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1.	Introduction
During TSG RAN #86, 3GPP approved a Release-17 Work Item (WI) to introduce support for Multicast and Broadcast Services in NR (NR MBS) [1]. The NR MBS WI includes the following objective:
· Specify RAN basic functions for broadcast/multicast for UEs in RRC_CONNECTED state [RAN1, RAN2, RAN3]:
· Specify a group scheduling mechanism to allow UEs to receive Broadcast/Multicast service [RAN1, RAN2]
· This objective includes specifying necessary enhancements that are required to enable simultaneous operation with unicast reception.
During 3GPP RAN1 #102-e meeting, the following relevant agreement was made:
Agreements:
For RRC_CONNECTED UEs, at least support FDM between unicast PDSCH and group-common PDSCH in a slot based on UE capability.
· FFS: TDM or SDM in a slot.

In this contribution, we present non-orthogonal multiplexing of broadcast/multicast and unicast signals as an alternative scheme to the considered orthogonal FDM and/or TDM multiplexing approaches in NR. In section 2, we present some fundamental results on orthogonal vs. non-orthogonal multiplexing in multiuser scenarios where it is shown that two-layer superposition of broadcast/multicast and unicast signals is the theoretical optimal multiplexing scheme in the maximum sum-rate sense. In section 3, we provide both system level and link level simulation results that demonstrate the significant spectral efficiency improvement of the two-layer superposition multiplexing scheme. Finally, we summarise in section 4 the main contributions of this paper and the proposals for discussion.
2.	Orthogonal and Non-orthogonal Multiplexing of Broadcast/Multicast and Unicast Signals
In [2-3], it is shown that, in SISO systems or MIMO diversity systems (e.g. cyclic delay diversity and/or receiver maximum ration combining schemes), orthogonal TDM and/or FDM multiplexing in the time-frequency OFDMA grid for simultaneous operation of broadcast/multicast and unicast services, as considered for NR MBS, is a suboptimal transmission approach that cannot achieve the maximum sum-rate capacity point.
On the other hand, a fully layered non-orthogonal multiplexing of one broadcast/multicast signal (i.e. common message) and K unicast signals (K independent messages), i.e. K+1 superimposed layers, followed by multiuser decoding at each receiver achieves the channel capacity [4]. However, a fully layered K+1 superposition has an increasing receiver complexity with the number of UEs in the cell. Fully layered K+1 superposition requires the UEs to decode all (or a subset) of other UEs’ messages that are unneeded by a given UE, and error propagation due to imperfect interference cancellation can increase with the number of UEs.
However, [2] proves that only two-layers in each parallel channel (or RB) [one layer containing (part of) the common message and one layer containing the unicast message] are necessary to achieve the maximum sum-rate. Hence, two-layer broadcast/multicast and unicast superposition transmission (BMUST) achieves the same capacity point as the fully layered K+1 superposition but retaining the simplicity of a single stage of cancellation at the UEs while decoding the two requested information streams, i.e. simultaneous reception of the broadcast/multicast stream and the unicast stream.
Observation 1: Orthogonal TDM and/or FDM multiplexing in the time-frequency OFDMA grid for simultaneous operation of broadcast/multicast and unicast services, as considered for NR MBS, is a suboptimal transmission approach in terms of maximum sum-rate.
Observation 2: A two-layered broadcast/multicast and unicast superposition transmission (BMUST) is optimal in terms of the maximum sum-rate supported. Hence, BMUST can be more spectrally efficient than orthogonal TDM/FDM multiplexing.
3.	Simulation Results
3.1 System Level simulations
Fig. 1 shows system level simulation results for different orthogonal and non-orthogonal multiplexing approaches for simultaneous operation of broadcast/multicast and unicast signals. Detailed system level simulation parameters are provided in Appendix A. The average spectral efficiency (SE) and 5th percentile UE SE reported in Fig. 1 follow the definitions of ITU IMT-2020 evaluation guidelines [5]. The results are averaged over 3,000 drops, where at each drop the UEs are randomly and uniformly distributed within the area served by one central sector of the 19 site network. The SE for each UE at each drop is calculated using the Shannon formula for the link capacity as detailed in [2]. Although using link capacity provides optimistic absolute values of SE, it still does provide meaningful performance comparison between the different multiplexing schemes considered. In the simulations, we use a maximum sum-rate scheduler.
