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1 Introduction
At RAN1#59bis and RAN1#60 the following aspects of the HS-DPCCH design for the 4C-HSDPA work item [1] were agreed:
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This contribution presents our preferred HS-DPCCH design for 4C-HSDPA. Our proposal is based on a reduction of spreading factor to a 1xSF128 HS-DPCCH solution transmitted on the Q-branch of code 16. The need for potential optimizations in the special case of 3C-HSDPA without MIMO is discussed in a companion paper [4].

2 Practical issues for HS-DPCCH design
In the work item description it is stated that 4C-HSDPA shall be supported in combination with 1 or 2 configured uplink carrier(s). Hence it must be possible to map all the HS-DPCCH feedback channel information onto a single uplink carrier and it has already been agreed that the HS-DPCCH will be transmitted on the primary uplink frequency.
In addition to these agreements it is in our view important to account for the following properties when evaluating the merits of a particular HS-DPCCH solution: 
· The adopted HS-DPCCH solution should maximize area availability. This high-level requirement states that solutions where UEs are able to achieve an uplink data rate for transmitting the necessary feedback information for 4C-HSDPA with MIMO are preferable. Note that this feedback information not only includes physical layer feedback transmitted on the HS-DPCCH but also the feedback related to higher layers (such as RLC and TCP). In fact, it has been shown previously that a UE will need an uplink throughput of ~1.5% of the downlink throughput only to transfer the TCP feedback information.
 As higher layer feedback is transmitted on E-DPDCH it is the total uplink coverage (as opposed to only the coverage for HS-DPCCH) that should be maximized for ensuring that 4C-HSDPA can be widely used in an operator’s network.
· The HS-DPCCH solution should be robust. This requirement expresses the desire to minimize the number and severity of error cases that arise as a consequence of HS-SCCH ordered deactivation (and re-activation). To meet this requirement our view is that the HARQ-ACK codebooks, CQI repetition factor, CQI feedback cycles, etc should be re-used unless clear technical reasons for special treatment exist. Based on the same argument solutions in which the spreading factor needs to change dynamically, e.g. based on the number of active secondary serving HS-DSCH cells, should be avoided. Note that one common HS-DPCCH solution that can be used independently of the activation status of the secondary serving HS-DSCH cells is preferable.

· Node B should be able to provide similar performance as DC-HSDPA and SC-HSDPA by deactivating secondary carrier(s). This requirement suggests that a Rel-10 capable Node B should be able to offer similar performance as Rel-5/6/7/8/9 capable Node B by deactivated the suitable secondary downlink carrier(s). For example, if all secondary serving HS-DSCH cells are deactivated a performance on par with SC-HSDPA should be provided.
· Common CQI repetition factor and carrier-specific CQI feedback cycles should be supported. In DC-HSDPA (Rel-8 and Rel-9) the CQI repetition factor as well as the CQI feedback cycle are common parameters for all carriers. For a Rel-10 UE that supports 4C-HSDPA the downlink carriers can be spread over multiple bands and MIMO is moreover configured on a per-carrier basis. Since the suitable intensity of physical layer feedback messages depends on both the carrier frequency and whether MIMO mode is configured, carrier-specific CQI feedback cycles could be valuable as a means to minimize the overhead.
3 The HS-DPCCH options

To accommodate the increased amount of physical layer feedback information related with 4C-HSDPA there are two main alternatives that have emerged during RAN1#59bis and RAN1#60:

