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1. Introduction
In MUST topic, significant progress was made in RAN1#82 [1] where three MUST categories were defined:

· Multiuser superposition transmission schemes can be categorized as follows

· MUST Category 1: Superposition transmission with adaptive power ratio on component constellations and non-Gray-mapped composite constellation

· MUST Category 2: Superposition transmission with adaptive power ratio on component constellations and Gray-mapped composite constellation

· MUST Category 3: Superposition transmission with label-bit assignment on composite constellation and Gray-mapped composite constellation

The signaling aspect of MUST was briefly discussed, without noticeable progress. Apparently, more systematic study is needed to have a comprehensive design for MUST signaling. In this paper, we provide our view on design principle for downlink control signaling and CSI feedback enhancements for MUST. A few examples are also given to illustrate how to apply the design principle to the actual signaling design. It should be noted that different MUST categories may require different receiver types, and thus different control signaling and CSI feedback. Here our focus is on the design principle that is common to all three categories. 
2. Essential Information for Interference Cancellation
Interference cancellation at the receiver side is the key to the performance of MUST. The information needed for reduced maximum likelihood (R-ML) type receiver can be at least as follows

· Modulation order/MCS of paired UE

· Power partition between paired UEs
· DMRS port info/PMI/transmission modes if operated different spatial precoder or transmission modes allowed for paired UEs.
The last bullet is justified with the following reasoning. Multi-user superposition transmission (MUST) is a very fundamental technology to boost downlink system capacity. It is supposed to be applicable to most of transmission modes (TMs) so far been specified till Rel-12. While the SID [2] says that MUST study should be focused on the same precoder, it is never precluded that transmissions in different spatial layers cannot be superposed in the context of MUST. Our interpretation of same precoder restriction is more about the performance evaluation. That is, in order to study the net gain of MUST, the performance ought to be evaluated without the aid from spatial multi-user transmission. 

It would cause significant and even un-necessary constraints to the signalling design of MUST, if we too stick to the notion of same precoder. The reason is simple: in real LTE systems, terminals can have different capabilities, i.e., different MIMO features. Yet the number of active users in a cell is not expected to be very large. Forcing the same precoder for MUST would prohibit the natural combination of MUST and MU-MIMO when the user pool is relatively small. Artificially limiting MUST to same precoder would certainly restrict the capacity potential of joint MUST and MU-MIMO. 
Note that resource allocation may not need to be explicitly indicated in R-ML receiver, even when the resources of near and far UEs are not fully overlapped. In this case, energy based detection can be used to judge whether there is intra-cell interference from the transmission of paired UE in overlapped resources. 
For codeword level interference cancellation (CW-IC) receiver, additional information may be needed as follows

· C-RNTI of paired UE

· Redundancy version (RV) and new data indication (NDI) for HARQ

· Resource allocation of paired UE if the resources of near UE and far UE are not fully overlapped.
3. Design Principle of Downlink Control Signaling
Control signaling for MUST may reuse some ideas in NAICS design. For NAICS, instead of introducing a new transmission mode (TM), RRC signaling serves as an add-on signaling on top of legacy controls. For MUST, similar principle can be considered, as outlined as follows.
· To use separate DCIs for near and far UEs

Near UE and far UE in general would have quite different geometries (i.e., downlink wideband SINR). A common DCI implies higher payload in PDCCH/EPDCCH, compared to the legacy DCIs. If far UE does not require all those control information in the common DCI, there would be significant waste of transmission power of PDCCH or EPDCCH in order to reach far UE with relatively poorer geometry.  And such power wasting (and thus the control channel interference to neighboring cells) may hardly be compensated by the saving of downlink control resources, especially if control channel capacity is not the bottleneck. 
Using separate DCIs for near and far UEs offers much more flexibility in downlink signaling design and the operation. Right now, there are three MUST categories. It would be unrealistic to design the signaling for each separately, which would end up with too many fragmentations of the specification, and the operation. Separating DCIs for near and far UEs would facilitate a common design of all three MUST categories. Support of legacy UEs, in particular if they are scheduled as the far UEs, is possible, which would help to increase the pool size for user pairing. 
· Not to introduce a new DCI for MUST operation

