
3GPP TSG-RAN WG1 Meeting #58bis
R1-093909
Miyazaki, Japan
12 - 16 October 2009
Agenda item:

7.3.2
Source:
Nokia, Nokia Siemens Networks
Title:
Multi-cell CSI-RS design aspects
Document for:

Discussion and Decision

1
Introduction

In RAN1#58, CSI-RS design was discussed extensively, with some contributions already addressing also CSI-RS design aspects for CoMP purpose [1]-[6]. However, no further conclusions on CSI-RS design were made. In this contribution, we address certain aspects of multi-cell CSI-RS design discussing inter-cell multiplexing of CSI-RS, overhead and the required reuse factor for orthogonal CSI-RS between cells. We also provide initial simulation results on these issues.
2
Inter-cell multiplexing of CSI-RS
In [3], multiplexing of CSI-RS among cells was already addressed. So far, any kind of multiplexing is possible, i.e. FDM, TDM, CDM or any combination of them. The conclusion in [3] states that CSI-RS from different cells should be transmitted in different subframes. In the following, we also evaluate the different multiplexing options, while implications of multi-cell CSI-RS transmission in different subframes is addressed in [7]. Current contribution assumes that data blanking (at RE locations reserved for CSI-RS) is utilized in cells not transmitting CSI-RS, i.e. different cells have orthogonal CSI-RS (with certain reuse factor). This assumption is verified in the simulation section where we compare such orthogonalized CSI-RS to Rel’8 CRS, basically showing that orthogonalization can clearly improve the performance.

2.1
TDM

Two flavors of TDM can be identified. As proposed in e.g. [3], CSI-RS for different cells can be transmitted in different subframes. Alternatively, one can use more traditional TDM within one subframe. As previously mentioned, we assume a cell would blank its PDSCH transmission on REs in subframes/symbols used for CSI-RS transmission from other cells.
Pros:

· Similarly to FDM, TDM does not suffer from the same loss of orthogonality as CDM. Hence in this sense the CSI estimation performance could be better, given certain CSI-RS power (however see cons). 
· The CSI-RS overhead is more flexible and scalable with the number of CSI-RS ports per individual cell and the number of cells with orthogonal CSI-RS ports (i.e. reuse factor).

Cons:

-
The main issue with TDM is in power utilization. The power from blanked REs in certain symbol(s) can not be efficiently taken into use for the CSI-RS multiplexed in other symbol(s) without power amplifier problems. In fact, it seems that this power would be completely wasted.
-
If TDM is done between multiple subframes, Rel’8 performance is further negatively impacted. As shown in a companion paper [7], splitting CSI-RS into multiple subframes instead of having them in a single subframe actually leads to Rel’8 performance loss at system level.
-
In [3], it was claimed that UE calculation load would be averaged if CSI-RS are split into multiple subframes in TDM fashion. However, we think this would rather lead to an increase in the RX up-time needed for CSI measurements, hence impacting battery consumption negatively. UE calculation load is solely determined by the processing time allowed between the CSI-RS subframe and the UL reporting time instant.

-
From CoMP perspective the TDM inter-cell CSI-RS might degrade the performance [7] since relative phases between cells would be drifting between subframes/symbols due to channel changes. Also residual frequency errors at UE cause a “false” phase offset between cells if CSI-RS from different cells are time multiplexed. We note that for JP-CoMP it is crucial to measure and report the inter-cell phase correctly.
2.2
FDM

In FDM, different cells would transmit CSI-RS on different subcarriers, while other cells within the reuse cluster would not transmit anything on the same REs.
Pros:
· Power from blanked REs can be used efficiently for boosting the CSI-RS, hence providing a clear performance benefit over TDM. We note that efficient utilization of power is especially important when considering CSI estimation for non-serving cells in which case the received power could be relatively weak because of larger path loss.
· The CSI-RS overhead is more flexible and scalable with the number of CSI-RS ports per individual cell and the number of cells with orthogonal CSI-RS ports (i.e. reuse factor).

· There is no similar loss of orthogonality as with CDM. However, our simulations show that the impact of this is fairly small at low mobility which is the main scenario for CoMP operation.
Cons:

· FDM alone may not be able to provide a sufficient reuse factor (large enough number of cells that have orthogonal CSI-RS). This is due to that the frequency spacing between the CSI-RS REs of one antenna port would become simply too large to capture the frequency selectivity of the channel.
2.3
CDM

In CDM, different cells use different codes, preferably running in time direction (low speed assumption) in order to not lose orthogonality between the codes completely.
Pros:

· CDM also provides efficient utilization of power. Even if CSI-RS are spread into multiple symbols, processing gain allows capturing all the available power. Therefore CDM should clearly be preferred over TDM if multiple symbols are utilized for CSI-RS.