For FDM of unicast and multicast, 50% of RBs are allocated to multicast and 50% of the RBs are allocated to unicast. The RB allocation to multicast or unicast in FDM is optimised to maximise the SE. In particular, the RBs with the best channel quality are assigned to multicast as this has been shown to provide a higher SE than allocating the RBs with best quality to unicast. Unicast-only assigns all the RBs to unicast and it models a network that does not implement the multicast feature. Multicast-only on the other hand assigns all the RBs to multicast while the rate of information stream is adapted to the channel quality of the UEs in the cell. BMUST with optimal α [2], optimises the α per RB to maximise the average SE. A simpler implementation with a fixed α=0.5 (equal power split between multicast and unicast) independent of the channel qualities is also included in the results. In all simulated schemes, the power is uniformly allocated per RB, i.e. no water-filling type power allocation algorithms.
	(a) [image: ]Average Spectral efficiency (bits/s/Hz) vs. 
Number of UEs. Rural Macro 700MHz.
	(b) [image: ]5th percentile Spectral efficiency (bits/s/Hz) vs. Number of UEs. Rural Macro 700MHz.

	(c) [image: ]Average Spectral efficiency (bits/s/Hz) vs. 
Number of UEs. Urban Macro 2GHz.
	(d) [image: ]5th percentile Spectral efficiency (bits/s/Hz) vs. Number of UEs. Urban Macro 2GHz.


Fig. 1. System level simulations in Urban and Rural environments comparing the performance of FDM multicast & unicast (50% of RBs allocated to unicast and 50% of RBs allocated to multicast), multicast-only (100% RBs allocated to multicast), unicast-only (100% RBs allocated to unicast) and BMUST with optimal and fixed α factors.
As can be seen from the results in Fig. 1, BMUST with optimal α outperforms all the other multiplexing approaches for any number of UEs in terms of average SE. With 20 UEs, the average SE gain of BMUST against FDM is around 40% and 45% in the simulated rural and urban environments, respectively.
In terms of 5th percentile UE SE, while multicast-only provides the highest SE, BMUST provides similar performance, especially as the number of UEs increases. As expected, unicast-only with a maximum sum-rate scheduler, which allocates the RBs to the UEs with the best channel quality, has poor cell-edge performance.
Observation 3: System level simulations confirm that BMUST provides the best average spectral efficiency performance against other orthogonal multiplexing schemes such as FDM, unicast-only and multicast-only for any number of UEs.
Observation 4: With 20 UEs, the average spectral efficiency gain of BMUST against FDM is 40% and 45% in the simulated rural and urban  environments, respectively.
Observation 5: While multicast-only provides the best 5th percentile UE spectral efficiency in the considered scenarios, BMUST provides similar performance to multicast-only, especially as the number of UEs increases.
3.2 Transceiver architecture 
Fig. 2 shows a potential implementation of BMUST in a transceiver architecture based on the LTE-Advanced Pro physical layer. The main objective of this section is to show the performance enhancements due to superposition of broadcast/multicast and unicast signals with a practical implementation and although the results are based on the LTE RAT, we believe the conclusions can be extrapolated to a RAT based on NR.
[image: ]
(a) Multiuser transmit architecture
[image: ]
(b) Receive architecture with hard interference cancellation at jth user
Fig. 2. Two-Layer superposition of Broadcast/Multicast and Unicast signals with LTE-Advanced Pro physical layer.
The transmitter takes K+1 Transport Blocks (TBs) to be conveyed by the PMCH and PDSCH transport channels. The Modulation and Coding Scheme (MCS) settings selected are based on table 7.1.7.1-1A of TS 36.213 (including 256QAM). After modulation, PMCH and K PDSCH transport channels are combined with a scaling factor   and  , respectively, where   to maintain the transmit power constraint (i.e. lower α factors allocate more power to the unicast signals and high α factors allocate more power to broadcast/multicast signals). Finally, the superimposed symbols are mapped to the REs in the time-frequency grid and reference signals (RS) are introduced before OFDM modulation for transmission on a single transmit antenna port configuration.
The receiver shown in Fig. 2 at the jth user, after performing OFDM demodulation from the received signal and estimating the channel H with the received RS, performs three processing stages to access the information in the PMCH and PDSCH transport channels. First, the receiver applies de-mapping, de-scrambling followed by de-multiplexing and channel decoding to access the information in the PMCH. Once the PMCH has been successfully decoded, it needs to be re-encoded, scaled according to the channel realisation and normalized by the factor   before it can be subtracted from the main received signal. At this point, the PDSCH can be de-mapped, de-scrambled, de-multiplexed and channel decoded with reduced interference of the PMCH transport channel.
