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1. Introduction
This contribution considers the ACK/NAK transmission in the uplink (UL) for the data non-associated control channel. ACK/NAK transmission methods can be divided into two broad categories: coherent (include transmission of UL reference signal (RS) for ACK/NAK demodulation), and non-coherent (no UL RS for ACK/NAK). This contribution considers the tradeoffs for these two methods.   

1.1. Basic Multiplexing Methodology

As a resource block (RB) comprises of 12 sub–carriers, 12 cyclic shifts are in principle possible for the transmission of a Zadoff-Chu (ZC) sequence. However, in order to provide margin against imperfect synchronization and spill-over, it is recommended that only 6 cyclic shifts be used for any ZC sequence of length 12. In addition, block-spreading is also recommended to increase the multiplexing capacity. 
1.2. Summary of Tradeoffs for ACK/NAK Transmission

Table 1 outlines the tradeoffs of coherent and non-coherent ACK/NAK transmission. More details are provided in the remaining of this contribution.

	
	# of UEs for 1-bit ACK/NAK
	Performance for 1-bit ACK/NAK
	Adaptability for High – Speed
	# of UEs for 2-bit ACK/NAK
	Performance for 2-bit ACK/NAK

	Method1:

Coherent
	18
	Same as Method 2
	Similar to Method 2
	18 
	3dB degradation wrt 1bit

	Method2:

Non-Coherent, Signal Selection
	21
	Same as Method 1
	Similar to Method 1
	21
	0-3 dB degradation wrt 1 bit at 1% BER depending on frequency selectivity
Additional degradation may exist due to PA backoff


Table 1: Summary of Tradeoffs for ACK/NAK Transmission
It can be observed that non-coherent ACK/NAK through signal selection supports 3 (i.e. 17%) more UEs than the coherent method, while the two methods have similar performance in all other aspects listed in Table 1.   
2. Detailed Description of Methods
2.1. Coherent Transmission
Coherent ACK/NAK demodulation [2, 3] requires the transmission of both RS and ACK/NAK modulated (BPSK or QPSK) ZC sequences. Figure 1 (from [2]) shows an example, where RS and ACK/NAK bits are sent in different LBs. Multiplexing capacity can be improved by applying block spreading codes to RS and ACK/NAK LBs, respectively. Cyclic shifted ZC sequences [3] and Hadamard codes [4] are possible choices for block spreading codes. The multiplexing capacity of the coherent method is mainly limited by the number of available RS. Assuming 6 cyclic shifts per LB RS and 3 RS LBs per slot, the maximum number of different ACK/NAK UEs per sub-frame is 18. Notice that the split of 3 (4) RS and 4 (3) ACK/NAK LBs is the optimum for maximizing the multiplexing capacity in this case.

Figure 1: Coherent ACK/NAK Transmission
2.2. Non-Coherent Method: Signal Selection
Non-coherent ACK/NAK transmission with signal selection allocates 2 cyclic shifts in a sub-frame to an ACK/NAK control channel per UE. Assuming 6 cyclic shifts per LB and a block spreading factor of 7 (across 7 LBs per slot), 21 orthogonal ACK/NAK transmissions can be supported in one sub-frame. An example is shown in Figure 2. Depending on the number of ACK/NAK bits of a UE, ACK/NAK transmission can be as follows:

1. If a UE has 1 ACK/NAK bit, one of the two assigned cyclic shifts is selected for transmission, and the transmission is repeated (with energy P per slot) in both slots to exploit potential frequency diversity. 
2. If a UE has 2 ACK/NAK bits, it again uses two cyclic shifts. One of the two assigned cyclic shifts is again selected for transmission. However, the transmission power is 2P in 1 of the 2 slots and there is no transmission in the other slot. 
For UEs with 2 ACK/NAK bits, the slot selection for the 2P transmission power indicates one of the ACK/NAK bits. The other ACK/NAK bit is indicated by the one of the two cyclic shifts. Note that the total energy per sub-frame is constant irrespective of the number of ACK/NAK bits per UE. Also, UEs that transmit 2 ACK/NAK bits are typically not power limited as the corresponding CQI transmission requires a significantly larger number of bits than the ACK/NAK transmission.

For 2-bit ACK/NAK and non-coherent transmission, when the UE is close to the Node-B, it is not power limited and there is no additional PA back-off. In the worst case, the additional PA back-off is 3-dB and the performance is accordingly degraded. However, this only occurs when a power limited UE receives MIMO transmission. In most cases, the loss depends on the amount of PA back-off which depends on the UE position within the cell. Hence, the degradation due to PA back-off is 0-3dB. It should be noted that even with a PA back-off, coverage is not affected as transmission is over 1 sub-frame, unless UEs with extremely low SINRs (e.g. less than -3 dB) receive MIMO transmission [1].  
Since for 2 ACK/NAK bits the transmission only happens in one slot, the non-coherent method achieves less frequency diversity than the coherent method. Further, since the ACK probability is higher than the NAK probability, it is important to balance the total transmit/receive power per slot from UEs with 2 ACK/NAK bits. One way to achieve this is to use different bit-to-resource mapping for different ACK/NAK control channels. 
For example, for a UE assigned an odd/even indexed ACK/NAK resource (pair of cyclic shifts), if the first ACK/NAK bit is 0/1, respectively, then the first slot is selected. Otherwise, the second slot is selected. In either case, the second ACK/NAK bit selects one of two resources in the selected slot to put energy in. For further randomization and interference balancing, the selection may also be based on the cell ID and transmission of ACK/ACK and NAK/NAK may be always assigned in the same slot to balance the likelihood of combinations.    In this way, roughly half of UEs with 2 ACK/NAK bits transmit in either slot of a sub-frame.
[image: image1.emf]20 17 14 11 8 5 2 C