Cons:

· As pointed out in [3], CDM suffers from loss of orthogonality in selective channels. This loss of orthogonality is further pronounced by near-far effect: stronger cells cause more severe interference to weaker cells. This impact is visible in our simulation results, however the impact is not very large.
· The CSI-RS overhead is, in contrast with TDM and FDM, less flexible and scalable with the number of CSI-RS ports per individual cell and the number of cells with orthogonal CSI-RS ports (i.e. reuse factor), though the absoluate overhead may not be significant.

We propose to discard the TDM option and focus on FDM, CDM and their combination for inter-cell CSI-RS multiplexing.
3
CSI-RS overhead and placement
Current agreement on CSI-RS overhead reads as follows:
· Estimates of RS overhead for evaluations (figures assume normal CP)

· CSI-RS overhead of 1/840=0.12% per antenna port (8 antenna ports = 0.96%)

· Possibility of assuming a larger/lower overhead in simulations of CSI-RS is not precluded (e.g. a larger time density)

· Example:

· Time density: 1 symbol every 10ms per antenna port: 1/140 

· Frequency density: 1 subcarrier every 6 subcarriers per antenna port: 1/6

· Possibility to configure the periodicity of CSI RS transmissions in terms of an integer number of subframes. 

The above agreement implies 2 REs per PRB per antenna port, hence with eight antenna ports one gets 16 REs per PRB. Clearly this agreement was done in the context of single-cell MIMO transmission with 8 TX antennas, with little or no consideration on CoMP aspects. Furthermore, as stated in the agreement, main focus of the agreement was for evaluation purpose. Considering CoMP multi-cell CSI-RS, as will be shown and discussed further in the simulation section, to enable large enough reuse factor for CSI-RS the overhead of 16 REs per PRB might not be enough. In [7] we have shown that even with 32 REs per PRB the Rel’8 UEs can still be served with lowered MCS achieving better overall system performance than pure scheduling restriction or MBSFN masking solution.
We propose that the CSI-RS overhead issue could be revisited in CoMP context.
Placement of CSI-RS seems to be a difficult problem as there is not much room left in the PRB after taking into account the PDCCH region, Rel’8 CRS, LTE-Advanced DRS and Rel’8 DRS. The usable REs are shown in Figure 1. Here, we have also considered the possibility of using the third OFDM symbol – one can argue that less PDCCH capacity might be needed since clearly in CSI-RS subframe there is also less PDSCH capacity due to added overhead. If all possible collisions need to be taken into account and number of PDCCH symbols can not be reduced to two, there is very little freedom in placing CSI-RS. In fact there is only one full symbol and additionally some REs in other symbols. 
We propose that RAN1 discuss whether some additional freedom can be assumed in the CSI-RS pattern design.
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Figure 1. Free REs for CSI-RS with and without considering Rel'8 UE-specific RS.
4
FDM/CDM CSI-RS patterns for simulations

As discussed in section 2, our view is that FDM and CDM inter-cell CSI-RS multiplexing methods should be further studied. In this section we present some exemplary multi-cell CSI-RS patterns that will be used in our simulations. It is emphasized that we do not consider these patterns as candidates for the final specification, but rather just as examples used to compare the multiplexing methods and studying the impact of CSI-RS reuse factor. The patterns below are designed for the purpose of simulating multi-cell CSI-RS, but not all of them fit well in single-cell context. In our view the same patterns should be usable both with and without CoMP (e.g. with and without blanking from other cells) which yields yet another design constraint not fully considered in this contribution.
All the examples below are done for 2 TX antennas per cell.

Pure FDM, 16 REs / PRB

First considered CSI-RS patterns are based on FDM, and we have looked at patterns with reuse factor four and reuse factor eight.
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Figure 2. FDM pattern with 16 REs per PRB and reuse factor of four. Power per one RS RE is four (i.e. 6 dB boosted compared to data). There are two RS REs per antenna port per PRB.
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Figure 3. FDM pattern with 16 REs per PRB and reuse factor of eight. Power per one RS RE is eight (i.e. 9 dB boosted compared to data). There is one RS RE per antenna port per PRB.
Hybrid FDM/CDM, 16 REs / PRB
For hybrid FDM/CDM with 16 REs per PRB, we have one pattern with reuse factor four and one pattern with reuse factor eight. In both cases different cells are code multiplexed, and the two antenna ports of one cell are frequency multiplexed. The code is running in time direction as shown with the red boxes.
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Figure 4. Hybrid FDM/CDM pattern with 16 REs per PRB and reuse factor of four. Power per one RS RE is one, however there is processing gain of four available from the length-4 codes (shown with the red box).
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Figure 5. Hybrid FDM/CDM pattern with 16 REs per PRB and reuse factor of eight. Power per one RS RE is one, however there is processing gain of eight available from the length-8 codes (shown with the red box). Note that this pattern is neglecting collisions with Rel’8 DRS.
Pure CDM, 16 REs / PRB
With pure CDM, we have only simulated a reuse four pattern. The code is running both in frequency (2 subcarriers) and time as shown with the red boxes.Both antenna ports of one cell as well as different cells are multiplexed using different codes of length eight.
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Figure 6. CDM pattern with 16 REs per PRB and reuse factor of four. Power per one RS RE is one, however there is processing gain of eight available from the length-8 codes (shown with the red box).
Hybrid FDM/CDM, 32 REs / PRB

