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1. Introduction

At the Kobe meeting, the CAZAC shift-based structure was adopted as the physical uplink control channel (PUCCH) structure for the CQI report. The main reasons why this structure was adopted are to achieve a larger number of multiplexed UEs, i.e., a higher level of frequency efficiency, and its affinity to the ACK/NACK signal structure. However, it was reported that the CAZAC shift-based structure incurs performance degradation compared to the block spreading-based structure [1]. Furthermore, it has also been recently reported that the number of multiplexed UEs using the CAZAC shift-based structure is limited to four to six in a Typical Urban channel model with inter-cell interference [2],[3]. Therefore, in this paper, we reconsider the optimum PUCCH structure for the CQI report, and after extensive simulations, we propose to add the block spreading-based structure as well as the CAZAC shift-based structure for the CQI report in the PUCCH.

2. PUCCH Structure for CQI Report
Figure 1 shows the PUCCH structures for the CQI report discussed in this paper. Figure 1(a) shows the current PUCCH structure, i.e., CAZAC shift-based structure, which was agreed at the Kobe meeting. Meanwhile, Fig. 1(b) shows the alternative PUCCH structure, i.e., block spreading-based structure proposed in [4]. In the discussion at the Kobe meeting, the block spreading-based structure was modified to use three reference signal (RS) symbols per slot in order to multiplex the ACK/NACK and CQI signals within the same resource block (RB). However, in this case, the achievable number of multiplexed UEs within the same RB is reduced to four. This is the main reason why this structure was not adopted. We note that it is possible to multiplex ACK/NACK using RS symbols and CQI signals also with two RS symbols per slot. Therefore, in this paper, we assume the original proposal in [1], which can multiplex five UEs within the same RB. Note that we assume CAZAC shift-based multiplexing for RS symbols among multiple UEs in order to multiplex five UEs using the block spreading-based structure.
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(a) Current structure: CAZAC shift-based structure
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(b) Alternative: block spreading-based structure

Figure 1 – Evaluated PUCCH structures for CQI report

3. Discussion on Optimum PUCCH Structure Based on Simulation Evaluations
· ACK/NACK signals in PUCCH
Affinity to the ACK/NACK signal structure is one of the requirements in determining the optimum PUCCH structure for the CQI report. However, the current ACK/NACK signal structure utilizes both CAZAC shift-based CDMA and block spreading-based CDMA. Therefore, in this sense, both structures have good affinity to the ACK/NACK signal structure.
Our conclusion on this issue is given below.
Conclusion: For ACK/NACK signals in PUCCH, we would like to keep the current structure, i.e., multiplexing, using combination of the CAZAC shift and block spreading.
· CQI signals in PUCCH for narrow system bandwidth

At the Kobe meeting, most companies supported the idea that for a narrow system bandwidth case, e.g., 1.4 MHz, it is necessary to multiplex ACK/NACK and CQI signals from different UEs within the same RB in order to reduce the control signaling overhead. The current CAZAC shift-based structure is beneficial in multiplexing ACK/NACK and CQI signals that have different subframe structure, i.e., different number of RS symbols.
Our conclusion on this issue is given below.

Conclusion: For CQI report in narrow system bandwidth, e.g., 1.4 MHz, we would like to keep the current structure, i.e., multiplexing, using CAZAC shift.
· CQI signals in PUCCH for wide system bandwidth

In wide system bandwidths, e.g., wider than or equal to 5 MHz, the benefit from multiplexing ACK/NACK and CQI signals within the same RB becomes marginal from the viewpoint of the control signaling overhead. In addition, the separate RB allocations for ACK/NACK and CQI signals can simplify the system [5],[6]. The required number of bits for the CQI report for the downlink frequency-domain channel-dependent scheduling is increased along with the system bandwidth. Therefore, from the viewpoint of uplink coverage and transmission power savings at the UE, the achievable performance becomes more important in wider system bandwidths.
Table 1 gives the simulation parameters for the evaluation. We assume a 10-MHz system bandwidth. The transmission bandwidth of the control signaling is set to 180 kHz employing inter-slot frequency hopping. As shown in Fig. 1, each slot comprises seven SC-FDMA symbols, to which a 4.7-sec cyclic prefix (CP) is attached. The RS for coherent demodulation of the control signaling is mapped to the second and sixth SC-FDMA symbols within each slot. The Zadoff-Chu sequence is used as the RS sequence for evaluation purposes. The control signaling length is set to 10 bits. We assume tail-biting convolutional coding and the constraint length of three bits. The data modulation is QPSK. The six-ray Typical Urban (TU) channel model or 6-path exponentially decayed power delay profile model with the decay factor of 1 dB is used. At the receiver, we employ two-branch antenna diversity reception. We assume ideal timing alignment in the uplink. Frequency-domain channel estimation is performed using a RS mapped to two SC-FDMA symbols within each slot.
Table 1 – Simulation parameters
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Figure 2 shows the block error rate (BLER) performance comparison for CQI transmission. We assume a 1 UE transmission and 6-ray TU channel model with the maximum Doppler frequency of 5.55 Hz in the evaluation. The coding rates including the repetition factor for 10-bit CQI transmission are 1/2 and 5/24 for the CAZAC shift-based structure and the block spreading-based structure, respectively. This figure shows that the block spreading-based structure decreases the required received Es/N0 per branch for achieving the average BLER of 10-2 by approximately 1 dB compared to that for the CAZAC shift-based structure due to a higher channel coding gain. The same results were reported in [1].
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Figure 2 – Average BLER performance comparison for CQI transmission

