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1. Introduction
In RAN WG1#48bis, it was agreed to have coherent UL ACK/NAK transmission with 3 RS and 4 ACK/NAK signals per slot which are generated from CAZAC sequences. This contribution considers the multiplexing capacity of this structure in order to ensure robust performance in “real-world” applications and additional issues related to the robustness of the overall ACK/NAK transmission method.

2. Multiplexing Capacity of Coherent ACK/NAK Transmission
Figure 1 presents a typical structure for the ACK/NAK and RS multiplexing and transmission in 1 RB of a sub-frame.


Figure 1: A Coherent ACK/NAK Transmission Structure in E-UTRA UL.

Currently, a general assumption is that ACK/NAK transmission from 18 UEs can be supported. This assumes orthogonal multiplexing in the time domain of 3 RS and orthogonal multiplexing in the code domain of 6 cyclic shifts. The code domain orthogonality has been shown to be robust for all channel environments of interest (with the exception of Vehicular B). In the time domain, orthogonality is less guaranteed as it is not maintained for high UE speeds. This, in conjunction with even mild near-far effects due to imperfect transmit power control, can result into error floors and fail to provide the required BER target, particularly for the NAK transmission (target BER of 0.01%).

Figure 2 shows the ACK/NAK BER when an ACK/NAK from only one high speed UE is received with higher power and all other ACK/NAKs have the same power and originate from UEs with low speeds (the impact on the high speed UE is obviously more severe if it is received with less power than the other ACK/NAK signals). This is obviously an idealistic scenario as more high speed UEs can exist in practice and perfect power control cannot be assumed to be the case for the remaining UEs. However, even under these nearly ideal conditions, the BER error floor is apparent and the NAK BER requirement is not satisfied (particularly, if additional practical non-idealities, such as frequency and time errors, were also included). The error floor is not significant for small power differences and even the failure to fulfill the 0.01% BER NAK target may be acceptable, but the trend shown from going from 3 dB to 6 dB more power for the single interfering ACK/NAK continues as more than 1 such interfering signals are multiplexed and the error floor can move above 0.1% and approach 1%. Moreover, ACK/NAK transmission was assumed over the entire sub-frame, while obviously the total SINR will be reduced when CQI is additionally multiplexed. Finally, interference was modeled as AWGN which may also be optimistic in case of a few dominant interferers that are likely to be experienced by cell edge UEs. 
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Figure 2: ACK/NAK BER in presence of a single high speed UE.
Although the structure in Figure 1 was assumed in the simulations, this problem cannot be circumvented for any other possible arrangement of the ACK/NAK and RS blocks if the orthogonal covering needs to be extended over 4 ACK/NAK and 3 RS. Realizing this problem, an alternative structure, shown in Figure 3, has been previously proposed and included in the reflector discussions. 


Figure 3: A Coherent ACK/NAK Structure. Time Orthogonality is Limited to 2 ACK/NAK per Slot.

Orthogonal time covering is limited to only 2 adjacent ACK/NAK in each slot and the 3 RS are adjacent to each other so that orthogonality is maintained at high UE speeds. Although this structure avoids the loss of orthogonality and the error floors associated with alternative structures, the multiplexing capacity is limited to 12 UEs. Notice that although the length of orthogonal covering could be in principle adjusted to UE speed, and low speed UEs could still extend it over 4 ACK/NAK for somewhat better multiplexing capacity (depending on the breakdown of high and low speed UEs), this is not feasible with implicit ACK/NAK mapping. 
Another unresolved issue is the separation of ACK/NAK signals from UEs located towards the border of 2 cells of the same Node B. This is less of an issue for the UL DM RS as different cyclic shifts can be used to separate them among cells. However, for ACK/NAK and CQI transmission, all cyclic shifts are used within a cell. As there are only 10 or 12 (ZC extension or truncation) CAZAC sequences available for 1 RB allocations, a current assumption for the UL DM RS is that the CAZAC sequence is Node B specific to facilitate possible planning and/or enable some frequency hopping (with relatively large collision probability depending on the number of interfering cells or Node Bs). However, for ACK/NAK and CQI transmission, making the CAZAC sequence cell specific will create extremely difficult or impossible planning conditions, especially if Node Bs comprise of more than 3 cells. A remedy to this problem is suggested in [1] where an alternative to ZC extension/truncation for generating a much larger number of CAZAC sequences (with CM always less than QPSK) than 10 or 12 (with only 6 having CM less than QPSK) for 1 RB allocations is provided. Even if different CAZAC sequences could be used, the performance needs to be verified as ACK/NAK and RS from different cells would not be orthogonal and near-far effects would further worsen this issue. However, soft combining of each such ACK/NAK at the Node B and possibly interference cancellation may avoid performance problems and satisfy the ACK/NAK BER targets when using a different CAZAC sequences for each cell.
If the CAZAC sequence needs to be  Node B specific, the only remedy for distinguishing different UEs is to apply time covering on a per cell basis (in the same manner as for the DL RS) and not on per UE basis. In other words, the orthogonal time covering is unique for each of 3 adjacent cells and all UEs in a cell use the same one. Similarly, for the ACK/NAK, only a single Walsh code of length 4 can be used in each cell and orthogonality destruction in this case is much less of an issue (UEs in the same cell remain orthogonal regardless of the UE speed). However, the implication of having cell-specific and not UE-specific time covering is that the multiplexing capacity is further reduced to only 6 UEs as it can be achieved only through cyclic shifts. A combination of cell-specific time covering for the RS and the use of a different CAZAC sequence per cell will provide the most robust ACK/NAK transmission.
The outcome of the multiplexing ACK/NAK capacity also has some implications on the method used for multiplexing ACK/NAK and CQI transmissions in the same RB, that is whether CAZAC sequences or DFT-S-OFDM are used for the CQI transmission. 
If orthogonal time covering is used to separate ACK/NAK and CQI signal transmission from UEs in different cells, then the CQI transmission will also require 3 RS (which is sub-optimal), and:

