	10
	1A, 1B, 1C, 7D


4. Performance of the Embed Coding scheme
The following were simulated, and are compared below – 

1. Embed Coding scheme;
2. Joint Coding scheme.
Table 3 summarizes the main parameters used in the link level simulations.
Table 3 Simulation parameters
	Number of information bits
	CQI: 8 bits, ACK/NACK: 2bits

	Channel
	GSM TU (3 km/h)

	Channel estimation
	Non-ideal

	TTI Configuration
	Normal CP

	TTI
	1 ms

	Slot-based frequency hopping
	Enabled

	Number of RS per slot
	2 (placement as in Figure 1)

	System bandwidth
	5 MHz

	Code Type
	Embed code, punctured Reed Muller

	Modulation
	QPSK


For the proposed Embed Coding scheme, a symbol distribution as in Table 2 is used. 256 codewords (each of 20 bits) were randomly chosen among all the possible codewords with the specific QPSK symbol distribution as the codebook of CQI when ACK/NACK is “00”, which is noted as CBA (attached in the appendix). The codebooks of CQI when ACK/NACK is “01”, “11” or “10” are obtained from CBA due to the symmetry in Table 2. For example, the codebook of CQI when ACK/NACK is “11” is obtained by flipping all bits of each codeword in CBA. Thus only 256x20/8=640 bytes are needed to store the codebook at both transmitter and receiver.
We assume the same target error quality of CQI and ACK/NACK as in Table 1 (1e-2 for CQI BLER, 1e-4 for ACK/NACK BER). 
A Joint Coding scheme with a punctured (32, 10) Reed-Muller code is simulated for comparison with Embed Coding. The 32 coded bits are punctured uniformly to generate a codeword of size 20.
For all codes evaluated, maximum likelihood (ML) decoding scheme is used.

Figure 3 shows the performance results for Comparison of Embed Coding with Joint Coding with soft decision ML decoding. It is observed that in order to meet the quality targets for the ACK/NACK component, the Joint Coding scheme requires Es/N0 approximately -1.05 dB and guarantees the quality target of the CQI component at the same time: while the Embed Coding scheme only requires Es/N0 approximately -1.45 dB to meet the quality target of the CQI component and also guarantees the quality target of ACK/ANCK component at the same time. Thus a performance gain of 0.4 dB is observed in favor of Embed Coding. 
Further, Figure 3 shows clearly that Embed Coding allows the different quality targets for ACK/NACK and CQI to be individually met, whereas the Joint Coding fails to differentiate between these two different targets, as shown by the two ovals.
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Figure 3 CQI + ACK/NACK performance, soft decision ML decoding

In Figure 4, we present more performance results of Embed Coding with a different symbol distribution as in Table 4, to show its flexibility in re-configuration in the event that the quality target levels change. Hard decision ML decoding was used in this simulation. Table 5 summarizes the performance gains of Embed Coding over Joint Coding for different CQI and ACK/NACK quality targets for the Table 4 example symbol distribution. Clearly, Embed Coding not only has the flexibility of re-configuration but also improves performance comparing to Joint Coding.

Table 4 Symbol distribution of Embed Coding used in Figure 4

	ACK/NACK
	QPSK symbol distribution

	00
	6A, 1B, 2C, 1D

	01
	1A, 6B, 1C, 2D

	11
	2A, 1B, 6C, 1D

	10
	1A, 2B, 1C, 6D
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Figure 4 CQI + ACK/NACK performance, hard decision ML decoding
Table 5 Comparison of Embed Coding vs. Joint Coding in Figure 4

	CQI and ACK/NACK quality targets
	Required Es/N0 for Joint Coding to meet the targets
	Required Es/N0 for Embed Coding to meet the targets
	Gain of Embed Coding over Joint Coding

	CQI BLER: 1e-2; ACK/NACK BER: 1e-4
	0.7 dB
	-0.2 dB
	0.9 dB

	CQI BLER: 1e-1; ACK/NACK BER: 1e-4
	0.7 dB
	-0.7 dB
	1.4 dB

	CQI BLER: 1e-2; ACK/NACK BER: 1e-5
	1.7 dB
	-0.2 dB
	1.9 dB


5. Summary
This contribution proposes that an Embed Coding scheme should be specified for CQI + ACK/NACK in the UL control channel for E-UTRA LTE. 
Our simulation results show that when taking into account both CQI and ACK/NACK performance, the Embed Coding scheme is clearly superior to the Joint Coding approach using block codes. Another benefit of the Embed Coding scheme over previously proposed solutions is greater control of differing CQI and ACK/NACK error quality targets by choice of different modulated symbol distributions.

Therefore we propose that on PUCCH the ACK/NACK signals should be transmitted with CQI using the Embed Coding scheme.
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Appendix

For reference, we list the codebook of CQI when ACK/NACK is “00” with the symbol distribution as in Table 2; they are in the file embedded here:
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