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1. Introduction
The basic aspects of data non-associated ACK/NAK and CQI transmission in E-UTRA UL were specified in RAN1 #48bis and RAN1 #49. Transmission is coherent with 3 RS per slot for the ACK/NAK and 2 RS per slot for the CQI. This contribution further considers aspects of the UL ACK/NAK multiplexing capacity and the placement of the resources for ACK/NAK and CQI signaling.  
2. Multiplexing Capacity of Coherent ACK/NAK Transmission
The UL structure for ACK/NAK transmission comprises of 4 ACK/NAK and 3 RS symbols in 1 RB in each of the 2 slots of the sub-frame. Figure 1 shows the partitioning for ACK/NAK and RS transmission where both use a CAZAC-based sequence (modulated by the information in the case of ACK/NAK). Orthogonal UE multiplexing is achieved in the code domain and the time domain through cyclic shifts of the CAZAC-based sequence and orthogonal time covering, respectively. 
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Figure 1: PUCCH ACK/NAK Transmission Structure.

Currently, a general assumption is that ACK/NAK transmission from 18 UEs is supported. This assumes orthogonal multiplexing in the time domain over all 3 RS and 4 ACK/NAK symbols per slot and orthogonal multiplexing in the code domain over 6 cyclic shifts. The code domain orthogonality is considered with respect to the TU channel while the time domain orthogonality is considered for low speed UEs. However, the multiplexing capacity depends on the operating environment. 
The number of supportable cyclic shifts depends on the maximum experienced delay spread. In low delay spread environments, such as indoor or microcell ones, the cyclic shift duration can be 1 sample, or about 5.5 sec, thereby allowing multiplexing of 12 UEs. In typical macro-cell environments, the cyclic shift duration can be 2 samples, or 11 sec, thereby allowing multiplexing of 6 UEs. Finally, in channels with very large delay spreads, such as the Vehicular B channel encountered in sub-urban or rural environments, the cyclic shift duration can be 3 samples or about 16.5 sec, thereby allowing multiplexing of 4 UEs. If environments with repeaters also need to be supported, even larger cyclic shift values may be needed depending on the nature of the repeater (fiber or IF). Therefore, to optimize the multiplexing capacity for both CQI and ACK/NAK transmission and minimize the PUCCH overhead, the basic cyclic shift value used in each cell should be broadcasted to the UEs using 2 bits.    

Similar arguments apply regarding the orthogonal multiplexing in the time domain. In environments supporting very high speed UEs (for example, above 120 Kmph), orthogonal covering among blocks of the same nature (ACK/NAK or RS) cannot extent past 2 such blocks because of the orthogonality loss and the impact of near-far effects [1]. This is regardless of the partitioning between ACK/NAK and RS blocks and due to having 3 RS and 4 ACK/NAK blocks. Therefore, the number of orthogonally multiplexed UEs from time covering can be increased only by a factor of 2. In environments supporting only low or medium high speed UEs, orthogonal time covering may extent over the entire slot duration, thereby allowing an increase in the number of multiplexed UEs by a factor of 3. Therefore, similarly to the base cyclic shift value, the length of orthogonal time covering in each cell should be broadcasted to UEs (1 bit). This also allows for possible semi-static allocation as high speed UEs enter and exit a cell.     
3. Slot Structure for Reference and ACK/NAK Signals
The length of RS orthogonal time covering in cells with high speed UEs is now further examined for the PUCCH ACK/NAK structure in Figure 1. In terms of multiplexing capacity, having orthogonal time covering over all 3 RS is unnecessary as orthogonal time covering of length 2 is applied to pairs of ACK/NAKs and this determines the multiplexing capacity (factor of 2 increase). In terms of performance, there are two competing effects. 

With orthogonal time covering over 3 RS, the largest effective SINR for channel estimation is obtained. However, the RS located further away from each ACK/NAK pair is included in the channel estimate. This is detrimental as for high speed UEs there is substantial channel decorrelation between the ACK/NAK in the first half of the slot and the RS in the second half and vice versa. Including a less accurate component in the average channel estimate effectively creates irreducible interference and a floor in the SINR of the overall ACK/NAK transmission. SINR error floors can result to BER error floors particularly for the NAK and this will be further evaluated through simulations. The alternative is to confine the orthogonal time covering over 2 RS and obtain a different channel estimate for the ACK/NAK pairs located at the beginning and end of the slot. This is shown in Figure 2.
Figure 3 (left) presents simulation results for evaluating the tradeoff between increasing (decreasing) the number of RS used for channel estimation versus degrading (improving) the accuracy of the corresponding channel estimate with orthogonal time covering of length 3 (length 2). The simulation setup considered the case of TU6, 5 MHz operating BW, and 2 uncorrelated receiver antennas at the eNB. A single user setup was evaluated which provides somewhat more optimistic results for the case of orthogonal covering of length 3 as it is more susceptible to loss in orthogonality and near-far effects. 


[image: image2]
Figure 2: Orthogonal Time Covering over 2 RS for Cells with High Speed UEs.

