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1. Introduction

In the RAN1#66 meeting, the CoMP SI was completed and the standardization impact for CoMP is captured in [1] where, among other items, it is specified that UL CoMP enhancements with respect to DM-RS transmission (applicable to both PUCCH and PUSCH) may be considered to increase the DM-RS capacity and to improve the DM-RS reception. 
In this contribution, the applicability of different DM-RS transmission techniques are discussed and evaluated following the CoMP evaluation methodology in [1, Annex A]. The focus of this contribution is on Scenario 1 (homogeneous deployment with 3 cells in the CoMP cooperating set) of the CoMP evaluation methodology. Corresponding results for the other scenarios of the CoMP evaluation methodology will be provided in a future contribution.
2.  Enhancements to DM-RS
In UL joint reception (JR) CoMP, significant performance gains are achieved compared to non-CoMP operation, cf. Section 7.1.1.3 of [1], due to the exploitation of additional link(s) of a UE transmission to the cooperating cells of the CoMP set. However, each additional link typically has lower signal quality than the link to the serving cell because its pathloss is usually larger. Therefore, the channel estimation (CE) quality of the additional link(s) to the cooperating receiver(s) of the CoMP set is critical for obtaining significant gains through cooperation. The said CE quality of an additional link to cooperating cell k may be severely impacted by the DM-RS transmissions of one or more UEs served in the cooperating cell k, apart from the uplink DM-RS transmissions from other UEs in the neighboring cells. One of the most important factors impacting the CE performance is DM-RS sequence group planning, which needs to be evaluated thoroughly through system level simulations. The use of Interleaved Frequency Division Multiplexing (IFDM) should be also studied given its potential for increasing the DM-RS capacity in Rel-11.
Different methods were discussed and proposed in [2] that can potentially enhance the CE performance and/or sequence orthogonality. This contribution studies two enhancement methods:
a) DM-RS sequence group planning: The assignment of the Same Sequence Group (SSG) across neighboring cells (restricted to the cells belonging to the same site in this contribution, cf. Section 3), which is already supported in Rel-8/9/10 by semi-static disabling of Sequence Group Hopping (SGH), is a feature that is expected to bring performance benefits for both non-CoMP and CoMP deployments. The orthogonality between reference signals is achieved by using the same base sequence for the neighboring cells and different cyclic shifts (CSs) and/or orthogonal cover codes (OCC) for multiplexing different UEs. However, this would require careful coordinated planning and also introduce some scheduling constraints to ensure that co-scheduled users in different cells are assigned different CSs. Moreover, the use of the SSG would reduce the DM-RS capacity over the set of SSG cells, which in turn would lead to per cell scheduling limitations regarding the maximum number of co-scheduled UEs and/or the number of allocated layers per UE. This method is referred to as SSG in the rest of the contribution.
b) Use of IFDM for DM-RS:  In the IFDM scheme, the DM-RS sequence length is half of the corresponding PUSCH allocation since every other subcarrier is not loaded. This allows multiplexing of two orthogonal DM-RS sequences in the same PUSCH allocation and, hence, can improve the DM-RS capacity, while limiting the PUSCH allocation size to a minimum of two RBs. However, the effect of this limitation depends on the likelihood of scenarios with a significant probability of PUSCH scheduling decisions of 1 RB allocation size, and needs further investigation. In general, compared to contiguous DM-RS allocations, the CE performance of IFDM suffers owing to a lower spreading gain from half-length sequences and the effect of interpolation error for the nulled subcarriers. It should also be noted that if the IFDM structure is used when different sequence groups are assigned across different cells, then two sequences of different sizes can be multiplexed on every other subcarrier. This makes the IFDM structure beneficial in the non-equal bandwidth case of PUSCH allocations for MU-MIMO. This method is referred to as IFDM in the rest of the contribution.
3. Evaluation of the Impact of the Channel Estimation Error 
To evaluate the impact of the accuracy of CE for the methods described in Section 2, i.e., the SSG and IFDM methods, a reliable CE error model is required. In order to achieve this goal, DM-RS transmission specific system-level simulations are run separately in order to generate normalized mean squared error (NMSE) vs. SINR data which is then utilized in the PUSCH transmission specific system-level simulator (SLS) for evaluating the cell and cell-edge user spectral efficiency (SE). In order to provide reliable output of the DM-RS specific simulations, SU/MU-MIMO statistics from the PUSCH specific SLS operating without CE error modeling are explicitly used in the DM-RS specific simulations for calculating the DM-RS error model. It is noted that the DM-RS specific SLS complies with the same evaluation methodology as the PUSCH specific SLS. In the DM-RS simulations, two different DM-RS sequence group planning methods are implemented:

