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1. Introduction

In RAN1#58 meeting, the Way Forward in [1] on PDCCH was agreed, and cross carrier operation is supported in LTE-A. The concept of “PDCCH active component carrier (CC) set” was proposed in [2], in order to provide a good tradeoff between PDCCH blind decoding complexity and PDCCH blocking probability. The PDCCH active CC set refers to the component carriers on which a UE shall monitor PDCCH. Three options for PDCCH monitoring CC set are discussed in [3]:
· Option 1: A UE monitors PDCCH on a single DL CC.

· Option 2: A UE monitors PDCCH on the PDCCH active CC set
· Option 3: A UE monitors PDCCH on all CCs within UE DL CC Set.
In this contribution, we discuss the impact of PDCCH Active CC Set on uplink design in terms of UL ACK/NACK resource reservation and performance of multiple ACK/NACKs transmissions.

2. ACK/NACK Resource Reservation

Firstly, we consider the impact of PDCCH monitoring CC set on UL ACK/NACK resource reservation. It is proposed that cell-specific (or system-specific) DL/UL CC linkage [4] can improve the efficiency of dynamic ACK/NACK resource reservation, where each UL CC only reserves ACK/NACK resources for the linked DL CCs. Here we assume such a system-specific DL/UL linkage is set up in advance.
It shall be noticed that with Option 3, the maximum ACK/NACK resource reservation in one UL CC depends on the maximum ratio of DL/UL CCs in the UE DL/UL CC Sets. As shown in Figure 1, in order to fully support flexible UE-specific asymmetric carrier aggregation, at least one of the UL CCs has to reserve ACK/NACK resources for all DL CCs. 
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Figure 1:  ACK/NACK resource reservation in Option 3

On the other hand, with Option 2, the maximum ACK/NACK resource reservation in one UL CC depends on the ratio of CCs in UE-specific PDCCH active CC set and UE UL CC set. Since the number of component carrier in PDCCH active CC set is smaller than UE DL CC set, the dynamic ACK/NACK resource reservation in all UL CCs can be reduced with Option 2. As illustrated in Figure 2, none of UL CCs needs to reserve ACK/NACK resources for all DL CCs, which improves the efficiency of UL resource reservation greatly.  
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Figure 2:  ACK/NACK resource reservation in Option 2
3. Multi-Channel Transmission Schemes for PUCCH

Another related issue is the design of UL ACK/NACK transmission in support of carrier aggregated systems. An LTE-A UE may be scheduled on multiple downlink component carriers simultaneously, with one transport block (in the absence of spatial multiplexing) transmitted on each DL CC. Consequently, multiple ACK/NACKs shall be fed back in uplink. The most straightforward approach is to allow multi-channel ACK/NACK transmissions, where each ACK/NACK is transmitted on its corresponding ACK/NACK channel. The Rel-8 ACK/NACK transmission scheme and the PDCCH CCE to ACK/NACK channel mapping can be largely reused in LTE-A.

Discussions on PUCCH designs for carrier aggregation in LTE-A can be found in [5] – [9]. In this section, we compare two multi-channel transmission schemes. The first scheme allows transmission on at most one ACK/NACK channel per PRB. The second scheme enables transmission on multiple ACK/NACK channels within one PRB. Simulations in the next section show that multi-channel transmission in one PRB can provide performance improvements by exploiting correlations among the multiple channels. Such benefit can be achieved with Option 2, since it is possible that multiple PDCCHs can be assigned to one UE in one DL CC. If the CCE aggregation level of the multiple PDCCHs is the same, they would be allocated into the same search space which consists of consecutive CCEs. Following the Rel-8 CCE-to-ACK/NACK resource mapping, multiple ACK/NACK channels can be derived in one PRB.

· Scheme 1: Distributed multi-channel transmission 
Figure 3 illustrates an example of distributed multi-channel transmission, where there are 4 DL CCs and 2 UL CCs assigned for a UE. In this example, although PUCCHs corresponding to two different DL CCs are transmitted in one UL CC, the corresponding ACK/NACK resources are located in different control regions independent of each other. This scheme corresponds to Option 3 and cross carrier scheduling is not employed.
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Figure 3: Scheme 1 of multi-channel PUCCH transmission
· Scheme 2: Localized multi-channel transmission 
Figure 4 shows an example of localized multi-channel transmission with Option 2, where there are 4 DL CCs and 2 of them are in a UE’s PDCCH active CC Set. Cross carrier scheduling is necessary in this case to support PDSCH transmission in DL CCs other than those in the UE PDCCH active CC Set. Thus, multiple PUCCHs corresponding to different DL CCs can share the same control region. Moreover, eNB can enable multiple UL ACK/NACK transmission within one PRB, by properly arranging the multiple PDCCHs for the UE. Simulations in the next section show Scheme 2 provides better BER performance than Scheme 1. 
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Figure 4: Scheme 2 of multi-channel PUCCH transmission
4. Simulation Results

In this section, we study the BER performance for Scheme 1 and Scheme 2 as discussed in section 3. For scheme 2, when the multiple ACK/NACKs are transmitted in one PRB, a common channel response is observed on the multiple ACK/NACK channels. Therefore, improved channel estimation, e.g. by simple averaging over the multiple ACK/NACK channels, can provide better detection performance, compared to Scheme 1 where multiple ACK/NACKs are transmitted on different PRBs with different channel conditions. 
Table 1 lists the simulation assumptions and Figure 5 shows the BER performance. It is observed that when multiple ACK/NACKs are transmitted in the same PRB, its BER performance improves by 2 – 3 dB, depending on the number of ACK/NACK channels. Note that in this simulation, the transmit power per ACK/NACK channel is constant, irrespective of the number of ACK/NACK channels. Assuming the same target BER performance for UL ACK/NACK as Rel-8, the performance improvement with scheme 2 can be utilized to reduce PUCCH Tx power for LTE-A UEs.

Table 1: Simulation assumptions
	Parameters
	Value

	Bandwidth
	4 CCs, 5MHz per CC

	PUCCH format
	PUCCH format 1b

	Channel model
	ETU

	UE speed (km/h)
	3km/h

	Number of antennas
	1 Tx, 2 Rx
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Figure 5: BER simulation results

5. Conclusions

In this contribution, we study the impacts of PDCCH monitoring CC set on UL control channel design, in terms of ACK/NACK resource reservation and performance of multi-channel ACK/NACK transmission. Based on our analysis and simulations, we propose that the concept of “PDCCH active CC set” shall be introduced in LTE-A, since it can reduce the amount of dynamic ACK/NACK resource reservation and improve the performance of multiple ACK/NACK transmissions. 
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