[image: image3.png]UL ACK/NAK BER versus Length of RS Orthogonal Time Covering.
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 [image: image4.png]UL ACK/NAK BER versus Length of RS Orthogonal Time Covering - 1 Slot Transmission.
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Figure 3: ACK/NAK BER as a Function of the RS Orthogonal Covering Length.

It is observed that the impact of including an inaccurate component in the channel estimate leads to the flat slope of the BER curves and effectively to a loss in diversity. The same effect was observed in [2]. At 350 Kmph, length 2 orthogonal covering outperforms by about 0.5 dB at 10-2 BER (ACK) and by over 3 dB at 10-4 BER (NAK). At 120 Kmph, there is no difference at 10-2 BER and while length 2 outperforms by about 0.5 dB at 10-4 BER.

As the simulation setup in the left part of Figure 3 considered a highly frequency selective channel (TU6 at 5 MHz), having complete decorrelation at the two BW edges, and 2 fully uncorrelated receiver antennas, a less diverse setup was considered in the right part of Figure 3. The TU6 channel was again considered and the 2 eNB receiver antennas were again fully decorrelated, but ACK/NAK transmission was over 1 slot. This gives generic insight to the performance for operation at the lowest E-UTRA BW, where full channel decorrelation cannot be assumed for all channels, for less frequency selective channels than the TU6 and for some correlation between the receiver antennas. It can also be a practical case where ACK/NAK transmission for UEs with good SINR may be confined in one slot to improve multiplexing capacity and reduce ACK/NAK overhead (particularly in conjunction with VoIP). Clearly, having RS orthogonal covering of length 3 in an operating environment with less than maximum diversity, leads to BER saturation and failure to achieve the NAK BER target.  

4. Multiplexing CQI and ACK/NAK in Frequency Domain
The ACK/NAK and CQI multiplexing in the frequency domain is now considered. A consequence of SC-FDMA in E-UTRA UL is that the PUCCH needs to be placed at the two BW edges to avoid BW fragmentation. This however has the adverse effect of exposing the PUCCH, which additionally does not have the benefit of HARQ and requires better reception reliability than the data, to out-of-band interference created by transmissions in adjacent BWs which may be at a substantially larger power. 

As the ACK/NAK transmission is more critical than the CQI one, as it is also reflected by the corresponding BER targets, it is beneficial to place the RBs used for ACK/NAK in the inner parts of the spectrum reserved for the PUCCH. 
Another reason for having the ACK/NAK RBs in the inner part of the PUCCH bandwidth is that the corresponding spectrum becomes available for data transmission after a certain number of MBSFN DL sub-frames as there is no ACK/NAK transmission in these UL sub-frames. This will not be possible, due to the single carrier property, if RBs dedicated to CQI transmission are between ones dedicated to ACK/NAK transmission and ones dedicated to data transmission. 
For the same reason, the ACK/NAK should be placed in the inner part of the PUCCH allocated bandwidth as the corresponding RB usage can vary per sub-frame. Regardless how the mapping of the ACK/NAK resources is done, the serving eNB knows how many RBs will be consumed in every sub-frame for ACK/NAK transmission and can accordingly allocate UL data transmission.

The previously described concept of partitioning PUCCH RBs to ones used by ACK/NAK transmission and the ones used by CQI transmission is shown in Figure 4.

[image: image5]
Figure 4: Partitioning of RBs Allocated to ACK/NAK and CQI Transmission.
5. Conclusions
This contribution considered aspects of ACK/NAK and CQI multiplexing in UL sub-frames. 
The time and code domain parameters for orthogonal multiplexing should be adjusted to the operating conditions to maximize capacity. This can be achieved by the serving eNB broadcasting 1-2 bits for the base cyclic shift value and 1 bit for the length of orthogonal time covering. 

For operation in cells supporting high speed UEs, the orthogonal covering should not extend past 2 adjacent symbols, for both the ACK/NAK and RS, and having the 3 RS symbols in the middle of the slot is preferable.

In the frequency domain, the multiplexing of ACK/NAK and CQI signals should be such that the former are placed in the inner part of the bandwidth allocated to PUCCH transmission because:
a) The inner part of the PUCCH bandwidth provides better immunity to out-of-band interference, and thus offers better protection to the more critical ACK/NAK information.

b) The resources required for CQI reporting are largely stable due to its (mostly) periodic nature. The resources required for ACK/NAK transmission exhibit larger variability since:

a. No UL ACK/NAK transmission occurs in the allocated RBs after a specific number of MBSFN sub-frames.
b. The RBs allocated to UL ACK/NAK depend on the number of scheduled UEs which can vary in the order of a sub-frame. The eNB can seamlessly and dynamically adjust their number while utilizing all available bandwidth for UL single carrier data transmission. 
c. The RBs allocated to UL ACK/NAK with implicit mapping, may also depend on the mapping of CCEs to the UL ACK/NAK resources and corresponding variability may exist even when the number of scheduled UEs does not change.
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