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1. Introduction

RS design to support advanced LTE-A multiple antenna techniques, such as 8-Tx, enhanced MU-MIMO, and CoMP, is an important part of layer-1 specification for both system and link level performance evaluation. Previous RAN1 discussion has made progress by agreeing on the principle of using user-specific RS for demodulation and low-density RS targeting CSI generation for feedback [1].

In this contribution, we discuss RS design issues with an overhead analysis. While the exact RS structure should be left to Work Item (WI) stage based on a thorough performance evaluation, the contribution focuses on design principles and overhead analysis, based on which we propose some starting point RS assumptions for the evaluations in Study Item (SI) phase. 
2. Design Consideration for LTE-A Operations
This section discusses generic issues for performance-overhead evaluation of any RS design, while more detailed overhead analysis and RS pattern discussion will be described in the next section. 
2.1. “Demodulation RS”
RS targeting data demodulation, or “demodulation RS” in short, will be user-specific (i.e., dedicated RS or DRS) and associated with each spatial layer (rank). Demodulation RS typically incur most of the L1 overhead as opposed to RS targeting spatial CSI measurements. RS patterns can be evaluated based on performance-overhead tradeoff, in particular,
· Overhead is typically defined as the ratio of number of RS and the total available REs. To conduct fair comparison of RS pattern with and without power boosting for the study phase, the RS overhead can be refined as total RS power versus total RE power. 
· Link performance depends on the channel estimator types and assumption (ideal/non-ideal knowledge of delay spread, Doppler, operating SINR, etc.) and channel type. Link performance also heavily depends on the transmission schemes (MIMO schemes, MCS, etc.). For more detailed MIMO evaluations, it may be preferable to use some of the link-level SCM channel models defined for RAN4. Further, a precoded channel (possibly precoded on a frequency-selective basis) may have different time/frequency properties than a non-precoded channel. 

· To remove the dependency on transmission schemes for initial RS pattern studies, the normalized Mean Squared Error averaged over all data REs, while simulating with an appropriate precoded channel, can be simply used as a reasonable performance indicator of a RS design. Note that absolute MSE depends on operating SINR, so an “output-SNR” versus “input-SNR” relationship is a good way to capture RS design performance. RS design under interference-limited, rather than noise-limited, environment is also important. This may be achieved by modeling interference as additive frequency selective noise or simply as a sum of certain number of interfering channels. 
Exact RS pattern certainly requires rigorous evaluation under different MIMO modes once they are defined. At a SI stage, for the purpose of system performance evaluation, there are two options we can choose:

1) Option 1: Assuming ideal channel. Only the overhead is accounted for without any assumption of RS pattern.
2) Option 2: Channel estimation error modeled during link-level performance abstraction, based on some baseline RS pattern assumption.  

For option-2, we need some RS pattern assumption so that the channel estimation error can be modeled in link performance abstraction.  
2.2. “CSI-RS”
RS targeting spatial CSI generation, “CSI-RS” in short, are needed in FDD for measuring spatial channels corresponding to each physical antenna. UE can feed relevant spatial information back to eNB which then determines the transmission mode and other scheduling parameters, such as the MIMO mode, the precoding weights (in case of CL-MIMO), user pairing (in case of MU), active eNB set (in case of CoMP), and sub-band in frequency-selective transmission.  PMI as defined Rel8 can be considered as a particular kind of spatial information suitable for SU precoding. Rank and CQI recommendation can also be derived from the spatial CSI based on a certain transmission scheme assumption. 

It is agreed in [1] that CSI-RS may be provided with a lower density in frequency and time. The frequency/time pattern design for CSI-RS depends on the performance impact of feedback distortion/mismatch/delay (due to DL CSI estimation error, feedback channel, or scheduling latency). Given the large number of dependencies, the exact CSI-RS pattern is obviously a task suited for WI. For the current SI phase, perhaps more important tasks are:

· To agree on a starting point assumption of CSI-RS overhead (or a range that is assumed to be adjusted by eNB configuration, where there could be a performance-overhead tradeoff to be further studied). Higher density of CSI-RS in time and/or frequency may improve the measurement quality at the cost of overhead. 
· To discuss a model to account for imperfect/incomplete spatial information, if needed. Note that the role of CSI RS pattern may or may not be the dominant cause of imperfect/incomplete spatial information.    

As an example, error on a measured channel on the downlink can be modeled as a function of CSI-RS pattern/overhead. Further channel can be sampled at the user, at the range of periodicities to be configured/supported by the eNB. 

