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1 Introduction

The agreed ACK/NAK and CQI multiplexing methods from the same UE in the PUCCH (CQI sub-frame structure) are:

a) implicit ACK/NAK multiplexing using the CQI RS for the normal CP sub-frame structure
b) joint ACK/NAK and CQI coding for the extended CP sub-frame structure. 
In both cases, specific solutions for ACK/NAK DTX detection are required. For the former case, the performance for high UE speeds needs to also be verified. Moreover, in either case, the eNB can configure a UE to drop its CQI transmission if the desired ACK/NAK BER or CQI BLER targets cannot be met (e.g. for coverage limited UEs or  UEs with very low SINR). 

This contribution addresses the outstanding issues for the normal CP and evaluates the ACK/NAK BER and CQI BLER under the agreed framework.
2 Implicit ACK/NAK Multiplexing
Several past contributions have considered implicit ACK/NAK multiplexing using the RS in the normal CP CQI sub-frame structure [1-3]. In [1], binary covering (BC) is applied to the 2 RS in each of the two slots. The 4 possibilities can convey 2 information bits. 
In [2], the ACK/NAK bits modulate the second RS in each slot (BPSK/QSPK for 1-bit/2-bit ACK/NAK). For 1-bit ACK/NAK, this approach becomes equivalent with that in [1] in case of a NAK. DTX cannot be detected as the RS structure remains the same as for the usual CQI transmission when ACK is multiplexed. However, it is possible to map -1 as ACK and have DTX be interpreted as NAK to avoid an error case in the physical layer. For 2-bit ACK/NAK, the distance between the various hypotheses is less than in [1] as all the information is contained in the second RS symbol of each slot and no orthogonality among the different hypotheses exists. This is shown analytically in Appendix A where the decision metrics and their distances are provided for the exemplary case of the (32, 10) punctured RM code, and through simulations in the following section.
In [3], in addition to using different BC in each slot, ACK/NAK multiplexing also utilizes an unused cyclic shift (CS), between two CS allocated to usual CQI transmission, as a second dimension. This is however problematic. First, a CS is chosen to remain unused because its utilization would destroy the intra-cell PUCCH orthogonality due to the channel delay spread, filter spillover, and timing errors. Further, accounting for near-far effects, robust performance is not possible to ensure either for the multiplexed ACK/NAK and CQI transmission or for the CQI transmissions in the two adjacent CS. Second, depending on the ACK/NAK combination utilizing the unused CS, the reliability of each transmission is not equivalent. For example, a 2-bit {ACK, ACK} transmission in [3] would be more reliable than a {NAK, NAK} one. Although this could be reversed, the problem is not solved (e.g. {ACK, NAK} cannot have the same reliability as {NAK, ACK}). Further mechanisms such as CS hopping with a different starting CS position depending on the ACK/NAK bits could be used to suppress this problem but this will only lead to more complex transmitter/receiver structures (obviously not the same as having CS hopping for the usual CQI transmission) while not avoiding the orthogonality loss. Also an energy detection receiver is required as multiple CS need to be tested. Further performance evaluation for any approach utilizing only CS that are subject to interference is not considered because the results will be heavily dependent on particular simulation assumptions and robustness simply can not be guaranteed. 
2.1 Binary Cover RS Modulation
For implicit ACK/NAK multiplexing by modulating the 2 RS in each of the two slots of the short-CP CQI sub-frame structure by a binary cover, the 1-bit and 2-bit ACK/NAK transmission setups are shown if Figure 1 and Figure 2, respectively.  
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Figure 1: 1-Bit Implicit ACK/NAK Multiplexing by Modulating the 2 RS per Slot of the Short-CP CQI Sub-Frame.
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Figure 2: 1-Bit Implicit ACK/NAK Multiplexing by Modulating the 2 RS per Slot of the Short-CP CQI Sub-Frame.
For the 2-bit ACK/NAK transmission, DTX is incorporated into {NAK, NAK}. Therefore, the probability of DTX-to-ACK error is the same as for a {NAK, NAK} error. Assuming a typical DL grant BLER of 1% and PDSCH BLER of 10%, both DTX and {NAK, NAK} transmissions have the same probability of 1%. Although an implementation issue, interpreting {NAK, NAK} as DTX or vice versa does not have any meaningful impact on system throughput. For low to medium data rates (self-decodable retransmissions), the eNB may choose {NAK, NAK} and use the next RV for retransmission since it will contain systematic bits. The opposite may apply for the highest data rates to protect against the possible absence of systematic bits. This can also be fundamentally applied to the 1-bit ACK/NAK transmission, which can be reduced from a 3-state one to a 2-state one with improved ACK/NAK BER, and DTX can always be interpreted as NAK. Again, due to the small DTX probability (~1%), interpreting DTX as NAK has negligible impact and the overall effect on system throughput is positive due to the improved ACK/NAK BER. Then, CQI+NAK multiplexing may use the BC {1, 1} and CQI+ACK multiplexing may use the BC {1, -1}.

