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Introduction 

In [1], a way forward was proposed for CoMP and Downlink MIMO. In particular, it was agreed that two forms of RS should be allowed: demodulation RS (DM-RS) for PDSCH demodulation and CQI-RS, for PMI/CQI/RI reporting when needed. In this document, we present some further considerations on reference signal design.
First, we show that the overhead required for CQI-RS is very low if we allow for cells to puncture their transmissions when they interfere with the CQI-RS of weaker cells. Note that unlike in LTE Rel 8, the CQI-RS will also be used to estimate spatial channel direction information (CDI) from weaker cells that can be either non-serving cells or weak serving cells in femto-cell deployments with Closed Subscriber Group (CSG). If the CQI-RS sees poor C/Is, it impacts spatial feedback adversely and results in poor CoMP performance. We show that puncturing traffic REs by the dominant cell to improve C/I of the CQI-RS in a weaker cell can be more attractive than increasing CQI-RS overhead.   

We then propose a DRS design that is well suited for higher-order MIMO as well as CoMP. We suggest that DRS occupy resource elements that are not used by the CRS or the TDM control channels. Furthermore, the DRS of different layers (for both single-cell and CoMP transmission, and for both SU-MIMO and MU-MIMO) should be orthogonalized in order to achieve better channel estimation. We show link throughputs with and without such orthogonalization to demonstrate this point.  Finally, we state that such a DM-RS should be scrambled by a sequence that is common to all the cells participating in CoMP for a particular UE in order to be able to provide interference randomization while maintaining orthogonality of the different layers and transparency to the UE.   
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CQI-RS design and performance 
In LTE Rel 8, the common reference signal serves as the CQI-RS as well as the DM-RS. However, it is easy to see that the CRS becomes prohibitively expensive as the number of antennas increases (e.g. to 8). Hence it is desirable to have a CQI-RS design that incurs a very low overhead. An example of such low overhead CQI-RS where one OFDM symbol is used once every radio frame for CQI-RS transmission from a given antenna. Thus it incurs an overhead of 1/ (14*10) = 0.71% per antenna. The position of such a CQI-RS within an RB in the case of normal cyclic prefix is shown in Figure 1.While the specific resource elements chosen in the figure are not important they should be chosen to avoid CRS and TDM control REs. Furthermore no LTE Rel 8 UEs should be scheduled in subframes where the CQI-RS is present. Hence channelizing the CQI-RS in MBSFN subframes would be preferred. 
We next analyze performance of the described CQI-RS design. In particular, we consider performance of Cooperative Beamforming see e.g. [2]. In cooperative beamforming, an interfering cell chooses a spatial transmission direction so as to minimize the interference caused to a UE.  We will assess the impact of imperfect CDI estimation based on CQI-RS on interference suppression gains. In our simulation, a cell has NTX antennas and a CQI-RS as described in section 2.1 is transmitted from each transmit antenna. The UE measures the CQI-RS from each transmit antenna and feeds back the strongest beam direction to the interfering cell. The feedback corresponds to a 6 RB bandwidth. The interfering cell then forms a beam orthogonal to this direction in a subsequent subframe (10ms after the CQI-RS transmission).  In a frequency-flat and time invariant channel, this completely eliminates the interference to the UE. However, due to the fact that the channel is neither flat nor time-invariant, there is some residual interference. The resulting interference suppression is defined as the ratio of the total received power from the cell to the residual interference. 
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Figure 1: CQI-RS:  candidate design.
In Figure 2 and Figure 3, we plot CDF of genie-aided interference suppression where channel is perfectly known at eNodeB. Note that even in the genie-aided case, interference suppression is not perfect due to frequency and time variations. We then plot the interference suppression with the UE estimating the channel using the CQI-RS, with the CQI-RS C/I ranging from -9dB to 6dB. The interference suppression ratios for a 2TX, 2RX system is shown in Figure 2 and that for 4TX is shown in Figure 3. Two channel models (EPA and ETU) are considered. 
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Figure 2: Interference Suppression EPA and ETU, 3km/h, 2TX, 2RX.
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Figure 3: Interference Suppression EPA and ETU, 3km/h, 4TX, 2RX.
Based on Figure 2 and Figure 3, the described CQI-RS design ensures suppression rates approaching genie-aided performance as C/I observed on CQI-RS is in the vicinity of 0dB or higher.    
In the following section, we analyze C/I distributions observed in typical macrocell deployments as well as femto deployments with CSG. Based on this analysis, we will show that strong cells may need to puncture their traffic REs that overlap with CQI-RS of weaker cells in order to achieve interference suppression performance close to genie-aided performance with low CQI-RS overhead. 
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C/I distributions
First, we analyze the C/I distributions observed in the femto model described in [3], with a UE penetration rate of 20%. In the left-hand side of Figure 4, the C/I distribution of the serving cell is plotted for the case when all interferes are present (blue) as well as in the absence of the 1st and the 2nd dominant interferers (black and red respectively). In the legend, the powers of the serving, first interferer and second interferer cells are denoted as P0, P1 and P2, while the total received power is P. From this figure, one can see that for 10% of UEs can improve their CQI-RS C/I by over 8dB if the dominant interferer punctures its traffic REs that overlap with CQI-RS REs of the serving cell. Note that such a puncturing can be seen as two-fold (three-fold) increase in CQI-RS overhead system-wide if on average one (two) cell(s) puncture CQI-RS REs of any other cell. Note that the average of one or even less should hold in femto-cell deployments where the average number of UEs per cell is small. In the absence of such puncturing, serving cell would need to supply more than 8dB of additional processing gain which is equivalent to around six-fold increase in CQI-RS overhead. 
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Figure 4: C/I distributions in femto and macro deployments. 