3. RS Pattern and Overhead Analysis 

This section gives some examples of demodulation RS and CSI-RS patterns, with an emphasis on their overhead analysis first. We first study the maximal RS overhead allowed in order to achieve the peak spectral efficiency as required by ITU-R (15bps/Hz for 4x4 DL) and LTE-A (30bps/Hz for 8x8 DL). From the calculation in Table 1, we have the following observations:

· To achieve 15bps/Hz, the maximal total RS overhead should not exceed 21.9%. Rank-4 64QAM with a code rate of 1 is assumed in a LTE-A subframe (i.e., MBSFN subframe) with two-port CRS in a one-symbol DL control region.  Note that P/S-SCH and SIB overhead is not accounted for in the calculation. 
· To achieve 30bps/Hz, same total RS overhead is also required, as well as rank-8 64QAM with a code rate of 1.

· To achieve the target in Rel8 subframes, the total RS overhead should not exceed 15.6% (two-port CRS in two-symbol control) or 17.8% (four-port CRS in two-symbol control). 

Table 1. DL peak spectral efficiency work sheet (normal CP)
	bps/RE upper-bound (4x4 rank-4 64-QAM)
	4x6=24

	bps/RE upper-bound (8x8 rank-4 64-QAM)
	8x6=48

	Factor after accounting for CP and guard band 
	12subcarrier*14symbols*100RB*1ms/20MHz=0.84

	Factor after accounting for 2 symbols control overhead  (percentage of # control RE per RB )
	1-[12*2-4(or 8)]/(12*14)=0.881 (or 0.905) 

for 2-Tx (or 4-Tx) eNB

	Factor after accounting for 1 symbols control overhead  (percentage of # control RE per RB )
	1-(12-4)/(12*14)=0.952 
(control region only has 2-port CRS)

	Maximal RS overhead allowed in Rel8 subframe (for all RS) 
	30bps/Hz target:1-30/(48*0.84*0.881)=15.6% 

15bps/Hz target: 1-15/(24*0.84*0.881)=15.6%

(or 17.8% for 4-Tx)

	Maximal RS overhead allowed in MBSFN subframe (for all RS) 
	30bps/Hz target:1-30/(48*0.84*0.952)=21.9% 
15bps/Hz target: 1-15/(24*0.84*0.952)=21.9%


3.1.  “Demodulation RS” design
A few observations and design issues are discussed first:  

· RS pattern designs with different density or spacing in time/frequency reflect optimization for different channel characteristics (high-mobility or high frequency selectivity). For example, RS pattern with lower density in time domain, but with higher density in frequency domain under same total overhead assumption, may perform worse under high-mobility channel, but can track better the frequency selectivity. 
· Since transmission with low or moderate rank (e.g., <=2 for 2-Rx UEs) can occur in channels with various mobility and selectivity, the RS pattern should have balanced performance for all these channels. 
· For some high-rank transmission (e.g., rank>=4 for 4/8-Rx UEs), the channels targeted may be more low-mobility, thus the RS design could focus on frequency domain tracking. 
· It is very desirable to limit the number of RS patterns so that the UE channel estimation complexity is kept reasonable. 
· LTE-A DRS-based transmission can occur in LTE-A subframes or Rel8 subframes where Rel8 and LTE-A UEs are being served in the same subframes. Since a Rel8 subframe contains up to four-port CRS at some OFDM symbols, the existing Rel8 DRS occupy different symbols at least in the normal CP case. For LTE-A subframes, those Rel-8 CRS are not present, which makes it possible to further optimize the RS design. However, same RS pattern for Rel8 and LTE-A subframe is preferred since otherwise the number of RS patterns that a LTE-A UE’s channel estimator must accommodate can be doubled.
· Existing DRS in Rel8 (i.e., port-5) could also be used for single-stream transmission to a UE in LTE-A operation. A different rank-1 RS pattern should be avoided as much as possible since it will otherwise add one more configurations for UE to handle.

