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1. Introduction

In regard of the demodulation reference signal (DM RS) multiplexing for UL SU-MIMO, the following was agreed in RAN1#57 [1]:

· DM RS
· Cyclic shift (CS) separation is the primary multiplexing scheme
· FFS: Orthogonal cover code (OCC) separation between slots as complementary multiplexing scheme.
· Codes are {+1, +1} and {+1, -1} 
· SRS
· Re-use Rel-8 principles (CS separation, IFDM separation)
Precoded DMRS (same precoding as PUSCH) is the baseline assumption [2]. Hence, the number of demodulation reference signal (DMRS) resources used ought to be equal to the number of layers in order to enable proper channel estimation. As a follow up on the above decision, this contribution discusses the issue of DMRS multiplexing for up to 4-layer transmission. 
Before we proceed, it seems useful to define the terminology of uplink antenna ports. In relation to DM RS, an antenna port is associated with one DM RS for a layer. Hence, DM RS multiplexing scheme should be layer-specific rather than having a dependency on the number of UE transmit antennas. For instance, DM RS multiplexing is the same for 2-layer transmission regardless whether the UE utilizes 2 or 4 transmit antennas. Likewise, this principle can be carrier over MU-MIMO scenarios where each UE transmits more than 1 layer.
2. Resources and Multiplexing for UL DM RS
There are several options for multiplexing UL DM RS up to 4 layers:

1. 4 cyclic shifts
2. 2 cyclic shifts + 2 orthogonal covering codes
3. 4 cyclic shifts + 2 orthogonal covering codes
2.1. Option 1: 4 CS 
Table 1: Illustration of DM RS Resource Allocation with Option1
	Cyclic Shift
	C1
	C2
	C3
	C4

	Code{+1,+1}
	Layer 1
	Layer 2
	Layer 3
	Layer 4

	Code{+1,-1}
	--
	--
	--
	--


We first consider multiplexing only via the cyclic shifts. With such multiplexing scheme, different layers are assigned different cyclic shifts as shown in Table 1. Assume that a single UE (no MU-MIMO) is scheduled with 4-layer transmission in a cell. While there are a total of 12 available cyclic shifts, only 4 are used as shown in Table 1: {C1, C2, C3, C4} where |Cn-Cm|=3*|n-m|. To maximize the minimum cyclic shift separation, the spacing between cyclic shifts (e.g. C1 and C2) is ¼ of the duration of an OFDM symbol. In frequency-domain, this translates into an orthogonal frequency-code spanning blocks of 4 consecutive sub-carriers. Consequently, the granularity of channel estimates is (approximately) one per 4 sub-carriers. This may be satisfactory for lower MCS/SNR. As the MCS/SNR starts to increase, however, the lack of frequency granularity of channel estimates tends to degrade the link-level performance of MIMO transmission especially in channels with higher frequency selectivity.
Note that channel estimation can be performed within one slot which seems to give the best performance for high mobility scenarios.
2.2. Option 2: 2 CS + 2 OCCs
Table 2: Illustration of DM RS Resource Allocation with Option2
	Cyclic Shift
	C1
	C2
	C3
	C4

	Code{+1,+1}
	Layer 1
	--
	Layer 2
	--

	Code{+1,-1}
	Layer 3
	--
	Layer 4
	--


This option is a combination of cyclic shift and time-orthogonal code multiplexing (OCC) which is similar to PUCCH multiplexing in Rel-8. The time-orthogonal code spans two consecutive slots of the sub-frame, and it can be {+1, +1} or {+1, -1}. Option 2 is illustrated in Table 2. Thus, it only takes two cyclic shifts to multiplex 4-layer transmission from a single UE. Since Option 2 utilizes only 2 cyclic shifts, it can maintain ½ OFDM symbol separation between cyclic shifts (C1 and C3), thus achieving a finer resolution for channel estimates compared to Option 1. Observe the following: 
· For 1-layer and 2-layer transmissions, OCC is not used. Here, Option 1 and 2 are equivalent.
· For >2-layer transmissions, channel estimation needs to utilize DM RS over the entire sub-frame.
While being efficient in terms of resource utilization, Option 2 has problems in following two scenarios: 
· PUSCH frequency hopping, and

· Moderate and higher UE speeds. 
In these two scenarios there is a lack of channel coherence between two slots which results in poor performance. Note, however, that the applicability of UL SU-MIMO in high-speed scenario is still not well understood (which happens to be a common scenario for the usage of PUSCH hopping). This is especially true for >2 layers. 
2.3. Option 3: 4 CS + 2 OCCs
Table 3: Illustration of DM RS Resource Allocation with Option3
	Cyclic Shift
	C1
	C2
	C3
	C4

	Code{+1,+1}
	Layer 1
	--
	Layer 2
	--

	Code{+1,-1}
	--
	Layer 3
	--
	Layer 4


This option multiplexes DM RS for different layers with different cyclic shifts and with different time-orthogonal codes as shown in Table 3. Whenever a common time-orthogonal covering code is used, the cyclic shift separation of ½ OFDM symbol is maintained. For example, Layer 1 and Layer 2 have a large cyclic shift separation, and similarly, Layer 3 and Layer 4. In terms of performance, Option 3 is superior to Option 1. They both occupy same number of resources (cyclic shifts), while Option 3 maintains twice the cyclic shift separation (2x granularity in frequency–domain) of Option 1. Thus, Option 3 will be more robust to frequency-selectivity in the channel and “leakage” between cyclic shifts. When compared with Option 2, the Option 3 provides a tradeoff: it occupies twice as many cyclic shifts, while maintaining performance in the case of PUSCH hopping and the case of higher-speed UEs.           
2.4. Comparison
Preliminary simulation results are shown in Figure 1, with 2-layer multiplexing (case of 3 and 4 layers is expected to be even more sensitive to channel estimation). From Figure 1, it is clear that multiplexing with both cyclic shifts and orthogonal codes is more robust and is needed at higher SNRs (20dB and more), especially when cyclic shift separation is ¼ of OFDM symbol and less.   
It is already apparent from Figure 1 that Option 1 may be insufficient for SNR of 20dB and higher. It is worthwhile noting that assumptions of Figure 1 may be quite forgiving. Essentially, performance of non-ideal channel estimation is expected to be worse with: a) more frequency selective channel (e.g. TU6), higher – order MIMO (e.g. 4x4), higher – order modulation (e.g. 64QAM), imperfections in UE timing, etc.          
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Figure 1: BLER Results Comparing DM RS MUX Options
Table 4: Simulation assumptions
	Parameter
	Value

	MCS
	16QAM, R =3/4

	UE Speed
	3kmh

	Allocation
	4RBs

	Num. Layers
	2

	Channel
	SCM – C

	Coding
	3GPP Turbo

	Precoder
	Identity 2x2

	Num Tx
	2

	Num Rx
	2


3. Conclusion

Based on the above study, we recommend the following DM RS design principles for UL SU-MIMO.
· Multiplexing Principles between SU-MIMO UL DM RS Layers  
· Cyclic Shifts + Orthogonal Covering Across Slots
	Cyclic Shift
	C1
	C2
	C3
	C4

	Code{+1,+1}
	Layer 1
	--
	Layer 2
	--

	Code{+1,-1}
	--
	Layer 3
	--
	Layer 4
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