MUST is a universal PHY layer technology to take advantage of near-far effect often seen in macro cell environment. In this sense, MUST may be considered as a common feature that can generally be applied to various transmission modes specified so far in LTE, and provide extra gain on top of that from antenna technologies. This is different from adding a new transmission mode with enhancement in antenna technology. 
LTE has already defined ~10 transmission modes whose DCI formats are quite different from each other. It would be very difficult to consolidate them into a new DCI format in the context of MUST. This new DCI format would either need to carry very heavy payload, or can only support limited choices of TMs. 
· To redefine DCIs in TS 36.212 for various downlink transmission modes

As elaborated earlier, MUST is a technology that can be built on any TM. Therefore, a natural approach would be to redefine some of the fields in legacy DCI formats. This not only reduces the effort in defining a totally new DCI, but also makes it easy to support the legacy UEs when they are scheduled as far UEs. There is some precedence in NACIS on this front, which may be considered for MUST as well.

Multi-layer transmission in spatial domain is supported in many legacy DCIs. From the preliminary system simulations, it is observed that MUST and high-order multi-spatial-layer transmission would seldom co-exist. This opens the possibility of utilizing the fields of unused spatial layer in legacy DCIs, for the purpose of MUST layer indication.

It is noted that different legacy DCIs may have quite different fields for signaling, especially between CRS and DMRS based TMs, featured by whether PMI needs to be explicitly signaled. Case by case, DCI by DCI designs are needed in order to fully optimize the signaling for various antenna configurations.
· RRC signaling to indicate a UE to assume legacy DCIs or re-defined DCIs

Similar to NAICS, RRC signaling can be used to configure a UE whether to assume DCI as legacy or re-defined. This would significantly reduce the blind decoding complexity of DCI. On the other hand, it still allows dynamic pairing of near UEs and far UEs, which can be facilitated in detail designs for DCI re-definition.

· Redefined DCIs only applicable to near UEs

Near-far environment dictates that for downlink, near UE should be allocated with less power, so that interference from far UE can be effectively cancelled at near UE receiver. At far UE receiver, a completely opposite situation is seen where interference from near UE becomes so weak compared to the signal targeting for far UE and the inter-cell interference. This implies that intra-cell interference cancellation is not crucial for far UEs, therefore, the signaling optimization may not be necessary, i.e., legacy DCIs can be reused.

4. Major Aspects of Downlink Control Signaling
Based on the design principle listed in Section 3, we discuss a few major aspects of downlink control signalling.

4.1 Indication of power partition and MCS 
Both MUST Category 1 and Category 2 support flexible power partition between near and far UEs, so that scheduler has more choices to optimize the MUST system performance. Therefore, power partition is an important signalling and would require certain amount of bits if finer partition is needed. 

MCS is needed for appropriate demodulation. Since far UE generally would not be served with high speed data, certain restriction can be considered for MCS indication, in order to save the overhead.
4.2 Indication of C-RNTI, RV and NDI
For CW-IC receiver, C-RNTI is needed to re-generate the far UE’s signal from the information bits. It seems not feasible to carry two independent C-RNTIs that each can take arbitrary values, simply due to the extra overhead. Possible remedies can be: 
· To define a pre-configured C-RNTI set at higher layers, e.g., limited to 4 or 8 C-RNTIs. The actual C-RNTI being used can be dynamically indicated in DCI.  

· PDSCHs of all far UEs are configured with the same “MUST-RNTI” known by all near UEs

· Pre-configured RNTI is used for all UEs in MUST mode

Note that C-RNTI signalling is not needed in R-ML receiver.

RV and NDI are needed in CW-IC receiver. Given the potential big control overhead for CW-IC receiver, joint optimization is desirable to balance the numbers of bits for power partition, MCS, C-RNTI, RV and NDI.
4.3 Handling potentially different precoders  
Multi-codeword indication in legacy DCI formats can be re-interpreted for the purpose of MUST. More specifically, for rank 1 + rank 1 MUST, we can indicate the information of two codewords (instead of one codeword) to near UE. The information of  2nd codeword corresponds to the interfering codeword (which is for far UE). Many of the fields in the 2nd codeword would be reused with little or small amount of re-definition. The general idea can is illustrated in Fig. 1. 
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Figure 1 Redefining 2nd codeword in legacy DCI formats to allow for different precoders of MUST pair
Two options may be considered, one is to fully reuse the fields of 2nd codeword in legacy DCI format, and the other need one extra bit. More detail is provided for the option without adding bits. The purpose of the design is to ensure that PMI of the 2nd codeword for legacy DCIs can largely be reused.  
· Option 1: implicit MUST mode indication, by using some fields of 2nd codeword in legacy DC formats.
2nd codeword become available for indication of precoders for both near and far UEs if we add certain constraint on the operation of single-user MIMO. The fields in the 2nd codeword can be re-defined for joint coding of PMI (if CRS based), plus other indicators discussed previously.
The pros of Option 1 is that the processing complexity at the receiver would not increase. The cons lie that spatial MIMO feature would be restricted to some extent.