The coding is assumed to be through the (20, 5) or the punctured (32, 10) Reed-Muller codes. It should be noted that if x is a RM codeword, -x is not a RM codeword and therefore {-1, -1} is a valid binary cover. However, the minimum distance of -x relative to the remaining RM codewords can be smaller than the one for x. Consequently, the BC pairs of ({1, 1}, {-1, -1}) and ({1, -1}, {-1, 1}) should be used to represent cases for which a mutual error has the least serious consequences. For example, if the cover {1, 1} is used to represent usual CQI (DTX ACK/NAK) and {NAK, NAK}, the cover {-1, -1} should not be used for {ACK, ACK} but orthogonal covers should be used instead. 
2.2 Performance Results
The simulation setups are outlined in Table 1. At the receiver, each possible BC is removed from the RS and the channel estimate for each hypothesis is obtained. The received CQI signal is then correlated with each channel estimate and each codeword of the (20, 5) or the punctured (32, 10) RM code, as usual. The ACK/NAK and CQI decision is based on the largest metric obtained for the RM codewords (CQI) and one of the (2, 3, or 4) ACK/NAK hypotheses. 
Table 1: Simulation Assumptions

	Parameters
	Assumptions

	System BW
	5MHz

	CQI Code
	(20, 5) or punctured (32, 10) RM Code (QPSK modulation)

	UE Speed
	3 and 350 kmph

	Channel Model
	TU6, PA

	Number of Antennas
	1 Tx, 2 Rx


2.2.1  

1-Bit ACK/NAK
The ACK/NAK BER and CQI BLER for 1-bit ACK/NAK with 2-state detection (DTX and NAK correspond to the same hypothesis) are presented in Figure 3 and Figure 4 for the (20, 5) and punctured (32, 10) RM codes and for the TU6 channel and UE speeds of 3 Kmph and 350 Kmph. Results for the PA channel are presented in Appendix B. 
With the exception of the (20, 5) RM code at the highest E-UTRA speeds where a loss of about 0.5 dB is observed, there is no impact on CQI BLER from multiplexing ACK/NAK using RS modulation. In case of joint coding of CQI and ACK/NAK, CQI BLER degradation exists and may be significant depending on the number of resources allocated to ACK/NAK to meet the corresponding BER targets). Also, as expected, the more powerful (20, 5) code offers some SINR gains over the (32, 10) one but of course less CQI bits are transmitted with the former. What should be noted however is that the ACK/NAK BER with the (20, 5) code is slightly worse compared to the (32, 10) one as the distance between error events is smaller although the error events are fewer.
For both RM code setups, the ACK/NAK BER at the highest E-UTRA speeds is degraded by about 3.2 dB but no error floors are observed. Out of this loss of 3.2 dB, about 1.2 dB is due to degraded channel estimation (the CQI BLER without ACK/NAK multiplexing is degraded by 1.2 dB) and about 2 dB is due to the inability to have RS averaging and orthogonal hypotheses. 
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Figure 3: 1-bit ACK/NAK BER (2-state detection) and CQI BLER with/out RS Modulation. (20, 5) RM Code.
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Figure 4: 1-bit ACK/NAK BER (2-state detection), CQI BLER with/out RS Modulation. (32, 10) RM Code.

The ACK BER, NAK BER (DTX BER = NAK BER) and CQI BLER with and without implicit ACK/NAK transmission for 1-bit ACK/NAK with 3-state detection (DTX and NAK correspond to different hypotheses) are presented in Figure 5 for the TU6 channel, UE speeds of 3 Kmph and 350 Kmph, and the (32, 10) punctured RM code. Results for the PA channel are presented in Appendix B. It can be observed that relative to the 2-state detection, at 3 Kmph the NAK/DTX BER is degraded by 0.5 dB and the ACK BER is degraded by 1.5 dB. At 350 Kmph, due to the inability of performing coherent RS averaging, the NAK/DTX BER is the same as the ACK BER and both are degraded by 0.5 dB relative to the 2-state detection (the degradation is smaller as some loss already exists even for 2-state detection at high speeds). The CQI BLER is not affected.
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Figure 5: 1-bit ACK/NAK/DTX BER (3-state detection), CQI BLER with/out RS Modulation. (32, 10) RM Code.
Given that the implicit transmission of ACK/NAK through RS modulation provides the capability of having NAK and DTX represented by the same state, it is advantageous to have a 2-state transmission. Although implementation specific, the eNB can interpret NAK for low/medium data rates and interpret DTX at high data rates. A 3-state detection may also be applied with the eNB possibly configuring a slightly larger number of UEs (e.g. high speed ones near the cell edge) to drop the CQI when it coincides with an ACK/NAK one in the PUCCH. Having 2-state detection appears preferable due to improved ACK/NAK (DTX) BER which will have a positive, albeit small, impact on throughput.