Figure 3 shows the required average received Es/N0 per branch for the average BLER of 10-2 as a function of the r.m.s. delay spread assuming the 6-path exponentially decayed delay profile model with the maximum Doppler frequency of 5.55 Hz. In this evaluation, we parameterize the number of multiplexed UEs within the same RB. For 6 and 12-UE multiplexing cases in the CAZAC shift-based structure, we assume 6 and 12 cyclic shifts, respectively. The figure shows that the CAZAC shift-based structure with 12 cyclic shifts can only support the maximum r.m.s. delay spread of up to approximately 0.5 sec. Therefore, multiplexing of 12 UEs (12 cyclic shifts) is possible only in a restricted region with a short delay spread. The figure also shows that the 6 cyclic-shifts can be supported in environments with up to a 1.2-sec r.m.s. delay spread. The block spreading-based structure can also support the maximum r.m.s. delay spread with up to approximately 1.2 sec for a 5-UE multiplexing case. Therefore, there is almost no merit in using larger number of multiplexed UEs for the CAZAC shift-based structure in typical environments since the block spreading-based structure can multiplex five UEs within the same RB. Furthermore, the block spreading-based structure decreases the required received Es/N0 by approximately 1 dB compared to that for the CAZAC shift due to a higher channel coding gain.
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Figure 3 – Required average received Es/N0 per branch for average BLER of 10-2 
as a function of r.m.s. delay spread
In order to explain the performance degradation in CAZAC shift-based CDMA, the correlation property is shown in Fig. 4. This figure presents the auto-correlation performance of the desired signal (red solid line) and the cross-correlation performance between the desired signal and cyclic shifted signal with the  cyclic shift of 5.5 (12 cyclic shifts) and 11.1 sec (6 cyclic shifts), respectively (blue and green dashed lines). This figure shows that when the delay time becomes approximately 3 sec, the received power of the desired signal is reduced and almost the same correlation value is obtained with unexpected interference from the 12-cyclic shifted signal. This figure shows that the orthogonality of the CAZAC shift-based CDMA is very sensitive to the delay time even if the delay time is a few microseconds. Therefore, in a typical case, we can see that the application of 12-cyclic shifts is difficult.
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Figure 4 – Auto-correlation property of CAZAC shift

Based on the simulation results, we see that a clear performance benefit is obtained from the block spreading-based structure while none is observed for the CAZAC shift-based structure, i.e., the number of multiplexed UEs except for the restricted region with a short delay spread. Furthermore, in wide system bandwidths, e.g., wider than or equal to 5 MHz, the multiplexing of ACK/NACK and CQI signals within the same RB is not necessary from the viewpoint of resource efficiency. 
Our conclusion on this issue is given below.

Conclusion: For CQI report in wide system bandwidth, e.g., wider than or equal to 5 MHz, we would like to employ the alternative structure, i.e., multiplexing, using block spreading.
4. Conclusion and Proposed Way Forward
In this contribution, we propose the following way forward. 
· For the PUCCH structure used for the CQI report, we add the block spreading-based structure in addition to the CAZAC shift-based one.
· UE implements both CAZAC shift and block spreading-based structures for CQI report. The increasing complexity is a concern for RAN1 members. However, we do not believe that the impact of using the two modes for CQI multiplexing on the implementation complexity is distinct since the combination of CAZAC-shift and block-spreading was already adopted for the ACK/NACK signal as shown in Fig. 5.
· The Node B of each carrier can decide to use either of the two or both in the respective networks.
· To reduce the testing cost, it may be better to restrict the CAZAC-shift to only narrow system bandwidths and block-spreading to only wide system bandwidths.
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Figure 5 – Proposed way forward
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