· Option 2: explicit MUST mode indication, to add a bit
Since a bit is added to the legacy DCI formats, the receiver’s processing complexity would increase. On the other hand, it can keep the flexibility of MIMO operation in legacy DCI formats.
A few examples are provided in Appendix for Option 1.
5. CSI Feedback Enhancements
Enhanced CSI may be needed in order to more accurately reflect symbol SINR and interference at the output of advanced receivers. In general, the interference condition is time varying, not only due to the fast fading channel, but also because of the dynamic pairing process. One approach is to solely rely on the adjustment on the eNB side.  However, due to limited feedback with quantization error obtained by the eNB, it is more desirable to measure MUST interference at the UE side in order to obtain more accurate CSI.  It also makes more sense to share the same mechanism for both same precoder and different precoder cases. To measure MUST interference, we have the following two approaches:
1.  Multiple CSI processes can be setup with different CSI-IMRs with MUST interference with different powers.  
2.  Introduce aperiodic CSI-IMR to dynamically setup the MUST interference with desired power.

The first approach has limitation on the number of CSI processes that UE can support. This will limit the MUST interference hypotheses. For the second approach, changes are needed in the spec to configure aperiodic CSI-IMR.  Starting from Rel-11, UEs can measure interference based on CSI-IMR. However, Rel-11 does not explicitly specify in which particular subframe(s) the interference measurement should be done. It is a UE implementation issue to do the interference averaging across the IMR resources in different subframes. We can reuse the interference measurement scheme specified in Rel-11 with a small modification on reference subframe to obtain MUST interference. The network can assign a UE specific subframe which contains aperiodic IMR for interference measurement.  This subframe can be just the reference resource of aperiodic CSI feedback. If MUST CSI feedback is required from the network, the network can trigger the UE to report aperiodic feedback of MUST CSI as shown in Fig. 2.  At the same time, the network can generate interference signal on the CSI-IMR in the CSI reference resource with desired interference power. The interference signal can be decided by the serving eNB based on the expected scheduling in the future subframes. Multiple UEs can share the same CSI-IMR if the same MU interferer is expected for these UEs. If a different interfering precoder is expected for another UE, the network can do the same CSI triggering at some other subframe with transmission of interference with different precoder/power on the CSI-IMR as shown in the Fig. 3. This mechanism can be used for the MUST with the same precoder and different precoders.  CSI definition may need some changes in order to distinguish between these two cases.
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Figure 2 Triggering aperiodic CSI together with aperiodic IMR 
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 Figure 3 Aperiodic IMR for MUST

For taking into account of different advanced receiver (SIC/ML), one way to do it is to let the UE estimate the CSI by taking into account the possible gain of the receiver.  However, it is often difficult for the UE to estimate the accurate CSI.   One approach is to rely on outer-loop link adaptation by ACK/NACK.  However, this approach may take long time to converge.   This is particularly difficult for the network to do outer-loop link adaptation if MUST interference changes very often. To improve this, we can introduce soft ACK/NACK which contains delta SINR information along with ACK/NACK.  The delta SINR is the difference between the SINR of demodulation and SINR of target BLER.  This SINR can be estimated using DMRS or PDSCH.  This can also be seen as the power offset suggested by the UE to maintain the target BLER. The eNB determine the granted MCS based on CSI and delta SINR.   
6. Conclusions

In this contribution, we discussed downlink control design principle and CSI feedback enhancements. The design principle can be outlined as:
· To use separate DCIs for near and far UEs

· Not to introduce a new DCI for MUST operation

· To redefine DCIs in TS 36.212 for various downlink transmission modes

· RRC signaling to indicate a UE to assume legacy DCIs or re-defined DCIs

· Redefined DCIs only applicable to near UEs

Major aspects of downlink signal include power partition and MCS indication, C-RNTI, RV, NDI indication, and handling of potentially different precoders. Aperiodic IMR is also purposed.
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Appendix: several examples of DCI format redefinitions for Option 1
PMIs for CRS and DMRS based TMs are quite different. In the following, we address each separately. Let us first look at DRMS based case, with DCI format 2C (for TM9) as an example. The fields (shaded) can be redefined as Table A1 shows.

