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1. Introduction

With the agreement on above four layers operation, UE specific reference signal design for LTE Rel-10 is now almost complete. Normal CP patterns are in place, including handling of DwPTS, while Extended CP patterns remain open from design perspective [9]. In Figure 1 we depict the agreed pattern for beyond four layers, where an orthogonal cover code of length four is used in time direction over two CDM groups.
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Figure 1: CDM UE-specific RS for beyond four layer operation in normal CP.

The aspect of PRB bundling remains open and can be seen as a channel estimation enhancement. The initial arguments [3] tied together PRB bundling and a particular UE specific RS pattern targeting beyond four layer operation only. . 
With the agreement of the same UE specific RS pattern for all transmission ranks, PRB bundling gets now decoupled from the DM-RS pattern itself. There are essentially three options available for PRB bundling: for all transmission ranks [10], only for beyond four spatial layers [11], or keeping the current Rel’8/9 baseline with channel estimation over DM-RS on a per-PRB basis regardless of the transmission rank [12]. 
2. PRB bundling

There are few key aspects at the core of UE specific reference signal design. These include the type of scenario in which demodulation is optimized for – that is mainly channel time & frequency selectivity and the number of resource elements in terms of power per layer used available for channel estimation. From a system perspective one aims at flexible resource scheduling, on top of flexible channel feedback from the UE to eNB side. All these form a sensitive ecosystem which needs careful balancing if one seeks for competitive system design.

Increasing the channel estimation span leads to better performance at least in some cases: there is a well-known trade-off between gains from increasing channel interpolation width in frequency vs. losses from increasing frequency selective precoding granularity. The optimal frequency width of operation is hence channel/scenario dependent, in particular for the frequency-selective 3GPP TU channel, in which there is performance loss from broadening the frequency granularity, while for the PA channel there is very minor gain to be expected. Results along these observations are presented in this paper. 
The UE specific reference signals have been designed such that the overhead scales as the number of layers is increasing. Having an upper bound limit for such overhead, one has to handle a total of 24 REs for a maximum of 8 layer operation. In terms of channel estimation available power-wise resource elements (REp) per layer, the following happens in practice: for one layer one handles 12 REp, for two and four layers one has available 6 REp while the maximum of 8 layers operate on 3 REp. While there are clear differences between the available resources, each case also has different requirements. For example one layer is envisioned to provide UE coverage and sustain UE mobility, while eight layers are operating is quasi-static channels, which do not exhibit severe frequency selectivity, as well as very high SINRs, hence robust channel estimation quality can be obtained by handling a lower number of REp. PRB bundling should then in principle allow enhanced performance especially for high ranks (5-8). Nevertheless, such PRB bundling gains are marginal, even in PA channels as shown Figure 4. Scheduling constraints do remain an issue, and one also needs extra signalling indicating to the UE the bundling size. One may argue that implicit signalling can be handled by tying PRB bundling together with the number of transmitted layers [11], however even such solution seems questionable given the marginal gains bundling brings in such case (see Figure 4).
Remark: Strive for a flexible solution, applicable to all scenarios, while PRB bundling gains should be consistent over the single PRB baseline.
Before introducing PRB bundling, one should measure all its implications at system level: 