· In the definition of additional DRS pattern for multiple streams, it is desirable to make it possible to use the same channel estimator configuration to estimating channels corresponding to different streams.
A simple extension of the existing Rel8 DRS pattern to support 2-port DRS is shown below with an overhead analysis in Table 2. 
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Figure 1 – Two-port DRS example (e.g., for rank-2 per UE in SU or MU) 

Table 2. DL overhead with simple extension to 2-port DRS in Rel8 subframes (normal CP)

	 
	2-Tx
	4-Tx
	Add 1-port DRS (Rel8)
	Add 2-port DRS (Rel8 subframe)
	2-port DRS (MBSFN subframe)

	Antenna ports
	Port #0, #1
	Port #2, 3 (additional) 
	Port #5
	Port #5,6
	Port #5,6

	# OFDM symbols 
	4 (0,4,7,11)
	2 (1,8)
	4 (3,6,9,12)
	same as Rel8
	same as Rel8

	# CRS per symbol per port
	2 (spacing=6)
	2 (spacing=6)
	3 (spacing=4)
	same as Rel8
	same as Rel8

	CRS or DRS overhead 
	0.095238095
	0.142857143
	0.071428571
	0.142857143
	0.142857143

	Total CRS+DRS
	16 (4x2x2)
	16+8 (2x2x2)
	16/24(2/4-Tx) +12 
	16/24(2/4-Tx) +12*2
	4/8(2/4-Tx) +12*2

	Total Overhead (2 or 4-Tx)
	9.50%
	14.30%
	16.7(2-Tx) or 21.4% (4-Tx)
	23.8 or 28.6%
	16.7 or 19%


A few remarks on the above example:
· Rank-1/2 transmission can be very common for LTE-A operations such as SU/MU in either single-point or CoMP, because these modes can be supported with a typical 2-Rx receiver. These modes can be also seen in various channel conditions, thus it is important to design the RS pattern with good channel estimator performance. 

· Given the existing Rel8 DRS density, it makes sense to maintain the same density for the additional port, which results in a total of 24 DRS in each RB. 

· DRS are on the different OFDM symbols from existing CRS in Rel8 subframes, which means the same RS pattern can be used for both Rel8 and LTE-A subframes. 

· The total RS overhead can be reduced to 16.7% if we use MBSFN subframes where the PDCCH region has only 2 ports. Instead of keeping 4 ports in the PDCCH region, 2-port CRS may be preferred because they are sufficient for RSRP/RSRQ measurement and to support STBC transmission of PDCCH. It is also possible, if we assume 2-port CRS in PDCCH region, to use a single symbol for PDCCH in MBSFN subframes. No transmission of antenna port #2,3 in PDCCH region also means more REs for PDCCH.     
Extension to rank >2

· Assuming a total of 24 DRS per RB as an upper bound, rank-4/8 transmission could reduce from 12 to 6/3 DRS per stream assuming FDM RS. In a low mobility channel, these 6/3 DRS in effect can be “collapsed” in time for channel estimation purpose (for estimating 12 subcarriers). From the perspective of frequency selectivity tracking, 6/3DRS is a bit higher than the existing CRS density in frequency (i.e., 2 RS in each RB in one symbol), though this may be required, since DRS-based channel estimation can suffer from the “edge effects” and cannot take advantage of increased noise gain available. For rank-4/8 64QAM transmission, the requirement on channel estimation error will be very challenging. Whether 6/3 DRS are sufficient to mitigate the estimation error for RB edge subcarriers needs particular attention in future study. Peak rate may be justified, however, assuming allocation to a single user and hence the availability of RS across the whole band.
· A total of 24 DRS results in a demodulation RS overhead of 16.7% based on the analysis in Table 2, which is smaller than the 21.9% maximum overhead allowed to achieve the 30/15bps/Hz peak spectral efficiency (refer to Table 1). So in this case, a maximal CSI-RS overhead of 5.2% may be allocated (i.e., a little lower than the overhead incurred by 1 symbol per subframe, i.e., 1/14=7.14%).
· Assuming that the demodulation RS overhead is increased to ~21.4% (which leaves about only a 0.5% overhead budget for CSI-RS), the number of DRS in each RB can be 12*14*21.4%=36. Compared to the 24 DRS allocated in Figure 1, there will be an additional 12 DRS, or increase the per-stream DRS from 6/3 DRS (rank-4/8) to 9/4.5 DRS. The number of a total of 32 DRS seems to be a better option which results in 8/4 DRS per stream for rank-4/8.
CDM vs. FDM 

In RS designs using CDM, orthogonal RS sequences will be used for more than one stream, while the RS patterns are always orthogonal in the case of FDM. A few observations can also be made:
· If the received CDM RS sequences are perfectly orthogonal (e.g., under a flat static channel across an RB) in an allocation, the channel estimation performance under CDM and FDM RS should be the same under AWGN noise. 