Table A1 Example of re-defined PMI fields in DCI format 2C, no limiting on max # spatial layers
	Value
	Message

	0
	2 layers, ports 7-8, nSCID=0  (in MUST DCI, SU scenario, nSCID fixed to 0, or RRC preconfig)

	1
	2 layers, ports 7-8, nSCID=1  (in MUST DCI, indicate MUST mode, port fixed to 7, nSCID fixed to 0, or RRC preconfig)

	2
	3 layers, ports 7-9

	3
	4 layers, ports 7-10

	4
	5 layers, ports 7-11

	5
	6 layers, ports 7-12

	6
	7 layers, ports 7-13

	7
	8 layers, ports 7-14


Alternatively, the maximum spatial layer can be limited to 4 in SU scenario, so that we can redefine PMI field (shaded) as in Table A2.

Table A2 Example of re-defined PMI fields in DCI format 2C, max # of spatial layers in SU limited to 4
	Value
	Message

	0
	2 layers, ports 7-8, nSCID=0 

	1
	2 layers, ports 7-8, nSCID=1  

	2
	3 layers, ports 7-9

	3
	4 layers, ports 7-10

	4
	5 layers, ports 7-11  (in MUST DCI, used for MUST，port for near UE is 7, nSCID=0)    port for far UE is 8, nSCID=0

	5
	6 layers, ports 7-12 (in MUST DCI, used for MUST，port for near UE is 7,  nSCID=1) port for far UE is 8, nSCID=1

	6
	7 layers, ports 7-13 (in MUST DCI, used for MUST, port for near UE is 8, nSCID=0)  port for far UE is 7, nSCID=0

	7
	8 layers, ports 7-14 (in MUST DCI, used for MUST, port for near UE is 8, nSCID=1) port for far UE is  7, nSCID=1


For CRS based, let us take DCI format 2 as an example, assuming eNB has two transmit antennas. The PMI fields can be redefined as Table A3 shows.

Table A3 Example of re-defined PMI fields in DCI format 2, two Tx antenna case
	One codeword: 

Codeword 0 enabled, 

Codeword 1 disabled
	Two codewords: 

Codeword 0 enabled, 

Codeword 1 enabled

	Bit field mapped to index
	Message
	Bit field mapped to index
	Message

	0
	2 layers: Transmit diversity
	0
	2 layers: Precoding corresponding to precoder matrix [image: image4.wmf]

	1
	1 layer: Precoding corresponding to precoding vector [image: image5.wmf]
	1
	2 layers: Precoding corresponding to precoder matrix [image: image6.wmf]

	2
	1 layer: Precoding corresponding to precoder vector [image: image7.wmf]
	2
	2 layers: Precoding according to the latest PMI report on PUSCH, using the precoder(s) indicated by the reported PMI(s)

	3
	1 layer: Precoding corresponding to precoder vector [image: image8.wmf]
	3
	MUST： [1 1;x x]

	4
	1 layer: Precoding corresponding to precoder vector [image: image9.wmf]
	4
	MUST：[1 -1;x -x]

	5
	1 layer: 

Precoding according to the latest PMI report on PUSCH, using the precoder(s) indicated by the reported PMI(s),

if RI=2 was reported, using 1st column multiplied by [image: image10.wmf]of all precoders implied by the reported PMI(s)
	5
	MUST：[1 j;x jx]

	6
	1 layer:

Precoding according to the latest PMI report on PUSCH, using the precoder(s) indicated by the reported PMI(s),

if RI=2 was reported, using 2nd column multiplied by [image: image11.wmf]of all precoders implied by the reported PMI(s)
	6
	MUST：[1 -j;x -jx]

	7
	reserved
	7
	MUST：Tx Div (tentative)
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