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1. Introduction

The principle of “bandwidth aggregation” in LTE – A comprises simultaneous transmission across multiple component carriers. Thus far, most of the discussion on bandwidth aggregation focuses on PUSCH transmission. In contrast, in this paper we consider PUCCH transmission across multiple component carriers. Specifically, this contribution considers the scenario where PUCCH formats 1/1a/1b and 2/2a/2b are used for concurrent transmission across multiple component carriers, thereby producing what we denote as “extended formats 1/1a/1b and 2/2a/2b.” We note that payload sizes for PUCCH range from 1 bit (with format 1a) to 22 bits (with format 2b). Following requirements are taken into consideration for extended formats.       

· Backwards Compatibility. It should be possible to multiplex Release 8 mobiles with the Release 10 mobiles. To meet this requirement, any Release 10 transmission in a single component carrier should resemble a Release 8 transmission in a single component carrier. 

· Low PAPR or Cubic Metric (CM) property should be maintained in Release 10 (LTE – A mobiles) for the purpose of maximizing cell coverage. Achieving low CM is particularly important for PUCCH transmission, in order not to restrict the downlink (DL) coverage. 
· Payload for extended format 1a/1b equals the payload of basic format 1a/1b, which is 1bit/2bit. Payloads of extended 2/2a/2b and basic 2/2a/2b are also the same. However, unlike basic 1/1a/1b and 2/2a/2b, which are transmitted across a single component carrier, extended 1/1a/1b and 2/2a/2b are transmitted across multiple component carriers.

2. Proposed Extended Formats 1/1a/1b and 2/2a/2b  

The guiding principle used in extending existing formats 1/1a/1b and 2/2a/2b is that some component carriers can be deliberately phase-offset with respect to other component carriers. The value of phase offset is such that the transmitter CM is minimized, all the while PUCCH is transmitted across several component carriers concurrently. To narrow the design further, following additional constraints can be considered.  
1. Same block – spreading is applied across all used component carriers.

2. Same sequence is used in component carriers.

3. Same cyclic shift is used in component carriers.

4. For simplicity, the value of phase offset on each component carrier is independent from the sequence which is being transmitted. 

Note that for PUCCH Release 8 mobiles, a computer – generated sequence, of length 12, transmitted across a set of tones, is used as a component of a signature code for Formats 1a and 1b. This computer based sequence is then repeated across multiple OFDM symbols with a covering (block – spreading) on top. This covering can be of length 2, 3, or 4. Same holds for Release 10 mobiles with extended formats 1/1a/1b and 2/2a/2b. However, with extended formats, the Release 10 mobile adjusts the phase of each component carrier so that low CM transmission is achieved. We now give several concrete examples with format extensions for 5,4,3 and 2 component carriers.      

2.1. Case of 5 Component Carriers  
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Figure 1: Transmission Diagram for 5 Component Carrier Aggregation where Fourth Component Carrier Reverses Sign.
Transmitter diagram for one OFDM symbol and for the case of 5 component carriers PUCCH is shown in Figure 1. Note that, in Figure 1, S denotes a sequence of length 12 used for PUCCH transmission, as in [1]. “Orthogonal covering” is applied across OFDM symbols and it can be inherited from Release 8. Therefore the “orthogonal covering” is not shown in Figure 1, even though it is present across OFDM symbols in one slot. Cubic metric (CM) for the OFDM symbol in Figure 1 is shown in Figure 2, as the “Improved CM” set of data points.  
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Figure 2: CM for Extended Format1a1b Transmission with 5 Component Carriers
As seen in case from Figure 1, for extended PUCCH formats, sequence S of length 12 is transmitted across five different component carriers. However, whenever the fourth component carrier reverses the sign of S, the CM improves dramatically, as seen from Figure 2. Specifically, Figure 2 shows CM for a transmission where sequence S is transmitted without phase adjustments (sign reversal), which are the data points labeled as “Baseline CM.” Furthermore, Figure 2 also shows the improvement in CM which is achieved whenever the transmission is as described in Figure 1. The CM improvement is approximately 6dB. 
2.2. Case of 4 Component Carriers  
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Figure 3: Transmission Diagram for 4 Component Carrier Aggregation where Fourth Component Carrier Reverses Sign.

Transmitter diagram for one OFDM symbol and for the case of four component carriers PUCCH is shown in Figure 3. Note that Figure 3 is similar to Figure 1. As before, in Figure 3, sequence S denotes a sequence of length 12 which is used for PUCCH transmission, as in [1]. Cubic metric (CM) for the OFDM symbol in Figure 3 is shown in Figure 4, as the “Improved CM” set of data points.  
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Figure 4: CM for Extended Format1a1b Transmission with 4 Component Carriers

As seen in case from Figure 3, for extended PUCCH formats, sequence S of length 12 is transmitted across four different component carriers. However, whenever the fourth component carrier reverses the sign of S, the CM improves significantly, as seen from Figure 4. Specifically, Figure 4 shows CM for a transmission where sequence S is transmitted without phase adjustments (sign reversal), which are the data points labeled as “Baseline CM.” Furthermore, Figure 4 also shows the improvement in CM which is achieved whenever the transmission is as described in Figure 3. The CM improvement is approximately 5dB.
2.3. Case of 3 Component Carriers  
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Figure 5: Transmission Diagram for 3 Component Carrier Aggregation where Third Component Carrier Reverses Sign.

Transmitter diagram for one OFDM symbol and for the case of three component carriers PUCCH is shown in Figure 5. Note that Figure 5 is similar to Figure 1 and Figure 3. As before, in Figure 5, sequence S denotes a sequence of length 12 which is used for PUCCH transmission, as in [1]. Cubic metric (CM) for the OFDM symbol in Figure 5 is shown in Figure 6, as the “Improved CM” set of data points. The CM improvement shown in Figure 6 is approximately 3dB. 
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Figure 6: CM for Extended Format1a1b Transmission with 3 Component Carriers

2.4. Case of 2 Component Carriers  
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Figure 7: Transmission Diagram for 2 Component Carrier Aggregation
Transmitter diagram for one OFDM symbol and for the case of two component carriers PUCCH is shown in Figure 7. Note that Figure 7 is similar to Figure 5 / Figure 3 / Figure 1. However, Figure 7 shows no sign reversal because we found that sign reversal offers no CM improvement over “no sign reversal.” Consequently, the Baseline CM and the Improved CM in Figure 8 are same. Thus, sign reversal is not proposed for the case of two carrier aggregation. 
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Figure 8: CM for Extended Format1a1b Transmission with 2 Component Carriers

3. Performance of Extended Formats  

Computer simulations were ran to evaluate the link – level performance for extended format 1a/1b. BER results are shown in Figure 9 (left) for extended format 1a and Figure 9 (right) for extended format 1b. As we see from Figure 9, benefits of proposed extended PUCCH formats are substantial.    
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Figure 9: BER of Extended Format 1a (left) and Extended Format 1b (right)
4. Conclusion  

In this contribution, we proposed extended formats 1/1a/1b and 2/2b/2b which are transmitted across multiple component carriers simultaneously. Use cases of extended PUCCH formats 1/1a/1b and 2/2a/2b are similar to their counterparts which are basic formats 1/1a/1b and 2/2a/2b in Release 8, and these use cases can include scheduling request (SR), ACKNAK feedback, and CQI feedback from a mobile UE to the NodeB. While extended PUCCH formats 1/1a/1b and 2/2a/2b are transmitted across multiple component carriers simultaneously, sign reversion is used to reduce the cubic metric.   
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