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1 Introduction

At RAN#53 a new work item on HSDPA 4x4 MIMO was approved [1]. According to the work item the following points should be considered:

· Simultaneous transmission of up to four layers to one UE in CELL_DCH should be possible.

a. It should be possible to operate 64QAM on all layers simultaneously.

b. Specific transmission modes with two layers and single layer shall be supported.

· All layers shall be transmitted from the same HS-DSCH cell

· Existing functionality should be re-used unless non-re-use can be justified by clear benefits.

· The benefits of supporting 4-branch MIMO in combination with multi-carrier operation should be assessed during the work item. If benefits are deemed sufficient, enable operation of 4-branch MIMO in combination with downlink multi-carrier operation over 1-4 carriers.

· It shall be possible to operate 4-branch MIMO in combination with a single uplink carrier if applied with downlink multi-carrier operation. 

· The design should ensure that the impact on non-MIMO UEs and 2x2 MIMO UEs is minimized. Whether or not this needs to be handled explicitly in the specifications should be determined during WI.

This contribution addresses a few design options for the HS-DPCCH in order to support 4x4 DL MIMO. Issues and possible solutions for HARQ and PCI/CQI signalling will be discussed.
2 HS-DPCCH Design Considerations

Inevitably the design of the HS-DPCCH feedback channel will depend on a number of other fundamental design options. Several of these design options will furthermore depend on each other, i.e. changing one option may affect the design of another option. Below we discuss a few of these fundamental design options; see e.g. [2], [3].
2.1 Number of Codewords and Layer Mapping

For 4-branch MIMO there are a few approaches that could be considered regarding the number of codewords (transport blocks) and mapping to layers. One approach would be to extend the Rel-7 downlink MIMO principle and transmit one codeword (transport block) per layer. One benefit with using this approach would be that it maximizes the flexibility. In practise it may however difficult to harvest the potential gain this additional flexibility offers. The main drawback is that there would be additional HS-SCCH and HS-DPCCH control signalling overhead.

An alternative to duplicating the number of maximum codewords would be to increase (double) the transport block sizes (TBS:es) and introduce a fixed layer mapping functionality. This approach would result in that there would not exist more than two codewords (regardless of the rank of the channel). Instead a given codeword could be partitioned over multiple layers. This approach keeps feedback overhead low.

Obviously there exist other approaches that can be classified somewhere in between the approaches mentioned above. For example, one could consider bundling techniques. By employing HARQ-bundling a single HARQ message is used to acknowledge several codewords. Evidently this approach reduces the required HARQ feedback at the expense of possible performance degradation. However, since the streams are usually correlated the degradation is in general small. Similarly one can consider CQI/codeword bundling, i.e. use the same TBS (codeword characteristics) for several streams. 
The number of used codewords is one of the most fundamental design options and it will affect most of the other design options. For example, it will to a large extent decide how much feedback information that needs to be carried on the HS-DPCCH.
2.2 Number of DL carriers
Another assumption that affects the HS-DPCCH design is the number of downlink carriers that support 4x4 DL MIMO, at least if it is assumed that all required MIMO feedback should be carried on one UL carrier. As stated in [1] the benefits of supporting 4x4 DL MIMO with multi-carrier operation should be assessed. Nevertheless, design focus lies on the single carrier case.
2.3 HS-SCCH downlink control signalling
The HS-SCCH physical channel is used to signal the information related to the data transmitted on the HS-PDSCH. For 2x2 downlink transmissions the HS-SCCH carries information related to the channelization code set, modulation scheme, transport block size, HARQ process, redundancy and constellation version, and the rank and pre-coding information.  

For 4-branch MIMO there are two main alternatives for extending the HS-SCCH signaling:

· Introduce a new HS-SCCH slot format that carriers all information related to the data transmissions, or

Use multiple HS-SCCHs for describing the information related to the different codewords.