In the right-hand side of Figure 4, we show C/I distributions achieved in a traditional macrocell deployments. In macro-cell deployments, substantial CoMP gains are expected for UEs located at cell boundaries, hence we focus our analysis on such UEs. Specifically, we plot C/I distributions of UEs whose dominant interferer is within 5dB of the serving cell. Here the black curve shows serving cell C/I distribution with all interferers present (no puncturing) while the blue and cyan curves show serving cell C/I in the case of traffic puncturing by the first dominant interferer and the two most dominant interferes respectively (legends use the same notation as in the case on femto deployment).  The green curve shows C/I distribution seen on CQI-RS of the first dominant interferer in the absence of puncturing.  An improved C/I distribution with traffic puncturing performed by the serving cell only is plotted by the magenta curve and further improvement due to puncturing by the serving cell as well as the second dominant interferer is plotted by the red curve.  One can see that in a macrocell deployment, traffic puncturing by the serving cell may be beneficial to improve CQI-RS C/I of the first dominant interferer from nearly -4.5dB to the target 0dB which is about 1.5dB of net gain due to traffic puncturing as opposed to two-fold increase in CQI-RS overhead. However, the overall benefit of traffic puncturing is questionable in the scenarios when the number of UEs per cell is large since every cell may need to puncture CQI-RS of multiple neighbor cells. Since traffic puncturing mechanism seems to be well motivated by femto CSG deployments, it can be potentially used as alternative to e.g. CQI-RS boost or increased overhead whenever beneficial (e.g. when the number of active UEs is relatively small).   
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DRS design and performance
DRS are used to estimate enable local channel within each RB in order to demodulate data sent on the PDSCH. The key advantages of using precoded DRS over CRS have been listed in [4] while [1] acknowledges the need for precoded DRS in LTE-Advanced. In this section, we discuss common principles of precoded DRS design and provide some link level analysis results. Specifically, we believe that the following design principles should be considered:

1.    Orthogonal DRS design: cells from the CoMP set should not transmit PSDCH on REs occupied by DRS of any cell from the active CoMP set. Here active CoMP set refers to a set of cells that may be involved in a coordinated transmission to some UE, see also [1]. This principle helps to prevent a possibly severe loss in CoMP as well as intra-cell MIMO transmissions due to limited channel estimation accuracy which is caused by PDSCH interference to DRS. Simulation results are provided to highlight this point. 

2.    UE and layer specific DRS: ensures transparency of all precoded transmissions, including intra-cell MISO, SU- MIMO, MU-MIMO as well as CoMP to the UE. This principle enables PSDCH demodulation by a UE without need for explicit signaling of the PMI (applicable to all precoded transmissions) and signaling of the set of cells involved in CoMP transmission. 
Possible approaches to this design include assigning every layer of a UE a set of REs (time-frequency orthogonalization) and/or code multiplexing (CDM) design. CDM design consists of assigning a scrambling sequence to a UE/layer pair over a set of REs that are shared by multiple layers and/or UEs. In the case of CDM design, orthogonal scrambling sequences should be used across shared REs to minimize cross-talk between DRS of different layers/UEs. CDM design has certain advantages, namely somewhat better interference estimation accuracy and even power distribution across REs which helps to avoid different traffic PSD setting in different OFDM symbols. At the same time, the CDM approach should be used with caution to prevent channel estimation floors at high mobility and/or frequency selectivity. A mix of CDM and time-frequency orthogonalization can be used as illustrated in the example later in this section.           

