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Introduction
[bookmark: OLE_LINK11]Grant-free access can significantly reduce the overhead and power consumption for massive low cost terminals with small packet transmission, thus is preferred for massive machine type communication [1-5]. A grant-free access scheme Multi user shared access (MUSA) for mMTC was proposed [6]. An M-ary complex value spreading sequence with small length is applied in MUSA, which makes high overload possible for grant-free access.

[bookmark: OLE_LINK4][bookmark: OLE_LINK5]As it is shown in [6, 7] excellent performance can be achieved by MUSA by utilizing short non-binary complex spreading codes and ideal MMSE-SIC receiver. Actually, in [6,7] ideal receiver are used to show the performance bound of various spreading codes. Under the assumption of ideal receiver, different users’ data can be successfully decoded by the base station (BS) even in highly overloaded situation.

In RAN1#85 meeting the performance of MUSA by using blind detection was presented, assuming flat fading channel. The effectiveness of MUSA by using blind detection was verified and the robustness of SIC type receiver was demonstrated. No pilot or long preamble is used for channel estimation and node activity detection. The successfully decoded data were employed instead. Note that such observation was based on flat fading channel in which the signals over all resource blocks can be used for channel estimation and only one channel coefficient needs to be estimated.

In this contribution, more realistic receiver for grant-free MUSA is discussed over multi-path fading channel. Blind detection is performed for frequency selective channel. After user signal is successfully decoded, it is used for channel estimation and dozens of channel coefficients over frequency domain are estimated. Then its effect is removed from the received signals by using SIC operation. Two receiving antennas are employed over multi-path fading channel to obtain the diversity and multiplexing gain.
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Non-orthogonal multiple access receivers for mMTC
[bookmark: OLE_LINK1]The key KPI for mMTC is to support huge number of connections, e.g. the target for connection density should be a million devices per square kilometer in urban environment [8, 9]. 

The idea of spreading is refined in non-orthogonal multiple access for massive connectivity. The non-orthogonal resource sharing facilitates grant-free transmission so that the system would not be strictly limited by the amount of available resources and their scheduling granularity. Several non-orthogonal multiple access receivers for uplink are described in the following: MUSA, RSMA, SCMA, PDMA and IDMA.

· [bookmark: OLE_LINK54][bookmark: OLE_LINK55]MUSA 
The received signal of MUSA can be written as
                                                                             (1)
where  is the channel of the i-th user,   is the spreading code of the i-th user and is a column vector,  is the modulated symbol of the i-th user,   is the additional white Gaussian noise. N is the number of the total users.
According to the user channels and the spreading codes, the equivalent channel is obtained as. The MMSE weight can be analytically calculated as
                                                             (2)
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Here  represents the Hermitian operation. The post-SINR of each user can also be analytically calculated after we know H. We assume the i-th user has the highest post-SINR. The i-th user signal can be estimated by
                                                                      (3)
After channel decoding and CRC pass, the signal is reconstructed and cancelled from the received signal. Then the next user signal is detected, and so on until all users’ signals are detected.

· RSMA
The user data is spread in time, frequency, code and spatial domain. Multiple users share the same resource block. To recovery each user’s data, for single carrier RSMA, Rake receiver (based on matched filter) can be applied in low SNR regions. While in high SNR regions, advanced receiver, such as SIC based receiver may be used. For RSMA + FDMA (frequency-division multiple access), advanced receiver is needed too.

· SCMA
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]It is a type of code division scheme using spreading at the transmitter and MAP processing at the receiver. SCMA uses low density or sparse non-zero element sequence to reduce the complexity of MPA processing [10-12]. 
The optimal MUD can be done by using the maximum joint a posteriori probability (MAP) detection with excessive search. With the low density spreading structure employed in SCMA, near ML performance MUD can be derived by using message passing algorithm (MPA). The SCMA receiver is shown in Fig. 1. 
[image: ]
Figure 1 SCMA receiver
· PDMA
The code matrix design for PDMA is to make the user to have unbalance post-SINR at receiver side to facilitate its signal detection [13, 14]. PDMA can be detected by SIC receiver or MAP detector. The former has low complexity while the latter has potentially better performance. Thus it is flexible in terms of receiver complexity. When SIC type receiver is applied, the signal with the largest post-SINR is detected first and then its interference is removed from the received signal in order to detect the other user’s signal. 