· Alternative 1: Reduce the spreading factor associated with HS-DPCCH from SF256 to SF128. By adopting a SF128 HS-DPCCH solution there will be 20 bits available for HARQ-ACK messages in each sub-frame. Similarly there are 40 bits available for CQI/PCI information. Notice that the reduction in SF will require that ~3dB more power is allocated to HS-DPCCH in order to maintain the same Eb/N0 compared to when a single 1xSF256 is used. The 1xSF128 HS-DPCCH solution could be transmitted on the Q-branch of code 16 both when DCH is configured and when DCH is not configured. Code 16 has been shown to be optimal from a cubic metric (CM) point of view in [12].
· Alternative 2: I/Q multiplex two HS-DPCCHs onto the same SF256 channelization code. With this approach 10 bits are available for HARQ-ACK information and 20 bits are available for CQI/PCI information per sub-frame and HS-DPCCH. Because two HS-DPCCHs are used for the physical layer feedback a total of 20 bits is available for HARQ-ACK feedback and a total of 40 bits will be available for CQI information. When no DCH is configured the 2xSF256 can be I/Q multiplexed on code 33. However, when DCH is configured the two HS-DPCCHs cannot be I/Q multiplexed. This will require two de-spreader operations instead of just a single operation at the Node B receiver. Note that each of the two HS-DPCCHs is handled separately at the NodeB receiver.
4 HS-DPCCH design based on 1xSF128

Figure 1 illustrates the HS-DPCCH format using 1xSF256 specified for Rel-9 DC-MIMO. Here “A/N x” and “CQI/PCI x” denote the ACK/NACK and CQI/PCI fields for carrier x, respectively.
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Figure 1: The HS-DPCCH format using 1xSF256 specified for Rel-9 DC-MIMO.

One straightforward way to extend the HS-DPCCH so that it can accommodate the physical layer feedback for 4C-HSDPA with MIMO would be to use 1xSF128 HS-DPCCH design combined with time multiplexing. This is illustrated in Figure 2 and it has previously been discussed in [2] and [3]. The proposed format enables re-use of the Rel-9 DC-MIMO HARQ-ACK codebook as well as the existing CQI/PCI coding. To map the feedback information of the downlink cells we propose a semi-static mapping where
· Carrier 1 corresponds to the serving HS-DSCH cell,
· Carrier 2 corresponds to the secondary serving HS-DSCH cell from Rel8/9,
· Carrier 3 and Carrier 4 are secondary serving HS-DSCH cells lacking a secondary uplink.
This semi-static mapping is discussed in [5]. In short the aim of the mapping is to minimize the required rearrangements at HS-SCCH ordered deactivation (and reactivation) of the ‘carrier 3’ and ‘carrier 4’.
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Figure 2: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA with MIMO configured on all carriers.
To avoid half-slot transmissions and improve detection performance a ‘DTX codeword’ can be introduced. The benefit of such a codeword has previously been discussed in [2].
Proposal 1: A ‘DTX codeword’ is added to the Rel-9 DC-HSDPA MIMO codebook.  

Figure 2 presented the HS-DPCCH design when all downlink carriers are configured in MIMO mode. Figure 3 and Figure 4 illustrates the HS-DPCCH format when only a subset (or possibly no) HS-DSCH cell is configured in MIMO mode. As for the scenario where all carriers are configured in MIMO mode each of the A/N fields can use the Rel-9 DC-HSDPA MIMO codebook. Based on the configuration of downlink cells however the Node B can adapt which codewords that are considered in the decoding process of the HARQ-ACK messages.
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Figure 3: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA when MIMO is not configured on any carriers. 
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Figure 4: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA when MIMO is configured on two of the carriers (carrier 1 and carrier 3 in this example).
Proposal 2: When 4C-HSDPA is configured the Rel-9 DC-HSDPA-MIMO ACK/NACK codebook (with an added ‘DTX codeword’) shall be used.

Note that the CQI/PCI information for each of the downlink carriers is time multiplexed and coded individually. For carriers not configured in MIMO mode the (20,5) block code specified in section 4.7.2.2 in [15] can be used. Similarly carriers configured in MIMO mode can use the Type-A (20,10) code or Type-B (20,7) code. These are detailed in section 4.7.3.2 in [15].