a) with DFT-S-OFDM for CQI, the capacity is 4 UEs (Walsh covering of 4 is assumed which is less of an issue at high UE speeds for the CQI transmission as the corresponding BER requirements are much higher than for the ACK/NAK), with each UE transmitting 12 QPSK CQI symbols. Each multiplexed ACK/NAK is equivalent to each CQI. 

b) with CAZAC sequences for CQI, the capacity is 6 UEs (cyclic shift orthogonality) with each UE transmitting 6 QPSK symbols and each multiplexed ACK/NAK is equivalent to each CQI.
If different CAZAC sequences are used to separate ACK/NAK and/or CQI signal transmission from UEs in different cells, then:
a) with DFT-S-OFDM for CQI, the capacity is again 4 UEs, each UE transmits 12 QPSK symbols for CQI, and each multiplexed ACK/NAK is equivalent to each CQI.
b) with CAZAC sequences for CQI, the capacity is again 6 UEs, each UE transmits 6 QPSK symbols for CQI, and two multiplexed ACK/NAK are equivalent to each CQI.
Regardless of the method used to separate ACK/NAK and CQI transmissions from UEs in different cells of the same Node B, using CAZAC sequences for CQI can multiplex 1.5 times more UEs but only with 0.5 times the number of transmitted symbols relative to DFT-S-OFDM. When multiplexing purely CQI transmissions, DFT-S-OFDM is preferable. However, CAZAC-based CQI and ACK/NAK may be able to multiplex more UEs (if different CAZAC sequences are used to separate UEs in different cells).

Because the multiplexing of ACK/NAK and CQI is costly in terms of the number of transmitted bits (24 information bits for CQI are traded off for the transmission of 1 ACK/NAK bit in the case of DFT-S-OFDM), it is worth considering avoiding ACK/NAK and CQI multiplexing. Then, if a UE has simultaneous CQI and ACK/NAK transmission without having UL data transmission, it simply skips the CQI transmission. The impact on average cell throughput and user throughput is expected to be negligible.
3. Conclusions
This contribution considered ACK/NAK and CQI multiplexing capacity in E-UTRA UL. It is shown that for support of high speed UEs, time orthogonal covering should not extent over substantially the entire slot as otherwise error floors exist affecting the NAK and possibly even the ACK BER targets. 

The separation of ACK/NAK and CQI signals transmitted from different cells of the same Node B was also considered. Unlike the UL RS where cyclic shifts can be used, this is no longer possible for ACK/NAK transmission as all cyclic shifts are exhausted for use in the same cell. Then, either different CAZAC sequences with low CM and/or cell-specific orthogonal RS are needed. The first alternative is difficult to achieve with the current 10 or 12 available sequences (with only 6 having CM less than QPSK) and more CAZAC sequences for 1 RB allocation are needed for this purpose. The second alternative limits the number of orthogonally multiplexed UEs in the same cell to only 6, the number of cyclic shifts. To circumvent the low multiplexing capacity, multiple CAZAC sequences could be used which further increases the need to increase the number of such sequences for 1 RB allocations.

Finally, considering UE multiplexing capacity versus data payload tradeoffs, there is no definite advantage for one of the two options (DFT-S-OFDM and CAZAC-based multiplexing of CQI and ACK/NAK) as the former allows transmission of more CQI bits per sub-frame while the latter can multiplex more UEs. Moreover, because of the costly effect in capacity and transmission efficiency from multiplexing simultaneous ACK/NAK and CQI transmissions from a UE, it should be further considered whether such multiplexing is not used and a UE simply skips its CQI transmission. 
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