4

19 16 13 10 7 4 1 C

3

21 18 15 12 9 6 3 C

5

21 18 15 12 9 6 3 C

2

20 17 14 11 8 5 2 C

1

19 16 13 10 7 4 1 C

0

S

6

S

5

S

4

S

3

S

2

S

1

S

0

Block Spreading Code

CAZAC

cyclic

shift

20 17 14 11 8 5 2 C

4

19 16 13 10 7 4 1 C

3

21 18 15 12 9 6 3 C

5

21 18 15 12 9 6 3 C

2

20 17 14 11 8 5 2 C

1

19 16 13 10 7 4 1 C

0

S

6

S

5

S

4

S

3

S

2

S

1

S

0

Block Spreading Code

CAZAC

cyclic

shift


Figure 2: Example of UE Multiplexing for the Non-coherent Method with Signal Selection.
3. Simulation Results
Figure 3 shows the BER for coherent (18 UEs) and non-coherent (21 UEs) ACK/NAK transmissions for UE speed of 3 km/h. The simulation assumptions are listed in Table 2. Several observations apply:
a. The signal selection non-coherent method with 1 ACK/NAK bit per UE has the same BER as the coherent method with BPSK modulation. 

b. The coherent method with QPSK modulation degrades by 3 dB relative to the BPSK one, as the SINR per ACK/NAK bit reduces by half.

c. For frequency selective channels such as SCM-C, the signal selection non-coherent method with 2 ACK/NAK bits has less diversity than the coherent method with QPSK and for this reason, the BERs of the two methods are equivalent at about 1%. For less frequency selective channels such as PA, the signal selection non-coherent method outperforms the coherent method by about 3 dB when each UE has 2 ACK/NAK bits.
d. The signal selection non-coherent method has higher multiplexing capacity (i.e. 3 more UEs) than the coherent method, irrespective of the number of ACK/NAK bits per UE.
Figure 4 shows the BER for the coherent (18 UEs) and non-coherent (21 UEs) methods for UE speed of 350 km/h. A BER error floor exists due to inter-user interference by applying block spreading codes to UEs of high speed. Further, the non-coherent method has larger error floor than the coherent method as it multiplexes more UEs. Figure 5 shows that for the same number (18) of high speed UEs, the non-coherent signal selection method has similar or slightly better performance than the coherent method. Notice that due to potential transmit power control errors for ACK/NAK transmission, the near-far effect on the ACK/NAK BER performance needs to be evaluated and more severe error floors are expected.  
Table 2: Link-Level ACK/NAK BER Simulation Assumptions

	Parameters
	Assumptions

	Numerology
	5MHz @ 2.0GHz

	Number of ACK/NAK Bits per UE
	1 or 2

	Resource Block
	180 kHz (15 kHz x 12)

	Frequency Hopping Sub-frames
	2

	Block Spreading Codes
	Cyclic Shifted ZC Sequences

	Cyclic Shifts per LB
	6

	UE Velocity
	3 km/h or 350 km/h

	Channel Model
	SCM–C or PA

	Number of Receive Antennas
	2 – Uncorrelated

	Number of Transmit Antennas
	1

	Number of UEs
	Coherent
	18

	
	Non-coherent

Signal Selection
	21
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Figure 3: Coherent (18 UEs) and Non-coherent (21 UEs) ACK/NAK BER for UE Speed 3 km/h, 
SCM-C Channel (left), PA Channel (right)
4. Conclusions 

This contribution considered the possible methods for UL ACK/NAK transmission. Regarding the UE multiplexing capability, it is shown that irrespective of the number of ACK/NAK bits (1 or 2) per UE, the signal selection non-coherent method can multiplex 21 UEs per sub-frame, while the coherent method can multiplex 18 UEs. 

For UEs with 1 ACK/NAK bit, the two methods have the same BER performance. For UEs with 2 ACK/NAK bits, the signal selection non-coherent method has less diversity than the coherent method. The consequence is that the 1% BER performance is equivalent for the SCM-C channel while the non-coherent method substantially outperforms for less frequency selective channels. Some additional 0-3 dB performance loss for the 2-bit non-coherent method may occur due to the additional UE PA back-off as the peak power is increased twice compared to the coherent method. However, this will occur only when power/coverage limited UEs receive MIMO transmission.
Additional issues for consideration include the impact of near-far effects at relatively high UE speeds as ACK/NAK orthogonality from time domain spreading (to increase multiplexing capacity) is destroyed. Also, the effect of intra Node B interference (UE is located near the border of two cells of the same Node B) needs to be considered as substantial interference can occur in such cases. 
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Figure 4: Coherent (18 UEs) and Non-coherent (21 UEs) ACK/NAK BER for UE Speed 350 km/h, SCM-C Channel (left), PA Channel (right)
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Figure 5: Coherent (18 UEs) and Non-coherent (18 UEs) ACK/NAK BER for UE Speed 350 km/h, SCM-C Channel (left), PA Channel (right)
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