a) Use of a different base sequence per cell which implies that 21 different base sequences are assigned across 21 cells and then reused to cover all 57 cells of the homogeneous network deployment. This method is referred to as per-cell planning in the remaining of the contribution.
b) SSG across three cells of a site which uses a total of 19 base Zadoff-Chu sequences across the 57 cells of the homogeneous network. This method is referred to as site planning in the remaining of the contribution.
In order to get some insight into the SINR distributions (prior to DM-RS processing) encountered during DM-RS transmission, Figure 1 presents the SINR CDFs for one and two UEs.  Compared to the SINR distribution for two UEs per allocation, the SINR distribution for one UE per allocation is shifted to the right because there is no same-cell multi-user interference. It is for this reason that the differentiation between one UE (SU-MIMO) and two UEs (MU-MIMO) per allocation in the cell of interest (as described above) is necessary so as to ensure a good match for the SINR calculations in the DM-RS specific SLS and the PUSCH specific SLS. 
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Figure 1: SINR CDFs for single user and two users per cell from the DM-RS SLS
Corresponding to each PUSCH allocation, up to two UEs are assigned in each DM-RS allocation according to the SU/MU-MIMO scheduling statistics from the PUSCH specific SLS operating without CE error modeling. Each UE is assigned a planned CS or IFDM sequence to maintain orthogonality among the different DM-RS sequences of a cell or a site. Over different Monte Carlo trials of network drops and runs for each trial, a random cell is selected for collecting statistics (“cell of interest”) for the CE performance for a specific user (SU-MIMO) or user pair (MU-MIMO) in the cell. For all the other cells, one or two users are randomly selected to transmit DM-RS sequences. At the receiver side, simple sequence correlation is implemented to obtain the average channel estimate per allocation. As a final step, the receive SINR per UE (prior to DM-RS processing) and the normalized mean squared error (NMSE) of the channel estimate per allocation are stored. A summary of the main simulation assumptions, which are in accordance with the CoMP evaluation methodology [1], are given in the Appendix of the contribution. The final output of the DM-RS specific simulations is a graph of the NMSE vs. SINR for each scheduling decision (SU-MIMO and MU-MIMO) in the cell of interest, for each DM-RS sequence allocation planning method (per-cell planning and site planning), and for each transmission method (contiguous DM-RS and IFDM). 
Figures 2 and 3 present the NMSE vs. SINR curves for one UE (SU-MIMO) and two UEs (MU-MIMO) per allocation, respectively, for the four following cases:
· Contiguous DM-RS transmission method with per-cell planning 
· Contiguous DM-RS transmission method with site planning 
· IFDM transmission method with per-cell planning
· IFDM transmission method with site planning
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Figure 2: NMSE vs. SINR for SU-MIMO in cell of interest
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Figure 3: NMSE vs. SINR for MU-MIMO in cell of interest
According to the behavior of the NMSE vs. SINR curves in Figures 2 and 3, the following observations can be made:
· Compared to per-cell planning (see dotted curves in Figures 2 and 3), site planning (see solid curves in Figures 2 and 3) has better NMSE behavior across all SINRs for both contiguous DM-RS and IFDM transmission methods. Therefore, it is expected that site planning will lead to better cell and cell-edge user SE compared to per-cell planning for both transmission methods.

· Compared to IFDM (see red curves in Figure 2), contiguous DM-RS (see green curves in Figure 2) has better NMSE behavior across all SINRs for both per-cell and site planning.
· Compared to IFDM (see red solid curve in Figure 3), contiguous DM-RS (see green solid curve in Figure 3) has better NMSE behavior across all SINRs for site planning. However, compared to IFDM (see red dotted curve in Figure 3), contiguous DM-RS (see green dotted curve in Figure 3) has slightly worse NMSE behavior, especially in the low SINR regime, for per-cell planning.
The difference in trend in terms of the relative performance of contiguous DM-RS and IFDM for per-cell and site planning in Figure 3 can be attributed to the fact that, for per-cell planning, IFDM performs better because the loss due to lower spreading gain and sensitivity to frequency selectivity of the channel for IFDM is more than compensated for by the absence of any interference from half (for MU-MIMO scheduling in neighboring cells) of the UEs scheduled in the neighboring cells (that have different base sequences). This, however, is not the case for site planning wherein the SSG approach ensures that the interference from the above-referenced UEs in the neighboring cells is almost completely mitigated by CS orthogonality. Note that, even for per-cell planning, the final system performance depends on the probability of MU-MIMO in the system, and this performance comparison is presented in Section 4. 

The graphs of the NMSE vs. SINR according to Figures 2 and 3 are used to generate lookup tables in order to model the CE error in the PUSCH SLS.
The channel estimation error is modeled in the PUSCH SLS as
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 is a vector of complex Gaussian random variables with zero mean and variance
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is obtained from the lookup tables generated by the DM-RS specific SLS, see above in this section. 