We also simulated one pattern with 32 REs per PRB. Pure FDM is not even possible with 32 REs/PRB, and also pure CDM is not a very attractive option since this would require very long codes spanning multiple subcarriers, and hence the orthogonality would be easily lost in frequency-selective channels. Hence we have chosen hybrid FDM/CDM. In this pattern, the two TX antennas of each cell are frequency multiplexed and different cells are code multiplexed. Reuse factor is eight.
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Figure 7. Hybrid FDM/CDM pattern with 32 REs per PRB and reuse factor of eight. Power per one RS RE is one, however there is processing gain of eight available from the length-8 codes (shown with the red box).

Other TX antenna configurations

We want to point out that in these examples we have 2 TX antennas per cell. With reuse factor of four that implies eight orthogonal antenna ports in total, and with reuse factor of eight that implies 16 orthogonal antenna ports in total. Obviously, once the total number of orthogonal antenna ports has been fixed, the reuse factor completely depends on how many antenna ports there are per cell. As an example we have tabulated the reuse factor with different total number of orthogonal CSI-RS ports per antenna configuration, see Table 1. Here we have assumed same antenna configuration in each cell, but also different configurations are of course possible.
Table 1. Reuse factors with different antenna configurations and different total numbers of orthogonal antenna ports.
	
	8 orthogonal antenna ports
	16 orthogonal antenna ports

	2 TX per cell
	4
	8

	4 TX per cell
	2
	4

	8 TX per cell
	1
	2


Clearly, some signalling will be required to inform UE about the exact antenna configurations behind the CSI-RS ports.
5
Simulations
5.1
Simulation setup
Simulations were run on a multi-cell link simulator that explicitly models the radio links between the UE and each base station. Chosen scenario was 3GPP Case 1 with other simulation assumptions as listed in Table 2. CSI-RS reuse pattern was planned and optimized separately for reuse factor four and reuse factor eight. UEs were dropped in the network such that

· A sector in the center site of the network is the best quality cell.

· Four strongest cells must be within 10 dB path loss window.

These four strongest cells form the CoMP measurement set. Note that the dropping requirements mean that UEs are dropped at the cell edge rather than uniformly in the cell area. For each of the four cells, from strongest to weakest, we have chosen the following performance measures:

· The channel estimation MSE.
· The probability of selecting the optimum codeword from the precoding codebook.
Two different cases for selecting the CoMP measurement set were studied:

· Cells with non-orthogonal CSI-RS were allowed in the CoMP measurement set. This allows more freedom in selecting the CoMP measurement set, but also leads to worse channel estimation performance since CSI-RS from different cells are interfering more with each other.
· Cells with non-orthogonal CSI-RS were not allowed in the CoMP measurement set. This approach restricts the CoMP measurement set selection, but on the other hand allows improved channel estimation since all cells within the CoMP measurement set have orthogonal CSI-RS.
Finally it is noted that cells not having fully orthogonal CSI-RS still had quasi-orthogonal scrambling sequence underlying the FDM/CDM.

Table 2 Simulation assumptions.

	Parameter description
	Value / Comment

	Transmission bandwidth
	10 MHz

	Transmit antenna configuration
	2 Tx per cell

	Receive antenna configuration
	2 Rx

	Channel model, UE velocity, spatial correlation
	ETU – 3 km/h, spatially uncorrelated