Proposal 3: Carriers not configured in MIMO mode use Rel-5 encoding of the CQI information. Carriers configured in MIMO mode use Rel-7 encoding for the CQI information. 
4.1 Carrier specific CQI feedback cycle
As noted in the introduction and further discussed in [6] there may be reasons to support carrier-specific CQI feedback cycles. The CQI repetition factor on the other hand is mainly used to improve the uplink coverage of the CQI messages and as long as HS-DPCCH always is transmitted on the same (primary) uplink frequency we do not see any strong reasons for supporting carrier specific repetition factors.
In situations where CQI repetition is employed the average age of the CQI/PCI for the Node B is minimized when all CQI information related to ‘carrier k’ is transmitted in a consecutive manner. This approach was also used for Rel-9 DC-HSDPA-MIMO.

Proposal 4: A carrier specific CQI feedback cycle is supported for 4C-HSDPA. 

Proposal 5: A common CQI repetition factor is used for 4C-HSDPA. 

Proposal 6: The CQI information associated with carrier k is transmitted in consecutive manner if CQI repetition is used. 

4.2 Impact of deactivation and activation of secondary carrier(s)
In 4C-HSDPA the Node B can dynamically deactivate and re-activate secondary serving HS-DSCH cell(s) with HS-SCCH orders. When a secondary carrier is deactivated there is no need to transmit HARQ-ACK (and CQI/PCI) messages for that carrier. In principle dynamic deactivation allows rearrangements for how the downlink cells are mapped onto the HS-DPCCH channel and one could even consider to dynamically change SF. Due to complexity and robustness reasons our preference is to minimize such dynamic changes and as mentioned above rely on a semi-static mapping.

Proposal 7: 1xSF128 HS-DPCCH scheme is used whenever 4C-HSDPA is configured.

Figure 5 shows the proposed HS-DPCCH format when carrier 4 is deactivated and carriers 1, 2, and 3 are configured in MIMO mode.
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Figure 5: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA with MIMO when carrier 4 is deactivated. 
Figure 6 illustrates the HS-DPCCH design when both carrier 3 and carrier 4 are deactivated. This case should be equivalent to Rel-9 DC-HSDPA-MIMO. To achieve a similar HS-DPCCH performance the HARQ-ACK and CQI/PCI information of carrier 1 and carrier 2 can be repeated, which is indicated by the shadowed fields in the figures below. (This fact is illustrated in section 4.3.) Notice that this results in a minimum CQI cycle of 4 ms, which is similar to Rel-9 DC-HSDPA-MIMO.
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Figure 6: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA with MIMO when carrier 3 and carrier 4 are deactivated.
Figure 7 presents the HS-DPCCH design when all secondary serving HS-DSCH cells have been deactivated. To ensure similar uplink coverage as for SC-HSDPA repetition of the HARQ-ACK and CQI/PCI information is employed. Note that the minimum CQI feedback cycle is 4 ms. This is also the minimum CQI feedback cycle supported in Rel-9 DC-HSDPA-MIMO.
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Figure 7: An HS-DPCCH format using 1xSF128 supporting 4C-HSDPA with MIMO when all secondary downlink carriers are deactivated.
The discussion presented above can be summarized in the following proposal.

Proposal 8: When carrier 3 and carrier 4 are deactivated the HARQ-ACK and the CQI messages are repeated.

When carrier 3 and carrier 4 are deactivated, the Node B does not need to include the ‘DTX codeword’ hypothesis when decoding the HARQ-ACK transmissions.
4.3 Performance evaluations of the HARQ-ACK schemes
This section evaluates the two HARQ-ACK schemes described in section 3. For the 1xSF128 the DTX codeword ‘0011011010’ is used. As suggested by Proposal 8 the HARQ-ACK message is repeated when carrier 3 and carrier 4 are deactivated. The evaluation is performed for a false alarm rate of 1% (results for 10% and 100% are presented in the Appendix). 

