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1. Introduction

The basic channel structures for the physical uplink control channel (PUCCH) for ACK/NACK and CQI (or CQI + ACK/NACK) for the E-UTRA were decided at the RAN1#48bis and RAN1#49 meetings, respectively. However, the reference signal (RS) structure (the number of SC-FDMA symbols and its positions) for the PUCCH is still open to discussion. Therefore, this contribution presents our investigation results on the optimum RS structure for the PUCCH.

2. Optimum RS Structure for PUCCH
2.1. Optimum RS Structure for PUCCH with Only ACK/NACK
When the PUCCH conveys only an ACK/NACK signal, we previously agreed on the use of three SC-FDMA symbols per slot for the RS transmission. Therefore, the remaining issue is the position of the three SC-FDMA symbols for the RS within a slot. Since we use orthogonal covering (block spreading) both for the ACK/NACK signal and RS to increase the number of multiplexed PUCCHs, optimum RS structure will be determined based on a tradeoff between the channel estimation accuracy and orthogonality destruction both for the RS and ACK/NACK signal in a high mobility case.


To derive the optimum RS structure for the PUCCH conveying only ACK/NACK, we performed a link-level simulation of the average bit error rate (BER) of the ACK/NACK signal for various RS positions. Figure 1 shows the RS structures tested. Table 1 gives the major link-level simulation parameters. Figures 2(a) and 2(b) show the average BER as a function of the average received signal energy per symbol-to-background noise spectrum density ratio (Es/N0) per receiver branch for the maximum Doppler frequency of fD = 5.55 and 648 Hz (corresponding to 3 and 350 km/h at 2-GHz carrier frequency), respectively. We plot the BER performance for the case with a single PUCCH and that with 18 multiplexed PUCCHs (6 cyclic shifts x 3 orthogonal coverings). From Figs. 2(a) and 2(b), although all the RS structures achieve almost the same BER when the fD is 5.55 Hz, Structure A, which maps three RS symbols onto the 3rd, 4th, and 5th SC-FDMA symbols, achieves slightly better BER performance among the candidate RS structures in a high mobility case. This is because Structure A can minimize the orthogonality destruction of the RS compared to other RS structures while the orthogonality destruction of the ACK/NACK signal is approximately the same for all candidate RS structures. Therefore, based on the simulation results, we recommend mapping three RS symbols onto the 3rd, 4th, and 5th SC-FDMA symbols within each slot for the PUCCH with only ACK/NACK.
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(a) Structure A (3rd, 4th, and 5th SC-FDMA symbols per slot)
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(b) Structure B (2nd, 4th, and 6th SC-FDMA symbols per slot)
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(c) Structure C (1st, 4th, and 7th SC-FDMA symbols per slot)
Figure 1 – Evaluated RS structures for PUCCH conveying only ACK/NACK
Table 1 – Simulation parameters for PUCCH conveying only ACK/NACK 
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      (a) fD = 5.55 Hz                                                       (b) fD = 648 Hz

Figure 2 – Average BER of PUCCH conveying only ACK/NACK
2.2. Optimum RS Structure for PUCCH with CQI (and ACK/NACK)
When the PUCCH conveys CQI or CQI and ACK/NACK signals, both the number of RS symbols and the SC-FDMA symbol positions for the RS are to be decided. Since the CAZAC sequence-based PUCCH structure has been agreed for the CQI or CQI and ACK/NACK signal, we can set the different numbers of RS symbols for the PUCCH conveying only ACK/NACK and that conveying the CQI or CQI and ACK/NACK signals, while maintaing the orthogonality between these different structured PUCCHs.


We performed a link-level simulation of the average block error rate (BLER) for the CQI signal for the number of RS symbols per slot and several RS positions. Figure 3 shows the evaluated RS structures. Table 2 gives the major link-level simulation parameters.
We first optimized the number of RS symbols per slot for the PUCCH conveying the CQI or CQI and ACK/NACK signal. Figure 4 shows the required average received Es/N0 per receiver branch for achieving the average BLER of 10-2 as a function of the number of control bits conveyed using the PUCCH for various numbers of RS symbols per slot, NRS, as a parameter. The maximum Doppler frequency, fD, is set to 5.55 Hz. The results show that when the number of control bits is small, a larger number of RS symbols, i.e., NRS of 3, is optimum for achieving better channel estimation accuracy at a very low Es/N0 operating point (this is the reason for using three RS symbols for the PUCCH with only ACK/NACK). However, according to the increase in the number of control bits, since the Es/N0 operating point becomes higher and the overhead of the RS transmission becomes more critical, the optimum number of RS symbols per slot, NRS, tends to be smaller. Therefore, assuming that the number of CQI bits per 0.5-msec slot is roughly 10, which is similar to HSDPA, we see that the optimum number of RS symbols per slot, NRS, is 2. It may be noted that although the channel estimation accuracy of the ACK/NACK signal is different for the case with and without CQI transmission due to the different number of RS symbols for these two cases, we need to compensate for the received signal energy difference for the cases due to the different number of symbols allocated for the ACK/NACK signal. Therefore, the offset of the transmission quality of the ACK/NACK signal between these two cases caused by the difference in the channel estimation accuracy, and the received signal energy is compensated by a different target value of the transmission power control.
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(b) NRS = 2
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Figure 3 – Evaluated RS structures on the number of RS symbols per slot for PUCCH conveying CQI 
Table 2 – Simulation parameters for PUCCH conveying CQI
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Figure 4 – Comparison of the number of RS symbols per slot
Next, we investigate the optimum positions of two RS symbols within a slot for the PUCCH conveying CQI (and ACK/NACK). Figure 5 shows the evaluated RS structures. Figure 6(a) shows the average BLER as a function of the average Es/N0 per receiver branch for fD = 5.55 Hz, Figs. 6(b) and 6(c) show that for fD = 648 Hz with different channel estimation schemes. The number of control bits per slot, Nb, is set to 10. The number of multiplexed PUCCHs is assumed to be 1 and 6. In Fig. 6(c), we evaluated the channel estimation methods based on the linear interpolation between the RS symbols in addition to channel estimation with coherent averaging in Figs. 6(a) and 6(b). The figure shows that Structure B or Structure C yields a better BLER than Structure A in a high mobility case due to better channel tracking capability, while almost the same BLER is obtained for all structures in a low mobility case. Since Structure B achieves slightly better BLER performance than Structure C in a high mobility case, we recommend the use of Structure B for PUCCH conveying CQI (and ACK/NACK).
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(a) Structure A (3rd and 5th SC-FDMA symbols per slot)
[image: image13.emf]
(b) Structure B (2nd and 6th SC-FDMA symbols per slot)
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(c) Structure C (1st and 7th SC-FDMA symbols per slot)
Figure 5 – Evaluated RS structures on position of RS symbols within a slot for PUCCH conveying CQI 
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        (a) fD = 5.55 Hz 
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           (b) fD = 648 Hz  (coherent averaging)                     (c) fD = 648 Hz (linear interpolation)

Figure 6 – Average BLER of PUCCH conveying CQI
3. Conclusion
This contribution investigated the optimum RS structure for the PUCCH. Based on the simulation results, our recommendation is as follows.

· PUCCH conveying only ACK/NACK: Mapping of 3 RSs onto the 3rd, 4th, and 5th SC-FDMA symbols per slot

· PUCCH conveying CQI (and ACK/NACK): Mapping of 2 RSs onto the 2nd and 6th SC-FDMA symbols per slot

Note that the above recommendation is for the sub-frame structure with a short CP. For a long CP sub-frame, the optimum structure is FFS.
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