3.    Common DRS locations across all cells: this design principle goes well along with the orthogonal DRS design principle. Indeed, it is easier to ensure orthogonality between DRS within any CoMP set when all cells make use of the same DRS locations. More importantly, this principle enables a better optimization of DRS pattern(s). The concept of a cell specific or active CoMP set specific DRS shift entails multiple different DRS patterns and ultimately leads to sub-optimal choice of (some) DRS shifts. Also, avoiding collisions with CRS REs becomes an easier task in the case of common DRS locations. Finally, keeping a limited number of DRS patterns/locations is an implementation friendly approach.  
Note that multiple DRS patterns may be needed to accommodate different number of precoded layers and/or UEs and possibly to address various channel conditions (e.g. in terms of channel selectivity).            
4.   Keep DRS REs outside OFDM symbols 0, 1 and 2 to prevent collisions with the TDM control zone. 

A candidate DRS design that is shown in Figure 5 where DRS locations for antenna ports 5 and 6 (first two layers) are shown in green and the DRS locations for antennas ports 7 and 8 (next two layers) are shown in pink. Note that the DRS locations are chosen to be the same in all cells and avoid the TDM control zone as well as the CRS locations. The two layers occupying the same DRS locations use orthogonal pilot sequences (e.g. [+1, +1] and [+1, -1]) in a 1x2 strip. This helps to separate the two layers so that channel estimation can be done without one layer interfering with the other.
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Figure 5: Candidate DRS design.
In this contribution, we simulate the throughput achieved with the DRS design shown above in the context of intra-cell SU-MIMO. We show a performance bound achieved with perfect channel knowledge at the UE, as well as the performance that is achieved using orthogonal and non-orthogonal DRS design. With non-orthogonal DRS designs, the C/I seen on the pilots can be significantly lower than that seen on the data C/I due to inter-layer interference on DRS. In this simulation, we model the degradation in C/I by an offset, which varies from 2dB to 10dB. The simulations are performed for a 5 MHz system. For each of the cases, the system throughput is calculated assuming perfect rate and PMI feedback from the UE. The cell then schedules one of the modulation and coding schemes (MCS) used in LTE Rel 8 based on this feedback. Note that only pilots corresponding to current transmission rank are transmitted and the power thus saved is used to boost the transmitted pilots.
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Figure 6: UE throughput with 2x2 MIMO.
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Figure 7: UE throughput with 2x2 MIMO.
Figure 6 and Figure 7 show UE throughput as function of long-term C/I for 2 transmit antennas (up to 2 layers) and 4 transmit antennas (up to 4 layers) respectively. The delay profile for channel estimation is assumed to be uniform over 5µs. We also assume uniform Doppler spread with speed of 10 km/h. Note that the offset of around 10dB between the traffic C/I and the DRS C/I will take place in a two-layer SU-MIMO transmission when the actual traffic C/I is around 10dB since DRS C/I for each layer will be dominated by DRS interference and will be in the vicinity of 0dB. Similar arguments can be applied in the context of intra-cell MU-MIMO as well as CoMP transmissions.  It is easy to see that a substantial performance loss is likely with non-orthogonal DRS design. 
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Figure 8: UE throughput with 2x2 MIMO at 60 km/h.
Figure 8 shows the UE throughput for a 2x2 MIMO at speed of 60 km/h. The assumed delay profile and Doppler spread are uniform 5 µs and uniform 60 km/h respectively. The additional loss due to channel estimation compared to the low mobility case is around 1dB. 
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Conclusions

In this document, we presented a CQI-RS design that is backward-compatible and has very low overhead, and demonstrated that such a design approaches genie-aided performance in terms of interference suppression when the strongest cell punctures its traffic REs that overlap with CQI-RS of a weaker cell. 
We also discussed a number of principles towards precoded DRS design. In particular, we emphasize the importance of orthogonal DRS design principle based on a link level analysis.    

We recommend RAN1 to consider these principles for the design and specification of CQI-RS and DM-RS (DRS) in LTE-Advanced.
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