· LTE Rel-10 optimization point is expected to gravitate around enhanced MU-MIMO operation, which consequently operates on a limited number of layers. In order to benefit from such gains one has to allow flexible scheduling, which is at the core of the MU-MIMO operation. PRB bundling parameters need to be compatible among spatially multiplexed UEs at the expense of losses in scheduling flexibility.
· Interference patterns seen by a given UE may not necessarily follow the bundling pattern leading to inaccurate interference estimation.
· Scheduling constraints are brought to the system as one needs to allocate PRBs according to the bundling granularity independently of the actual resource allocation need. This may lead to inefficient transmission when transmitting a lot of small packets. 
· Resource allocation/bundling granularity has to be a multiple of the one used for precoding, which can become more difficult to handle. 
Remark: Introduction of PRB bundling should be made in the light of provided gains vs. implications at system level as well as from standard perspective.
3. Simulations
Results in this section are dedicated to investigating the PRB bundling for various numbers of transmitted layers, in different channel environments and with different bundling and feedback size assumptions. We have simulated one, two and eight spatial layers, in 3GPP-TU and PA channels. According to the simulated environment, we have used two and six PRBs as UE feedback granularity. Detailed simulation assumptions are presented in the Appendix. Note that one should decouple the feedback size from the bundling size for channel estimation, which in previous results was not always the case [11] [12]. 
Results in Figure 2 and Figure 3 support the claim that per PRB channel estimation offers a good compromise for various channel types/scenarios. Even in scenarios where PRB bundling provides gains, the gains are very marginal with respect to per-PRB processing. Moreover, flexible operation of SU-/MU-MIMO can be easily reached with this assumption. In PA channel, about 1 dB gain is seen when transmitting high number of layers while even in this case the performance gain brought by bundling seems to be limited as 3PRB is reaching already good performance. 


[image: image2]
Figure 2: One layer transmission in 3GPP TU channel. Left: 2 PRB feedback and 1&2 PRB bundling; Right: 6 PRB feedback and 1, 3, 6 PRB bundling.


[image: image3]
Figure 3: Two layer transmission in 3GPP TU channel. Left: 2 PRB feedback and 1&2 PRB bundling; Right: 6 PRB feedback and 1, 3, 6 PRB bundling.


[image: image4]
Figure 4: Eight layer transmission in PA channel. Left: 2 PRB feedback and 1&2 PRB bundling; Right: 6 PRB feedback and 1, 3, 6 PRB bundling.

4. Conclusions

System design can easily become troublesome, if PRB bundling is introduced, especially for lower transmission ranks (1-2), which is exactly where optimized SU-/MU-MIMO operation will be predominant system wise. Hence the latter should not be harmed by complications/limitations brought by PRB bundling in the light of the very minor observed gains. It is also highly questionable, why one should operate PRB bundling for high number of layers. Marginal gains also seen in such case do not clearly motivate in its favor.

Based on the following discussion and results, we recommend 3GPP to build along the LTE Rel-8/-9 design and keep per-PRB processing as baseline for channel estimation over DM-RS.
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Appendix 1 – Simulation assumptions 
Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth, carrier freq.
	5 MHz, 2 GHz

	Channel model, UE velocity, spatial correlation
	3GPP TU, PA, 3 km/h, spatially uncorrelated

	Antenna configuration
	8 Tx / 8 Rx antennas

	Detector
	MRC (rank-1), MMSE (rank>1) receiver

	PDCCH / PDSCH configuration
	3/11 OFDM symbols per sub-frame. 

	Channel coding (PDSCH)
	Rel’8 turbo coding, CBRM

	Modulation, code rates
	QPSK {1/2}, 16QAM{1/2}, 64 QAM {1/2}

	HARQ
	Not used

	Number of allocated PRBs
	6 PRBs scheduled

	Precoding
	IID codebook 

	Feedback/precoding granularity
	{2,6} PRB fixed [for all cases]

	Transmission rank
	Rank 1, 2 (for 3GPP TU channel), 8 (for PA channel) 

(no rank adaptation)

	Number of codewords
	1-2 codeword(s) depending on transmission rank

	Common reference signal configuration
	2 Rel-8 CRS ports in every sub-frame

	UE-specific RS multiplexing
	DM-RS agreed in 3GPP for Rel-9/-10

	CSI delay 
	2 ms

	Channel estimation for CQI computation
	Ideal

	Channel estimation for demodulation
	2D realistic channel estimation over UE-specific RS

	Bundling width ({x}-PRB) for channel estimation over DM-RS
	{1, 2}-PRB: for 2 PRB feedback/precoding granularity

{1,3,6}-PRB: for 6 PRB feedback/precoding granularity
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