Non-ideal channel estimation affects the PUSCH demodulation performance owing to a mismatch between the true and the estimated channel matrices as well as that between the true and the estimated interference-and-noise covariance matrix. The estimated channels and the estimated interference-and-noise covariance matrix are used to derive the Wiener filter coefficients for MMSE demodulation at the eNB(s). While the estimated channel matrices are generated as described above, the estimated interference-and-noise covariance matrix is modeled as described next.

For MU-MIMO operation in the uplink, the receiver at the eNB estimates the interference-and-noise covariance matrix for each scheduled user based on the DM-RS-based channel estimate for the link between itself and the concerned user as described in the following equation: 
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In (2), 
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is the estimated interference-and-noise covariance matrix for user u, 
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is the vector of received signals for the DM-RS symbol, and 
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is the estimated channel for user u. It can be shown that, given the true interference covariance matrix
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 is the CE error for user u obtained from (1). In (2), 
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 denotes the averaging operation over the subcarriers of the PUSCH allocation and e* denotes the conjugate transpose of e. 
4. Uplink CoMP Results

In this section, the summary of the evaluation results for the contiguous DM-RS and IFDM CE methods, see Sections 2 and 3, are presented for per-cell and site planning. For the sake of completeness, the simulation results for single-cell (non-CoMP) MU-MIMO are also presented for the same transmission and planning methods. According to the CoMP evaluation methodology assumptions in [1], a homogeneous network with high Tx power RRHs is assumed. The central entity coordinates 3 cells according to the layout in Figure A.1-1 of [1]. The interfering signals from all UEs in the network are explicitly modeled for both single-cell MU-MIMO and CoMP. The assumed simulation case is 3GPP Case 1 with high angular spread (15 degrees). The simulation results are provided for FDD with system bandwidth equal to 10 MHz (2x10 MHz FDD). Each UE and each high-power RRH is equipped with 1 and 4 closely-spaced (inter-element distance equal to 0.5 λ), vertically polarized antennas, respectively (1x4 antenna configuration). The eNB antenna pattern and antenna tilt are as in [1, Appendix A.1]. 

Joint reception (JR) is assumed for all CoMP results. The system model for UL JR CoMP is similar to that in [3]. The impact of CE is explicitly modeled based on DM-RS error modeling as described in Section 3, while ideal SRS estimates are used for scheduling with CQI application delay equal to 7 ms. Fractional power control is modeled in the simulation with parameter α equal to 0.8 and P0 being fitted to each simulation scenario so that the average IoT does not exceed 10 dB. For all simulation results presented in this contribution, the average IoT ranges from 9.8 dB to 9.9 dB. Regarding the UL control overhead, 8% of all RBs are used for PUCCH transmission, 2 DMRS symbols are used per TTI (1 ms), and 5 SRS symbols per frame are assumed. Finally, all simulation results are provided for full-buffer traffic and the MMSE-IRC receiver – per eNB in the case of single-cell MU-MIMO and per central entity in the case of CoMP. A summary of the main simulation assumptions is shown in the Appendix of the contribution. It is reminded that the PUSCH specific SLS simulation assumptions are identical to the simulation assumptions of the DM-RS specific SLS, see Section 3, which is used for generating the CE error models used in the PUSCH specific SLS, see Figures 2 and 3 in Section 3.
Table 1 summarizes the simulation results for Scenario 1 of the CoMP Evaluation Methodology [1]. For the CoMP results in Table 1 the CoMP activation power threshold is set to 10 dB. In the parentheses of Table 1, the cell and cell-edge user SE performance degradation due to DM-RS CE for both single-cell (non-CoMP) and CoMP is also shown compared to ideal CE.
According to the results in Table 1, the following observations from the PUSCH SLS essentially verify the spectral efficiency expectations outlined in Section 3 based on the results of the DM-RS SLS, see also Figures 2 and 3:
· With respect to the DM-RS sequence group planning methods (per-cell vs. site planning): In all cases, the use of the site planning method provides gains for both the cell and cell-edge user SE, with the cell-edge user SE gains being slightly more pronounced than the cell SE gains. This is especially true in the case of CoMP where the use of site planning appears to be beneficial for both contiguous DM-RS and IFDM transmission methods.
· With respect to the DM-RS transmission methods (contiguous DM-RS vs. IFDM): For both single-cell (non-CoMP) and CoMP uplink transmission, contiguous DM-RS seems to have a slight advantage compared to IFDM. However, the contiguous DM-RS advantage over IFDM appears to be marginal in the case of CoMP which is a very interesting outcome given that IFDM has the opportunity to further increase the DM-RS capacity if combined with the use of CS, see the related discussion in Section 2. Certainly, this claim needs to be verified in homogeneous deployments (Scenarios 1 and 2 of the CoMP evaluation methodology [1]) with more than 2 MU-MIMO users per allocation as well as in heterogeneous deployments (Scenarios 3 and 4 of the CoMP evaluation methodology [1]).
Table 1: Simulation Results for Scenario 1 of the 