· IDMA
After low code rate channel coding, the signal is repeated and interleaver is used for user data randomization. The interleaver is user specific designed and is applied for user separation [15-17]. At the receiver side each user’s signal is detected, demodulated and de-interleaved according to its own interleaver patterns. The soft information of decoded bits is input to elementary signal estimator (ESE) for information updating. After information updating new information is input to the decoder for channel decoding again. Several iterative detections between ESE and channel decoder are needed for the multi-user detection. IDMA can achieve excellent performance at the cost of high computational complexity and with ideal channel estimation prior to the detection. In practical implementation, interleaver pattern collision, high detection & decoding complexity and non-ideal channel estimation may be problems.
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]Performance evaluation for MUSA
Here we provide performance evaluation for grant-free MUSA uplink by using blind MUD. The grant-free MUSA scheme includes the following unique properties:
1. A large number of UEs (4~30) can be accommodated within limited number of resources using length-4 spreading, thus demonstrating MUSA’s capability of supporting massive connections.
2. Each user randomly chooses spreading code from a predefined pool known by base station and UEs. Some UEs may happen to choose the same spreading code and such situation is called code collision. The base station does not know code collision before blind detection. 
3. Codeword-level SIC is employed in the blind detection.
4. Realistic channel estimation is used. The successfully decoded data after blind detection can be employed as pilots for channel estimation.
Receiver design for MUSA
Multi-user link level simulations are conducted to evaluate the performance of the proposed MUSA scheme [6,7]. 
Because MUSA is a type of grant-free access schemes, the user terminal should be able to autonomously access the system without BS scheduling. Each user terminal chooses or generates its spreading code randomly, so in the MUD for MUSA, the number of active users, user spreading codes and user channels would be unknown to the BS at the beginning, making it difficult to determine the optimal MMSE weights. This key channel related information can be obtained by other ways, such as by using long preamble sequences. However, the overhead for long preamble reduces system efficiency.
[bookmark: OLE_LINK2][bookmark: OLE_LINK8]No pilots or preambles are employed for channel estimation. The blind detection is used for user signal detection over multi-path fading channel. Here two receiving antennas are employed, thus by combining two branches signals with certain weighted matrixes, some diversity and multiplexing gain is achieved. The frequency-diversity gain can also be achieved due to the fluctuating channel over frequency domain. The user signal with the highest post-SINR is detected and decoded first. After it is successfully decoded, the data can be employed as “pilots” for channel estimation, and the channels of the all subcarriers can be estimated. Then its contribution is removed from the received signal by SIC operation. Then the next highest post-SINR is detected and decoded, and so on till all the users signals are detected and decoded.
Users’ data are used for channel estimation. The benefit of data signal used as pilot is that specific pilots or long preambles can be saved, thus system efficiency is enhanced. Moreover, the collision by using user data is very small because different users’ data are different. While when pilots or long preambles are employed, when the number of pilots or long preambles is small, there is high probability of collision [18], which would significantly degrade system performance. When the number of pilots or long preambles is large, the overhead is high, which will reduce system efficiency.
Assuming the first user has been correctly decoded, Eq. (1) can be rewritten as
=                                                    (4)
For the BPSK and QPSK, the expectation of equals to 0. Therefore, can be regarded as the interference plus noise for the first user. Let S1i be the transmitted symbols (after channel coding, spreading and modulation) on the i-th subcarrier for user 1, then the channel coefficient on the i-th subcarrier is given by least squares (LS) estimation:
                                                                    (5)
Here yi is the received signal on the i-th subcarrier, (.)H is Hermitian transpose operation. When the second user data is successfully decoded and S2i are the transmitted symbols on the i-th subcarrier for user 2, then the channel coefficients on the i-th subcarrier is given by LS estimation:
                                                                       (6)
Here hi=(h1i h2i)T, Si=(S1i S2i) and (.)T is transpose operation. As more users’ data are successfully decoded, more symbols are obtained for channel estimation, and more accurate channel estimation results are obtained.
The computational complexity of MUSA by using blind detection is not very high since SIC receiver is applied for signal detection and decoding. The computational complexity is just linear increasing with the number of users. However, the computational complexity of MPA based receiver or other joint detection type receiver is exponential with the number of user number, and iterative detection or decoding is needed, which not only increases the computational complexity but also the processing latency. Thus the MUSA is preferred due to its graceful tradeoff between BELR performance, the number of users and computational complexity.
The simulation parameters are shown in Table A1. Highlighted in yellow are not agreed so far. For MUSA, total four physical resource blocks spanning in time (1 PRB, TTI = 4ms) are shared by multiple users in a grant-free manner.  Bi-level random complex spreading code is used with length of 4. For MUSA, each modulated symbol is spread by a random complex spreading code of length L to be transmitted on L time and/or frequency resources. The spreading code is normalized so that the energy is one after accumulating the spreading code over 4 chips. Before the spreading, the original signal occupies one RB and BPSK of 1/2 code rate is used. The number of information bits is 84 including CRC. Signal is spread over time domain thus after spreading the signal occupies 180Hz in frequency domain and 56 symbols in time domain.
Fig. 2 shows the BLER performance of LTE and MUSA with different user load. From the simulation results, it can be observed that the BLER of MUSA, with blind SIC receiver, is smaller than 10% even when the user load gets as high as 700% (for 28 users). The overloading factor is defined as the number of users over the number of occupied RBs (in time or frequency). The BLER is about 0.4% for 4-user case. As the number of users increases, the BLER performance slightly degrades when the user number is not more than 24. 
Fig. 3 compares the BLER vs. SNR performance for MUSA and OFDMA with equal Avg. SNR distribution of Multiple UEs. Both schemes use the same code rate 1/2. For OFDMA, 4 users are assumed and a fixed modulation and coding schemes (BPSK with code rate 1/2 and 7/12) are employed because link adaptation needs additional feedback information which is impractical for mMTC communications. BLERs for MUSA with different overloads are shown. It is observed that at overload 100%, MUSA achieves almost the same performance as MUSA with overload 100% (4 users). As the overload increases to 500% (20 users), significant performance loss is observed for MUSA due to the severe interference between users. OFDMA achieves similar performance as MUSA with overload 400% (16 users) while MUSA has much higher spectrum efficiency than OFDMA. Real channel estimation is assumed. MUSA uses decoded data as pilots for channel estimation. OFDMA assumes LTE UL DMRS (i.e., 24 resource elements occupying the 4th symbol and 11th symbol) for channel estimation, but not counted as the overhead.
Fig. 4 compares the BLER vs. SNR performance for MUSA with code rate 1/2 and OFDMA with code rate 84/144 for equal Avg. SNR distribution of Multiple UEs. Because DMRS is used in OFDMA and counted as the overhead, the effective code rate is 84/144 = 7/12. In this case it is found that OFDMA achieves almost the same performance as MUSA with overload 300% (12 users). Compared with OFDMA, MUSA with overload 400% (16 users) has small performance degradation.
 [image: ] 
Figure 2 BLER performance of MUSA with different user number by using blind MUD, avg. SNR uniformly distributed over [6, 20] dB.
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Figure 3 BLER vs. SNR performance of MUSA with code rate 1/2 and OFDMA with code rate 1/2, equal avg. SNR between users
[image: ]
Figure 4 BLER vs. SNR performance of MUSA with code rate 1/2 and OFDMA with code rate 7/12, equal avg. SNR between users