Which one of the two alternatives that is best suited depends on other design decisions (e.g., number or codewords and whether pre-coded pilots are used for demodulation or not). The exact details needs to be further analyzed, but it is fair to say that the HS-SCCH design would be simplified if we decide to have maximum two codewords with a fixed layer mapping functionality. Using up to four codewords means that the required DL control signaling information increases significantly and it is likely that different design aspects need to be re-visited, e.g. how to handle the HARQ functionality for four codewords. 
Regarding the design of the HS-DPCCH it is beneficial if we can make assumptions about the reliability of HS-SCCH information. For example, given detection of HS-SCCH we can assume that the information is correctly decoded. This was explored in the multi-carrier evolution where the ACK-NACK codebook is conditioned on rank information sent on the HS-SCCH. A similar approach can be envisioned when introducing 4x4 DL MIMO. Note that this means that if multiple HS-SCCHes are employed we may need to send some important information on both HS-SCCHes, e.g. rank information and code information (part I info).
2.4 Design Flexibility 
Yet another aspect that influences the design of the HS-DPCCH relates to robustness and flexibility. Clearly there are trade-offs to be made concerning robustness, flexibility, optimized performance, etc. The general goal is to strive for a well-performing solution while at the same time trying to re-use existing solutions, e.g. multicarrier, when designing HS-DPCCH for 4x4 DL MIMO. One example is that it would be beneficial to re-use available codebooks if possible. A related aspect is for what scenario we optimize performance. Clearly we must support rank4 transmissions, but it seems reasonable to optimize performance for rank1 and rank2 transmissions.
3 HS-DPCCH feedback design

The HS-DPCCH in Rel-5 to Rel-9 is based on a 1xSF256 solution. The structure of the HS-DPCCH is shown in Figure 1. As well-known, the HS-DPCCH sub-frame structure consists of 1 slot for HARQ-ACK transmissions and 2 slots for CQI/PCI transmissions. This structure should be kept also for 4-branch MIMO.
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Figure 1: Illustration of the HS-DPCCH slot format.

In the following sections we will list some issues and possible solutions for HARQ and PCI/CQI signalling. As mentioned previously a key question is how much HARQ and CQI/PCI information that needs to be fed back. As described in Section 2.1 this depends on whether max 2 or 4 codewords are supported, and whether bundling techniques are used or not. 
3.1 HARQ design options 

For Rel-7 MIMO the HARQ-ACK codebook consists of 6 codewords plus PRE/POST. For 4x4 DL MIMO a few straightforward design options exist depending on flexibility and amount of required feedback. 
We list the design options below (they are also summarized in Table 1):

· Condition the codebook on the number of acknowledgment streams (rank) or having a joint codebook covering all cases. Since the NodeB knows how many streams that have been scheduled and we can assume that the rank indication signalled on HS-SCCH is reliable the latter approach is natural (most optimal). On the other hand if we agree on having at most two streams to acknowledge then the performance gain of having a conditioned codebook is marginal, whereas the complexity obviously increases.
· Max two acknowledgment streams implies 6 HARQ messages when using a joint codebook and 2 or 4 HARQ messages, respectively, depending on rank when using a conditioned approach. In this case it is natural to re-use the Rel-7 HARQ-ACK codebook.
· Max four acknowledgment streams implies 30 HARQ messages when using a joint codebook and 2, 4, 8, or 16 HARQ messages, respectively, depending on rank when using a conditioned approach. Depending on preferred solution we can re-use some of the Rel-9 HARQ-ACK codewords or need to design a new codebook.
· Condition the codebook on a number of configurations that could be controlled via RNC signalling, HS-SCCH orders, or UE categories. For example, one scenario could be to have one (optimized) codebook for rank1 and rank2 transmissions, and another joint codebook for rank3 and rank4 transmissions. This would be one approach to limit the number of HS-DPCCH ACK/NACK formats, while still having optimized performance for likely scenarios.

Table 1
Summary of required HARQ-ACK messages for different scenarios (excluding PRE/POST).
	Acknowledge max two streams
	Acknowledge max four streams

	Joint (all ranks)
	6 
	Joint (all ranks)
	30

	1 stream (rank1)
	2
	Rank1
	2

	2 stream (rank2, rank3, rank4)
	4
	Rank2
	4

	
	
	Rank3
	8

	
	
	Rank4
	16


From a HARQ-ACK design perspective it seems most attractive to acknowledge max 2 streams (two codeword approach) and use the Rel-7 HARQ-ACK codebook (joint codebook for all ranks).
3.1.1 Multi-carrier extension

Re-using the multi-carrier evolution steps makes it straightforward to extend the HARQ-ACK signalling for 4x4 DL MIMO with multiple carriers.