Figure 8 illustrates the average error probability as a function of Eb/N0 in an AWGN channel. In the figure ‘4C 2xSF256 M/M’ and ‘4C 2xSF256 S/S’ represents the 2xSF256 cases where 4 downlink carriers are activated and MIMO or SISO mode is configured on all of them. Similarly ‘4C 1xSF128 M/M’ and ‘4C 1xSF128 S/S’ denote the corresponding 1xSF128 cases. Mixed configurations where a subset of the downlink carriers is configured in MIMO mode are not considered here. Obviously the performance of these will fall in between the extreme cases where all or no carriers are configured with MIMO.
From Figure 8 it is evident that ‘4C 1xSF128 M/M’ offers a performance gain of approximately 1dB over the ‘4C 2xSF256 M/M’ scheme. This gain arises as a consequence of the improvement in detection performance facilitated by the introduction of the new DTX codeword, which outweighs the loss decoding performance (reduced Hamming distance). Also when none of the carriers are configured in MIMO mode the ‘4C 1xSF128 S/S’ HARQ-ACK solution is capable of providing a performance gain over the ‘4C 2xSF256 S/S’ solution. For this case, the gain is 1-1.5dB.
Although not included here we have studied the gain associated with repeating the HARQ-ACK and CQI messages when carrier 3 and carrier 4 are deactivated. Compared to transmitting the ‘DTX codeword’ our results indicate that repetition offers a performance gain between 0.5 and 1dB. In fact, to ensure that 1xSF128 HS-DPCCH solution is capable of offering the same HARQ-ACK performance as the Rel-9 DC-HSDPA-MIMO solution repetition is required. This can be understood e.g. by comparing ‘2C 1xSF128 S/S’ with the ‘4C 2xSF256’ schemes and compensating for the fact that only one 1xSF256 HS-DPCCH is transmitted in Rel-9.
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Figure 8: Probability of error as a function of the Eb/N0 at a false alarm rate requirement of 1%. 
4.4 Uplink coverage of the HS-DPCCH solutions
4C-HSDPA will require an increased amount of feedback information; both at physical and higher layers. This feedback has to coexist with any other uplink traffic. To maximize the area availability for 4C-HSDPA it is therefore important to use an HS-DPCCH design that maximizes total uplink coverage (and not only “HS-DPCCH coverage”). 
This section evaluates the combined effect of the improved link efficiency related to the HS-DPCCH and the CM for the 1xSF128 and 2xSF256 HS-DPCCH schemes. Our evaluation is restricted to the case where the primary uplink frequency is activated. 
The CM associated with the 1xSF128 and 2xSF256 solutions has been studied for this case in [9]-[14] and a general conclusion from these studies is that overall 1xSF128 has more attractive CM properties than an I/Q multiplexed 2xSF256 HARQ-ACK solution.
From section 4.3 we may also recall that the 1xSF128 offered a gain in ~1dB compared to the 2xSF256. In light of this observation we have used the HS-DPCCH gain factors evaluated in [11] when comparing the 1xSF128 and 2xSF256 solutions.
 Based on the MPR values reported in [11] Figure 9 shows the average reduction in maximum transmit power that would arise if a 2xSF256 HS-DPCCH solution is used instead of a 1xSF128 HS-DPCCH. This has been computed as       10 (B-A)/10 where A is the MPR associated with the 1xSF128 and B is the MPR associated with 2xSF256. It is evident that the maximum transmit power in general is reduced with 10-20% if an I/Q multiplexed 2xSF256 scheme is used instead of 1xSF128. In our view this is a significant degradation in the uplink coverage. 
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Figure 9: Loss in maximum transmit power (when accounting for MPR) from a HS-DPCCH design based on 2xSF256 instead of 1xSF128.
5 Conclusions
This contribution proposes a 1xSF128 design for the HS-DPCCH in 4C-HSDPA. The performance is evaluated and compared to a solution in which two I/Q multiplexed HS-DPCCHs are used. Based on our evaluation the following is proposed:

Proposal 1: A ‘DTX codeword’ is added to the Rel-9 DC-HSDPA MIMO codebook.
Proposal 2: When 4C-HSDPA is configured the Rel-9 DC-HSDPA-MIMO ACK/NACK codebook (with an added ‘DTX codeword’) shall be used.
Proposal 3: Carriers not configured in MIMO mode use Rel-5 encoding of the CQI information. Carriers configured in MIMO mode use Rel-7 encoding for the CQI information.
Proposal 4: A carrier specific CQI feedback cycle is supported for 4C-HSDPA.
Proposal 5: A common CQI repetition factor is used for 4C-HSDPA.
Proposal 6: The CQI information associated with carrier k is transmitted in consecutive manner if CQI repetition is used.
Proposal 7: 1xSF128 HS-DPCCH scheme is used whenever 4C-HSDPA is configured.
Proposal 8: When carrier 3 and carrier 4 are deactivated the HARQ-ACK and the CQI messages are repeated.
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7 Appendix

7.1 HARQ-ACK performance for varying false alarm probabilities
Figure 10 shows the error probability as a function of the Eb/N0 for a false alarm rate of 10%. Compared to the results presented in section 4.3 where a false alarm rate of 1% was considered it is evident that the gain of utilizing 1xSF128 solutions reduces. There are however still some merits of utilizing the 1xSF128 HS-DPCCH solution (compared to the 2xSF256 solution).
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Figure 10: Error probability as a function of Eb/N0 for a false alarm rate requirement of 10 percent.

Figure 11 shows the error probability without false alarm rate requirement. From the figure it is evident that the 2xSF256 has a slight performance advantage over the 1xSF128 solution in this case (less than 0.1dB). This difference is due to the fact that the SF128 introduces an additional DTX codeword for avoiding half-slot transmissions and improving the detection performance. It should be noted that a false alarm rate that approaches 100% is rather unrealistic and mainly included here as an extreme bound.
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Figure 11: Probability of error when the false alarm rate requirement approaches 100%.
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RAN1#59bis


HS-DPCCH code design for case when 4 carriers are configured


Alternatives presented:


1xSF128


2xSF256


1xSF256


Choice  between 1xSF128 and 2xSF256 is to be made at RAN1#60. 


For CM studies, optimise for case without DCH; results may also be presented for case with DCH


FFS whether optimisations are needed / justified for special cases (e.g. 3 carrier case). 


FFS if HS-DPCCH transmission can be adapted depending on activation status of downlink carriers to maximise uplink efficiency, including whether Rel-9 format is used in case of only 2 carriers being activated





RAN1#60


The HS-DPCCH overall subframe structure with a 1-slot HARQ-ACK field followed by a 2-slot CQI field should be kept.


The minimum CQI feedback cycle with 4 activated carriers is 4 ms. FFS for other cases.


For the case of 4C with MIMO:


Re-use Rel-9 HS-DPCCH codebooks


For at least the case of 3C without MIMO:


Give special attention to optimisation


It is agreed that DCH is supported in conjunction with 4C-HSDPA when 1 UL is configured. 
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� This assumes a TCP ACK/NACK size of 40 bytes, a TCP packet size of 1500 bytes. Following the assumptions in � REF _Ref258150198 \r \h ��[7]� the maximum downlink-uplink asymmetry can be computed as 1500/(0.5∙40)=75. This suggests that the uplink throughput required for the TCP ACKs is 1/75=1.33 percent of the total throughput associated with the downlink carriers (Note that this uplink traffic has to coexist with other uplink traffic).


� In � REF _Ref258151229 \r \h ��[11]� the HS-DPCCH gain factors of 15/15 (19/15), 19/15 (24/15) and 24/15 (30/15) were evaluated, where the values in parentheses correspond to the 1xSF128 HS-DPCCH solution.





