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1. Background and Introduction
The study item (SI) entitled “Enhanced Multiuser Transmissions and Network Assisted Interference Cancellation” was approved in RAN plenary #66[1], and the SI was revised to “Study on Downlink Multiuser Superposition Transmission for LTE” in RAN Plenary #67[2]. The objectives of the study are the following:
· Identify and study possible enhancements of downlink multiuser transmission schemes within one cell.
· Investigate the potential gain of schemes enabling the simultaneous transmission of more than one layer of data for more than one UE without time, frequency and spatial layer separation (i.e. using the same spatial precoding vector or the same transmit diversity scheme over the same REs) over the existing Rel-12 techniques.
· Identify required standard changes needed to assist UE intra-cell interference cancellation or suppression for the objectives listed above.
· The study should consider realistic deployment scenarios, traffic model and trade-offs between system-level gain, UE complexity, signalling overhead as well as specification impact. The study will consider UE and eNB feasibility for the possible enhanced schemes, with realistic UE and eNB impairments modelling (e.g. EVM, imperfect CSI feedback), channel estimation errors. 
· The study should take into account techniques in other SI/WI (e.g., FD-MIMO), and duplication of work should be avoided.
· The study will not consider enhancements to spatial precoder for the downlink.
· The study should be applicable to both TDD and FDD.
From the viewpoint of the information theory, superposition coding, which is strictly better than the orthogonalization scheme, is one way to achieve the multi-user channel capacity. In this scheme, linear superposition of the signals of the two users to form the transmit signal. With this specific encoding method, the stronger user should use the successive interference cancellation (SIC) decoding to achieve the multi-user channel capacity.
The dirty paper coding (DPC) is another way to achieve the multi-user channel capacity without SIC decoding.
[bookmark: OLE_LINK8]In the paper named “Writing on Dirty Paper” [3], Costa considered a variation of the standard additive white Gaussian noise (AWGN) channel with the channel output given by Y=X+S+Z. Where the input X has average power constraint, the noise Z is white Gaussian, and the state interference S is white Gaussian and independent of Z. Costa showed that the capacity when the state information S is noncausally available at the transmitter, i.e., the transmitter knows the state sequence S ahead of the actual transmission, is equal to the capacity when S is available at both transmitter and receiver, which is, in turn, equal to the capacity of the standard AWGN channel without the additive state noise. In other words, the Gaussian interference S noncausally known at the transmitter does not aﬀect the capacity of the AWGN channel. Therefore, appropriate precoding can in fact completely obliviate the impact of the interference and achieve the capacity of the AWGN channel. This proper precoding technique is called dirty paper coding (DPC). However, Costa does not give the construction of DPC. 
There are several practical approaches of DPC, such as the trellis and convolutional precoding, nested lattice code and so on. But most of them are very difficult to be implemented because of its high complexity.
Tomlinson-Harashima precoding (THP), which is firstly proposed to pre-eliminate the inter-symbol interference at the transmitter[4][5], is one of a simply realization of DPC.
In the following of this contribution, we will introduce a novel scheme for multi-user transmission based on THP. The contribution comprised of the system model formulation, basic THP precoding for MU-MIMO downlink and a enhanced scheme considering the MMSE estimation.
2. System Model Formulation
Let us consider the precoding problem in a simple point-to-point context
	y=x+s+w,
where x, y, w are the transmitted symbol, received symbol and N(0,σ2) noise. The noise is i.i.d. in time. The interference sequence s, which is the signal intended for another user in the multi-user downlink scenario, is known in its entirety at the transmitter but not at the receiver. The transmitted signal x is subject to a power constraint. Figure 1 depicts this channel model.


[bookmark: _Ref427067001]Figure 1 Channel model of transmitter know interference.
Suppose we want to send a symbol u in its constellation. The simplest way to compensate for the interference s is to transmit x = u−s instead of u, so that the received signal is y = (u-s)+ s+w=u+w. However, the price to pay is an increase in the required energy by s2,which grows unbounded with s2.
[bookmark: OLE_LINK1]The idea of THP is to replicate the M-QAM constellation to get an extended constellation, (See Figure 2(a)). Each of the 2M information symbols now corresponds to the equivalence class of points at the same relative position in the replicated constellations. Given the information symbol u, the precoding scheme chooses that representation p in its equivalence class which is closest to the interference s. We then transmit the difference x = p−s(See Figure 2(b). Suppose that the interference has a higher power allocation). This difference can be much smaller and does not grow unbounded with s.
Based on the received signal y, the decoder can simply find the point in the extended constellation that is closest to y and decodes the information bits corresponding to its equivalence class(See Figure 2(d)).