For the case where we have maximum two streams to acknowledge the following evolution steps are natural. For 2 carriers, keep the SF256 structure and re-use some of the Rel-9 codewords to jointly code ACK/NACK for two carriers. Similar to multi-carrier we need to include cases where one carrier is DTXed. For 3-4 carriers it is natural to re-use the Rel-10 multi-carrier operation with SF128 structure (grouping carriers two and two) and introducing the DTX codeword.  
For the case where we have maximum four streams to acknowledge the following evolution steps are natural. For 2 carriers, consider the Rel-10 multi-carrier operation with SF128 structure (one carrier for each HARQ sub-slot) and introducing the DTX codeword. Similarly, for 3-4 carriers we re-use the 8C-HSDPA 2xSF128 framework.  
3.2 CQI/PCI design options 

In Rel-7 there are 5 or 2x4 bits allocated for describing the CQI depending on the CQI type. There are 30 or 15 CQI values per stream for rank1 and rank2, respectively, and rank is implicitly signalled via the CQI. Furthermore CQIs for each stream are signalled independent of each other. In addition to CQI bits there are 2 bits allocated for signaling the preferred pre-coding information. The 7 (or 10) information bits are then encoded into 20 channel bits that are transmitted during the second and third slot. The exact details of the CQI/PCI design will depend on the amount of required feedback (number of codebooks and/or CQI bundling), the pre-coding codebook design, as well as the pilot design. Another design question is whether we use a single CQI/PCI format all the time or if we can afford to have different CQI/PCI formats depending on configuration (e.g. rank). The latter approach means that we need some form of blind detection at the NodeB and may therefore be undesirable. 
We list a few design options below: 

· Pre-coding indication. For 4x4 DL MIMO we will need more than 2 bits to signal the preferred pre-coding weights. A working assumption is that we will need 4-5 bits to indicate precoding-weights. One question is whether we will use a single codebook (single feedback rate) or a product codebook consisting of an inner codebook that capture the correlation within each polarization state and an outer codebook which is used to co-phase or rotate the two polarization directions. Since the inner precoder focuses on long term properties of the channel and the outer precoder takes care of short term properties, it is natural to have different feedback rates for the two precoders. Another question is whether to use the same pre-coding codebook all the time or have separate codebooks depending on configurations, e.g. rank. For example, one could envision a scenario where fewer weights are used for high-rank scenarios. Having different codebooks would however necessitate the use of blind detection at the NodeB. A more natural approach to facilitate different number of weights depending on rank would be to jointly code pre-coding info and rank info.
· Rank indication. Three approaches to signal preferred rank are to have dedicated bits for rank indication (2 bits), code CQI and rank indication jointly, or code rank and pre-coding indication jointly. In essence, two bits are needed to signal preferred rank.
· Required CQI granularity. If we decide to use max two codewords, then we need to define new CQI tables with larger dynamic range. Hence, in that case we need more CQI values or reduced granularity.
Let us exemplify a few design options. In Table 2 we show four examples of how many bits that is required to signal CQI/PCI/rank. These examples indicate that ~14-22 bits are needed to signal the feedback information. Even though a (20, 14) code could be used to carry the bits needed for Exa1.2, a likely assumption is that we will use 2x20bits in order to convey the desired information. One example of how this can be achieved is to reduce the minimum CQI feedback cycle (e.g. to 4 ms). Note that the minimum CQI feedback cycle was reduced from 2 ms to 4 ms in Rel-9 for the introduction of DC-HSDPA+MIMO (since the loss in performance was marginal). The next question is whether to code all information jointly using a (40,x) code or to split the information using two (20,x) codes. The latter approach would facilitate the use of legacy codebooks and would simplify the receiver design. Nevertheless, the exact solution will depend on several other design choices (as indicated in the examples in Table 2) and is FFS. 
Based on the discussion here it is evident that the CQI/PCI design is simplified by assuming a two codewords approach (see Section 2.1). The exact CQI/PCI coding needs further study. However, it seems natural to use two CQI/PCI slots, i.e. 2x20bits for CQI/PCI coding by means of using a reduced minimum CQI feedback cycle. Furthermore, CQI1 and CQI2 are coded independently of each other into the first and last 20 bits, respectively. Rank and pre-coding information should probably be coded jointly using 5-6 bits but the exact details are FFS. 
Table 2
Examples of how many PCI/rank/CQI bits that are required for different scenarios.
	2 codewords (or CQI bundling)
	4 codewords

	Exa1.1
	PCI
	4
	Exa2.1
	PCI
	4

	
	Rank
	2
	
	Rank
	2

	
	CQI
	10 (2x5)
	
	CQI
	16 (max 4x4)

	Exa1.2
	PCI
	4
	Exa2.2
	PCI
	4

	
	Rank
	-
	
	Rank
	-

	
	CQI+Rank
	10
	
	CQI+Rank
	16


4 Conclusions
At RAN#53 a new work item on HSDPA 4x4 MIMO was approved. This contribution addressed a few design options for the HS-DPCCH in order to support 4x4 DL MIMO. Issues and possible solutions for HARQ-ACK, PCI, CQI, and rank signalling were discussed.
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