	Number of cells within CoMP measurement set
	4

	Path loss window for CoMP measurement set
	10 dB

	Codebook
	2-bit i.i.d. codebook

	Channel estimation
	2D realistic channel estimation


5.2
Results

Results are shown in Figure 8 and Figure 9 for reuse factor of four, and in Figure 10 and Figure 11 for reuse factor of eight. In each figure the cells are ordered from strongest to weakest (left to right), hence cell#1 always corresponds to the serving cell. Moreover, cell#1 Rel’8 CRS case always corresponds to Rel‘8 performance in terms of channel estimation using Rel’8 CRS and probability of selecting the correct codeword in Rel’8.
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Figure 8. Results for reuse factor four patterns for the case where we had unrestricted selection of the CoMP measurement set. The benefit of orthogonalized CSI-RS seems rather small compared to Rel’8 CRS in this case.
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Figure 9. Results for reuse factor four patterns for the case where we restricted the CoMP measurement set such that only cells with orthogonal CSI-RS were allowed in it. There is a clear benefit from orthogonalized CSI-RS over Rel’8 CRS, however CoMP measurement set selection is very restricted.
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Figure 10. Results for reuse factor eight patterns for the case where we allowed unrestricted selection of the CoMP measurement set. Increased performance over Rel’8 CRS is visible even if the CoMP measurement set is unrestricted.
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Figure 11. Results for reuse factor eight patterns for the case where we restricted the CoMP measurement set such that only cells with orthogonal CSI-RS were allowed in it. The benefit of orthogonalized CSI-RS over Rel’8 CRS is very clear. Still the CoMP measurement set is not restricted too much due to large reuse factor.
5.3
Discussion

CSI-RS multiplexing
Comparing first the different multiplexing methods from the presented results, it is seen that in most cases pure FDM outperforms hybrid FDM/CDM and CDM. This is the expected result due to loss of orthogonality with CDM. However, the difference is mainly visible for weakest cells (due to near-far effect), and this difference is fairly small. Anyway based on these results our main preference for the multiplexing scheme would be FDM – however to accommodate more REs within the PRB, also a CDM component is very likely needed. Hence our slight preferred choice is a hybrid of FDM and CDM in case larger reuse factor is to be supported.
CSI-RS reuse factor

Turning then our attention to the reuse factor, clearly a reuse factor of four does not provide such performance gain over Rel’8 CRS that would justify the introduction of multi-cell CSI-RS, in case that the CoMP measurement set selection is not restricted. On the other hand as shown in Figure 9, if we restrict the CoMP measurement set to include only cells that have orthogonal CSI-RS, there is clear performance gain. However, in this case the CoMP measurement set selection indeed becomes very restricted – in fact in our simulations only 10% of the UE drops were such that exactly the four strongest cells had orthogonal CSI-RS. If we look at Figure 10 and Figure 11, it is clear that with reuse eight the performance is very good in both cases (unrestricted/restricted CoMP measurement set). Still restricting the CoMP measurement set allows improving the channel estimation performance. As conclusion, to justify introduction of orthogonalized multi-cell CSI-RS, to allow more freedom in the CoMP measurement set selection, to make reuse planning easier and to allow well-performing multi-cell channel estimation, CSI-RS with large reuse factor needs to be considered.
CSI-RS overhead

As with respect to the overhead, based on our results, further performance improvement is still possible when increasing the overhead from 16 REs per PRB to 32 REs per PRB, as shown in Figure 10 and Figure 11. However, since the difference is no longer as significant as the difference compared to Rel’8 CRS, based on MSE studies and probability of correct codeword selection it is not possible to conclude whether such overhead increase is justified from system level performance perspective, this will require further study. On the other hand, the patterns should also be applicable to pure single-cell MIMO operation where blanking from other cells is not used (that is, assuming CoMP is not used at the same time). From earlier studies it is known that 2 REs per PRB per antenna port is the minimum for single-cell operation [8]. Combining this with the requirement to have a large reuse factor in CoMP case might mean that 32 REs will be needed per PRB for CSI-RS design. Based on our studies in the accompanying contribution [7], even 32 REs could be feasible from Rel’8 performance perspective.
6
Conclusions

In this contribution we have addressed several key CSI-RS design aspects from CoMP perspective. Our proposals can be summarized as follows:

· Based on argumentation in this contribution and results in [7], we propose to discard the TDM option for multiplexing of CSI-RS from different cells. Moreover, CSI-RS should not be split into multiple subframes but rather be concentrated into one subframe.

· FDM and CDM provide a good combination that allows capturing all the available power into use in multi-cell channel estimation. Out of these two multiplexing choices, FDM has slightly better performance.
· Overhead of CSI-RS needs to be revisited for CoMP purpose. It is crucial that CSI-RS overhead should enable CSI-RS design for large reuse factor while still allowing the same patterns to be used in single-cell case without data blanking (and resulting power boosting).

· RAN1 should discuss whether any further freedom can be assumed in the CSI-RS design, e.g. utilization of PDCCH region by freeing up one OFDM symbol.
· CSI-RS should be designed for large reuse factor to justify introduction of orthogonalized CSI-RS in terms of performance compared to Rel’8 CRS, as well as less restricted CoMP measurement set selection and easier reuse planning.
As previously mentioned, the exact patterns and exact overhead are left here for further study.
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