[bookmark: _Ref427078543]Figure 2 The coding and decoding process of THP.
3. Basic THP Precoding for DL MU-MIMO Scenario
Consider a two-user downlink channel, whereas the BS has multiple transmit antennas and the user has single antenna. The received signal of each user can be given by

	,

	,

where xk is the signal for user k (k=1,2), uk is its transmit precoding vector and hk is the channel vector between BS and user k. Without loss of generality, let us assume that user 1 has the stronger channel:.
Treating x2 as interference that is known at the transmitter, and we assume that the two users using the same precoding vector, i.e. u1 = u2 = u, so we can apply THP precoding for user 1:

	,
[bookmark: OLE_LINK2]where p1 is the information symbol of user 1 choosing from its equivalence class which is closest to the interference x2. Hence, user 1 can achieve a rate of 

	,
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]which is just the capacity of an AWGN channel for user 1 with x2 completely absent. For user 2, the signal for user 1 can be made to appear like independent Gaussina noise to user 2. Hence, user 2 gets a reliable data rate of 

.
Since we have assumed that user 1 has the stronger channel, these same rates can in fact be achieved by superposition coding and decoding: we superimpose independent i.i.d. Gaussian codebook for user 1 and 2, with user 2 decoding the signal x2 treating x1 as Gaussian noise, and user 1 decoding the information for user 2, canceling it off, and then decoding the information intended for it. Thus, dirty paper coding is another approach to achieve rates on the boundary of the capacity region in the multi-user downlink channel.
It can be seen that superposition coding is a receiver-centric scheme: the base-station simply adds the codewords of the users while the stronger user has to do the decoding job of both the users. In contrast, THP precoding or dirty paper coding puts a substantial computational burden on the base-station with receivers being regular nearest neighbor decoders (though the user whose signal is being precoded needs to decode the extended constellation, which has more points than the rate would entail). In this sense we can think of THP precoding or dirty paper coding as a transmitter-centric scheme.
However, there is something curious about this calculation. The precoding strategy described above encodes information for user 1 treating user 2’s signal as known interference. But certainly we can reverse the role of user 1 and user 2, and encode information for user 2, treating user 1’s signal as interference. This strategy achieves rates

.
But these rates cannot be achieved by superposition coding/decoding under the power allocations P1,P2: the weak user cannot remove the signal intended for the strong user. This is just the superiority of dirty paper coding compared with superposition coding.
4. Enhanced Scheme Considering the MMSE Estimation
At the receiver side, MMSE estimation can be employed. We can choose an MMSE estimation factor 

	.
The estimated signal after MMSE equalization of user 1 can be given as

[bookmark: OLE_LINK10]	.
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK3][bookmark: OLE_LINK4]i.e., the linear MMSE estimate of x1 but shifted by α1X2. Since the receiver does not know X2, this shift has to be pre-compensated at the transmitter. In section 3, we compensate for the effect of x2 by pre-subtracting x2 from the constellation point p1 representing the information. But now we are using MMSE equalization and hence we should compensate by pre-subtracting α1X2 instead. Specifically, given the data u1, we find within the equivalence class representing u1 the point p1 that is closest to α1x2, and transmit x1 =p1-α1x2. Then

	,

	,

	.
The receiver finds the constellation point nearest to α1y1 and decodes the information. An error occurs only if there is another constellation point closer to α1y1 than p1. This is exactly the same situation as in the case of zero interference.
The enhanced THP precoding processing for DL MU-MIMO channel is demonstrated in Figure 3


[bookmark: _Ref427141324]Figure 3 The enhanced THP scheme.
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]The replicating of the constellation can be realized by adding or subtracting an integer multiple of A, which is the size of the original constellation, so we introduced modulo device in Figure 3. The modulo operation can be defined as 

	,


where  represents the largest integer less than or equal to . The boundary information after the modulo can be expressed as 

	.
5. Conclusion
In this contribution, we introduce a novel scheme for multiuser superposition transmission based on the Tomlinson-Harashima precoding. One of the biggest advantages of the proposed scheme is that does not need the SIC receiver. By considering the equalizer in the receiver, we give an enhanced scheme.
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