Conclusion
In this contribution, MUSA scheme is put in realistic grant-free setting where eNB receiver has no knowledge of the user’s channel and the spreading code. Blind multiuser detection (MUD) is described and the performance of MUSA with realistic blind MUD and realistic channel estimation is presented for multi-path fading channel. We have the following observations:

Observation 1: SIC type receiver is preferred by many non-orthogonal multiple access schemes due to its moderate implementation complexity at receiver.
Observation 2: MUSA with blind detection works well for multi-path fading channel due to receiver diversity and frequency-diversity achieved.
Observation 3: Pilots or long preambles are not necessary for channel estimation. The successfully decoded data can be applied as data pilot for channel estimation for MUSA by using SIC type receiver.
Observation 4：Very large number of users can be supported by using blind MUD for MUSA over multi-path fading channel. 
Proposal 1: MUSA with blind MUD employed can be applied for mMTC scenario over multi-path fading channel to support massive user connection and reduce the signalling overhead and UE power consumption.
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Appendix 
Table A1 Simulation parameters for MUSA blind detection
	Parameters 
	Values or assumptions 

	Carrier Frequency 
	2 GHz 

	Waveform 
	OFDM 

	Numerology 
	Same as Release 13 

	System Bandwidth 
	10 MHz 

	Total BW for transmission 
	180 kHz (1 PRB), TTI = 4 ms

	Target spectral efficiency 
	Proponents report per UE spectral efficiency and the number of UEs multiplexed if multi-UEs LLS is assumed 

	BS antenna configuration 
	2 Rx 

	UE antenna configuration 
	1 Tx 

	Transmission mode 
	TM1 (refer to TS36.213) 

	Avg. SNR distribution of Multiple UEs 
	1) Uniformly distributed over [6, 20] dB
2) Equal average

	Propagation channel & UE velocity 
	TDL-C, 300ns, 3km/h

	Max number of HARQ transmission 
	No HARQ 

	Given BLER level (to calculate sum throughput) 
	0.1 to 0.001


	Number of users
	4 to 30

	Modulation
	BPSK

	Length of spreading factor
	4

	Spread code selection
	Randomly selection the sequence from the predefined pool known by base station and UE

	Information bits for each user
	84（including 24 CRC）

	Channel estimation
	Realistic

	Channel coding
	Turbo code with 1/2 rate

	Receiver
	Blind Codeword-level SIC
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