2.2.2  

2-Bit ACK/NAK
The ACK/NAK BER and CQI BLER for 2-bit ACK/NAK transmission (DTX and {NAK, NAK} correspond to the same hypothesis) are presented in Figure 6 and Figure 7 for the (20, 5) and punctured (32, 10) RM codes and for the TU6 channel and UE speeds of 3 Kmph and 350 Kmph. Results for the PA channel are presented in Appendix B. The ACK/NAK BER is degraded by about 2.5 dB at high speeds but, even at the highest E-UTRA speeds, reliable performance can be provided for SINRs above 0 dB that are mostly applicable with 2-bit ACK/NAK. Out of this loss of 2.5 dB, about 1.2 dB is due to degraded channel estimation (the CQI BLER without ACK/NAK multiplexing is degraded by 1.2 dB) and about 1.3 dB is due to the inability to have RS averaging which results to all hypotheses being non-orthogonal. The CQI BLER is again not affected by the presence of implicit ACK/NAK transmission other than a small degradation at the highest E-UTRA speeds.
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Figure 6: 2-bit ACK/NAK BER and CQI BLER with/out RS Modulation. (20, 5) RM Code.
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Figure 7: 2-bit ACK/NAK BER and CQI BLER with/out RS Modulation. (32, 10) RM Code.
Figure 8 presents the BER for each of the 4 hypotheses corresponding to 2-bit ACK/NAK transmission by modulating both RS in a slot versus modulating the second RS only. Results for the (32, 10) punctured RM code are only shown for brevity but the same conclusions apply for the (20, 5) one. Clearly, relying on only 1 RS per slot to carry both ACK/NAK bits results to substantial performance losses and cannot achieve the desired targets for high UE speeds. 
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Figure 8: Both RS per slot versus only 2nd RS per slot to Multiplex 2-bit ACK/NAK. (32, 10) RM Code.
3 Conclusions
This contribution considered the ACK/NAK BER and CQI BLER with implicit ACK/NAK mapping using the CQI RS for the short-CP CQI sub-frame structure. In particular, the following conclusions apply:

a) The desired ACK/NAK BER targets can be achieved even at the highest E-UTRA speeds while not impacting the CQI BLER thereby offering near-optimum CQI performance.

b) DTX can be incorporated into NAK improving ACK/NAK BER and system throughput.
c) Modulating both RS per slot with binary covers results to superior ACK/NAK BER over modulating only 1 RS per slot (for 2-bit ACK/NAK). 
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APPENDIX A
Table A1 presents the basis sequences of the assumed Reed-Muller code.

Table A1: Basis sequences for (32,10) TFCI code with Complex Representation.
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9