CoMP evaluation methodology [1]
	
	Cell SE (b/s/Hz)
	Cell-edge user SE (b/s/Hz/user)

	Single-cell (non-CoMP), ideal CE
	1.85
	0.090

	Single-cell (non-CoMP), contiguous DM-RS, per-cell planning
	1.59 (-14.0%)
	0.072 (-20.0%)

	Single-cell (non-CoMP), contiguous DM-RS, site planning
	1.64 (-11.4%)
	0.075 (-16.7%)

	Single-cell (non-CoMP), IFDM, per-cell planning
	1.58 (-14.6%)
	0.071 (-21.1%)

	Single-cell (non-CoMP), IDFM, site planning
	1.61 (-13.0%)
	0.073 (-18.9%)

	CoMP, ideal CE
	2.33
	0.117

	CoMP, contiguous DM-RS, per-cell planning
	1.94 (-16.7%)
	0.093 (-20.5%)

	CoMP, contiguous DM-RS, site planning
	2.00 (-14.2%)
	0.097 (-17.1%)

	CoMP, IFDM, per-cell planning
	1.93 (-17.2%)
	0.090 (-23.1%)

	CoMP, IFDM, site planning
	1.97 (-15.5%)
	0.094 (-19.7%)


5. Conclusion
In this contribution, the cell and cell-edge user spectral efficiency of CoMP in Scenario 1 of the CoMP evaluation methodology are evaluated by explicitly modeling DM-RS transmission errors in the case of per-cell and site planning for contiguous and IFDM DM-RS transmission methods. The simulation results indicate that site planning is beneficial for both contiguous DM-RS and IFDM transmission methods, while contiguous DM-RS and IFDM perform similarly especially when site planning is applied. The latter outcome offers the opportunity of using IFDM for increasing the DM-RS capacity by combining it with the use of CS when more than two MU-MIMO users are active per cell in homogeneous or heterogeneous network deployments. 
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Appendix
Table 2: Summary of simulation assumptions
	Parameter
	Values used for evaluation

	Performance metrics
	Full buffer traffic: Cell capacity, Cell-edge user throughput

	Deployment scenarios
	·  Scenario 1: Homogeneous network with high Tx power RRHs

·  The central entity coordinates 3 cells

·  Interference from all signals out of the coordinated area is explicitly modeled

	Simulation case
	3GPP-Case1 

	High power RRH Tx power (Ptotal)
	46 dBm (10 MHz carrier)

	Number of UEs per cell
	10

	System bandwidth
	10 MHz 

	UL transmission scheme
	·  MU-MIMO for single-cell

·  Joint processing (reception) for CoMP

	Impairment modeling
	·  PUCCH overhead

·  SRS overhead and error

·  DMRS overhead and error 

	Network synchronization
	Synchronized

	Number of antennas at reception point
	4 antennas per high-power RRH; 36 antennas per cooperating entity

	Number of antennas at UE
	1 antennas 

	Antenna configuration
	For macro eNB and high power RRH: 4 antennas (4 columns, vertically-polarized, closely-spaced: | | | |)

	Antenna pattern
	3D (see Annex A 2.1.1.1 Table A.2.1.1-2 in TR36.814)

	eNB Antenna tilt
	15 degrees

	Antenna gain + connector loss
	14 dBi

	Feedback scheme (e.g. CQI/PMI/RI/SRS)
	·  8% of all RBs PUCCH 
·  2 DMRS symbols per TTI 

	Channel estimation
	·  Non-ideal
·  Ideal SRS for link adaptation (CQI/PMI calculation and scheduling)

·  Based on DMRS for demodulation

	eNB/central entity receiver
	MMSE receiver (use of average interference covariance matrix per scheduler allocation of 6 RBs)

	Placing of UEs
	Uniform distribution 

	Traffic model
	Full buffer 

	Backhaul assumptions
	Zero latency and infinite capacity 

	Link adaptation
	·  Ideal

·  CQI application delay equal to 7 ms

	Scheduler
	Proportional fair, frequency-selective (granularity of 6 RBs)

	Power control
	Fractional power control, α=0.8; P0 fitted to each simulation scenario so that the average IoT does not exceed 10 dB 

	HARQ scheme
	Chase combining

	Outer-loop CQI control
	30% PER for 1st transmission
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