· Under interference-limited conditions, CDM may provide better spreading gain due to the longer RS sequences.

· Loss of orthogonality among different CDM RS sequences, due to channel variation in time/frequency, can cause irreducible estimation error that will cap the SNR of the post-processing effective channel seen at the decoder input. The SNR cap will have more impact on high-rank transmission. 
· For the DRS locations in Figure 1, orthogonality of CDM RS may not hold well due to frequency/time gap among these DRS locations. Further, a precoded channel may have a larger variation.
· Contribution [2] reported evaluation results with similar observations.
We recommend the following starting point for SI phase simulation with the exact DRS pattern to be defined in WI phase:

· 12 DRS for 1-stream transmission from eNB as defined in current Rel8

· 24 DRS for 2-stream transmission from eNB as defined in Figure 1.

· A total DRS of 24 (as in Figure 1) or 32 for 4- and 8-stream transmission from eNB.

· FDM RS for both low and high rank (CDM for further study)

3.2. “CSI RS” design
RS targeting CSI provide UEs with a good estimation of the “raw” channel state information for each physical antenna. Here we discuss the three antenna configurations:
· For 2-Tx eNB, existing CRS in either the PDCCH region of a MBSFN subframe or the entire subframe can be used as CSI-RS.
· For 4-Tx eNB, 

· For Rel8 subframe, use existing CRS for CSI-RS

· For MBSFN subframe, there are two possibilities:

· Use 2-port CRS (2 virtual ports typically) in the PDCCH region of a MBSFN subframe. Define new CSI-RS for all 4 physical antennas.

· Use 4-port CRS (corresponding to the 4 physical antenna ports) in the PDCCH region of a MBSFN subframe. These CRS serve as CSI-RS.

· For 8-Tx eNB, for Rel8 or MBSFN subframe, define CSI-RS for all 8 physical antennas. 

Given that the peak spectral efficiency will require a MBSFN subframe, we can try to establish a starting point of using a new defined CSI RS in MBSFN cases. Maximum flexibility could allow different density in frequency and different periodicity in time. However, since CSI-RS are common to all UEs, the configuration is cell-specific. A hopping design in time, may allow for good performance for low and high mobility UEs. Low mobility UEs can obtain the frequency selective information, by accumulating them over time. The periodic frequency-selective CSI feedback may be based on most recent CSI-RS transmission. High mobility UEs can obtain wideband spatial information by accumulating over time.

Without defining any particular CSI RS pattern, we can calculate the CSI RS overhead (as given in the table below) based on the simple assumption of uniformed spaced CSI-RS: 
Table 3. CSI-RS overhead assumptions in MBSFN subframes

	
	4-Tx overhead 
(assuming per frame)
	8-Tx overhead 
(assuming per frame)

	spacing=4 per antenna
	0.071428571
	0.142857143

	spacing=6 per antenna
	0.047619048
	0.095238095

	spacing=8 per antenna
	0.035714286
	0.071428571


We recommend the following starting point assumption for SI phase simulation:

· Use uniform spacing of 4/6/8 subcarriers per antenna with an adjustable periodicity (i.e., CSI-RS are sent every n subframes).

· Total CSI-RS overhead is also adjustable based on eNB configuration to allow optimal overhead-performance tradeoff for different LTE-A operations (e.g., rank-4/8 transmission targeting peak spectral efficiency may require different CSI-RS overhead than rank-1/2 transmission targeting best average system throughput). 

4. Conclusion

 We discussed RS design issues with some analysis of overhead. While the exact RS structure should be left to Work Item stage based on more performance evaluation, for a starting point assumption for the Study Item phase evaluation we recommend:
For demodulation RS:

· 12 DRS for 1-stream transmission from eNB as defined in current Rel8

· 24 DRS for 2-stream transmission from eNB as defined in Figure 1.

· A total DRS of 24 (as in Figure 1) or 32 for 4- and 8-stream transmission from eNB.

· FDM RS for both low and high rank (CDM for further study)

For CSI RS:

· Use uniform spacing of 4/6/8 subcarriers per antenna with an adjustable periodicity (i.e., CSI-RS are sent every n subframes).

· Total CSI-RS overhead is also adjustable based on eNB configuration to allow optimal overhead-performance tradeoff for different LTE-A operations (e.g., rank-4/8 transmission targeting peak spectral efficiency may require different CSI-RS overhead than rank-1/2 transmission targeting best average system throughput).
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