	-1+j
	1-j
	1+j
	1+j
	1+j
	-1-j
	1-j
	1+j
	1+j
	1+j

	-1+j
	-1+j
	1-j
	1+j
	1+j
	-1-j
	1-j
	1+j
	1-j
	-1-j

	-1+j
	1-j
	-1-j
	1+j
	1+j
	-1-j
	1+j
	1+j
	1-j
	-1+j

	-1+j
	-1+j
	-1+j
	1-j
	1+j
	-1-j
	1+j
	-1-j
	1-j
	1+j

	-1+j
	1-j
	1+j
	-1-j
	1+j
	-1-j
	-1-j
	-1+j
	-1-j
	1-j

	-1+j
	-1+j
	1-j
	-1-j
	1+j
	-1-j
	1+j
	1-j
	-1-j
	-1+j

	-1+j
	1-j
	-1-j
	-1-j
	1+j
	-1-j
	1-j
	-1+j
	1+j
	-1-j

	-1-j
	-1+j
	-1+j
	-1+j
	1-j
	-1-j
	-1-j
	-1-j
	-1+j
	-1+j

	1-j
	-1-j
	1+j
	1+j
	-1-j
	-1-j
	-1-j
	-1+j
	1-j
	-1+j

	1-j
	1+j
	-1-j
	1+j
	-1-j
	-1-j
	1+j
	-1-j
	-1+j
	-1-j

	1-j
	-1-j
	-1-j
	1+j
	-1-j
	-1-j
	1+j
	1-j
	-1-j
	-1-j

	1-j
	1+j
	1+j
	-1-j
	-1-j
	-1-j
	1-j
	-1-j
	1+j
	1-j

	1-j
	-1-j
	1+j
	-1-j
	-1-j
	-1-j
	-1-j
	1+j
	-1+j
	1-j

	1-j
	1+j
	-1-j
	-1-j
	-1-j
	-1-j
	1-j
	1-j
	-1+j
	1+j

	1-j
	-1-j
	-1-j
	-1-j
	-1-j
	-1-j
	-1-j
	-1-j
	-1-j
	1-j

	1+j
	1+j
	1+j
	1+j
	1-j
	-1-j
	1-j
	1+j
	1+j
	1+j


For the implicit ACK/NAK mapping on the PUCCH CQI sub-frame through a binary cover applied to both RS in each slot, the receiver removes the covering for each of the four possible hypotheses. Then, assuming low speeds for simplicity and as they represent the case of most interest, averaging of the channel estimates in the two RS per slot is practically optimal. Normalizing with the channel response and, without loss of generality, assuming for reference that {1, 1} was applied as the binary cover to the transmitted RS in each slot and the codeword ck was transmitted for the CQI, two hypotheses are orthogonal (those with BC covering of (1, -1) and (-1, 1)) and the selected codeword is the one maximizing one of the following metrics (ML-detection, noise term omitted):  CH x ck, 
 -(CH x ck).

With modulation of only the second RS in each slot with the 2-bit ACK/NAK, ignoring normalization by 
[image: image15.wmf]2

 for simplicity, the receiver will apply {(1-j), -(1-j), (1+j), and -(1+j)} to the second RS in each slot. Again, normalizing with the channel response and without loss of generality assuming for reference that (1+j) is transmitted for the 2-bit ACK/NAK and the codeword ck was transmitted for the CQI, the selected codeword is the one maximizing one of the following metrics (noise term omitted):      CH x ck,  

(1 + j) x CH x ck,

-CH x ck, 
  
(1 - j) x CH x ck  

Clearly, binary covering of both RS per slot is preferable as the number of decision statistics, and corresponding errors, are a subset of the ones obtained when only second RS in each slot is modulated with the ACK/NAK bits.

For each of the possible CQI codewords, the minimum distance, the second minimum distance, and the number of codewords resulting causing them are given in Table A2. The maximum distance is 32. 

Table A2: Minimum Distance with WHC and QPSK Modulation of Second RS per Slot.
	
	WHC on 2 RS per Slot
	QPSK Modulation of 2nd RS per Slot

	
	Minimum Distance
	Minimum Distance
	Minimum Distance
	Second Minimum Distance

	M0
	12.2 (M8, M9)
	12.6 (M7)
	11.3 (M0, M0) 
	11.4 (M4)

	M1
	12.0 (M9)
	12.2 (M7)
	11.3 (M1, M1)
	12.0 (M6, M8)

	M2
	12.0 (M6)
	12.2 (M8)
	11.0 (M7)
	11.3 (M2, M2)

	M3
	12.0 (M7)
	12.2 (M6)
	11.3 (M3, M3)
	12.0 (M7, M8)

	M4
	12.2 (M6, M7)
	16.0 (many)
	11.3 (M4, M4)
	11.4 (M0)

	M5
	16.0 (many)
	16.1 (M4)
	11.3 (M5, M5)
	13.3 (M6)

	M6
	12.0 (M2)
	12.2 (M3, M4)
	11.3 (M6, M6)
	12 (M1, M2)

	M7
	12.0 (M3)
	12.2 (M1, M4)
	11.0 (M2)
	11.3 (M7, M7)

	M8
	12.2 (M0, M2)
	12.6 (M1)
	11.3 (M8, M8)
	12 (M1, M3)

	M9
	12.0 (M1)
	12.2 (M0)
	11.3 (M9, M9)
	12 (M1, M2)


It can be observed that the minimum distance and second minimum distance using BC on both RS in each slot are always larger than the ones achieved with applying QPSK modulation on the second RS in each slot. Therefore, regardless of the CQI codeword, the binary covering approach results to better ACK/NAK BER and CQI BLER. 
APPENDIX B
Figures B1-B3 present, respectively, the ACK/NAK BER for the PA channel under the simulation assumptions in Table 1, for 1-bit ACK/NAK with 2-state detection, 1-bit ACK/NAK with 3-state detection, and 2-bit ACK/NAK with 4-state detection. Similar comments as for the TU6 channel overall apply. For brevity, only results for the (32, 10) punctured RM code are shown. The relative conclusions are the same for the (20, 5) RM code.
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Figure B1: 1-bit ACK/NAK BER (2-state detection), CQI BLER with Implicit ACK/NAK, and Usual CQI BLER.
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Figure B2: 1-bit ACK/NAK/DTX BER (3-state detection), CQI BLER with Implicit ACK/NAK, and Usual CQI BLER.
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Figure B3: 2-bit ACK/NAK BER, CQI BLER with Implicit ACK/NAK, and Usual CQI BLER.
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