LTE Rel-14 includes Multiuser Superposition Transmission (MUST) [6] to non-orthogonally multiplex unicast signals from a far UE (i.e. a user at the edge of the cell) and a near UE (i.e. a user close to the base-station or with good reception conditions) to increase the spectral efficiency of the system. However, with MUST the near-UE first needs to decode the information stream from the far-UE that is discarded and does not contribute to the rate of the far-UE. 
We note that with simultaneous operation of broadcast/multicast and unicast services in a slot, both information streams contribute to the UE’s data rate and both information streams would need to be decoded regardless of the multiplexing scheme, i.e., FDM, TDM or BMUST. For BMUST, the UE has the additional complexity for the operations required to reencode and subtract the broadcast/multicast stream from the main received signal.
Observation 6: In the case of simultaneous operation of broadcast/multicast and unicast services in a slot, both information streams contribute to the UE’s data rate and both information streams would need to be decoded regardless of the multiplexing scheme, i.e., FDM, TDM or BMUST.
Observation 7: For BMUST, the receiver has the additional complexity for the operations required to reencode and subtract the broadcast/multicast stream from the main received signal.
3.3 Link Level simulations
Fig. 3 presents the broadcast/multicast (PMCH) performance evaluation in terms of transport block error rate (BLER) vs. SNR (dB) for orthogonal multiplexing (OM) and BMUST for a target SE of approximately 1.0 bits/RE with the assumption of ideal channel estimation. Link level simulation parameters are provided in Annex I. In Fig. 3, OM uses for PMCH all the frequency resources and half of the radio sub-frames (the other half of sub-frames are reserved for unicast) with MCS 6 while BMUST uses all time and frequency resources with MCS 3 and different powers allocated to PMCH (indicated in the figure with the factor α). Given this resource allocation, the average SE in bits/RE provided by BMUST is 1.01 (for MCS 3), and for OM is 0.98 (for MCS 6), therefore the results are comparable. For reference, the curves with α = 1.0 show the performance of the system with all the power, time and frequency resources allocated to PMCH (i.e. no unicast transmissions).
[image: ]
Fig. 3. Broadcast/Multicast (PMCH) performance for OM and non-orthogonal multiplexing (BMUST) at target spectral efficiencies of 1.0 bits/RE. Transport Block Error Rate vs. SNR (dB) with ideal channel estimation.
[image: ]
Fig. 4. Unicast (PDSCH) performance for OM and BMUST. Average spectral efficiency (bits/RE) vs. the SNR (dB) required to achieve BLER 10−3. Performance with real and ideal channel estimation. OM with 50% sub-frames allocated to unicast and BMUST using all sub-frames to transmit unicast with α = 0.75.
Fig. 4 shows the unicast (PDSCH) performance evaluation in terms of average SE (bits per RE) vs. the minimum SNR (dB) required to achieve a BLER equal to 10−3 for OM (with 50% of sub-frame allocation to unicast) and BMUST (with α = 0.75). Link level simulation parameters are provided in Annex I. In Fig. 4 each user is assigned five RBs (0.9 MHz) in the sub-frames allocated to unicast, which would allow the scheduling of 10 users in each sub-frame. One of the 10 unicast users is decoded and the performance is shown in the figure. The figure shows the set of MCS simulated. For BMUST, the broadcast/multicast layer uses MCS 3.
Overall, the results show that BMUST can provide significant gains in terms of increased SE or enhanced coverage area for users with high SNR where the gain increases with the user SNR.
Due to channel estimation errors, the cancellation of the broadcast/multicast (PMCH) signal prior to decoding the unicast signals (PDSCH) is not perfect and Fig. 4 studies the impact on the performance of BMUST. The results show similar degradation in the performance due to real channel estimation for both OM and BMUST where the effect of the imperfect cancellation due to real channel estimation has not shown significant performance impact.
Regarding the gains provided by BMUST with real channel estimation, in terms of SE gains BMUST can provide an improvement around 41% at 29 dB of SNR, and in terms of SNR gains BMUST can provides even higher SNRs gain of 6.7 dB at an SE of 3.5 bits/RE.
[bookmark: _GoBack]Observation 8: The link level results with realistic channel estimation and imperfect interference cancellation show that BMUST can provide significant gains in terms of increased spectral efficiency against orthogonal multiplexing.
3.	Summary
In this contribution, the following observations have been made:
Observation 1: Orthogonal TDM and/or FDM multiplexing in the time-frequency OFDMA grid for simultaneous operation of broadcast/multicast and unicast services, as considered for NR MBS, is a suboptimal transmission approach in terms of maximum sum-rate.
Observation 2: A two-layered broadcast/multicast and unicast superposition transmission (BMUST) is optimal in terms of the maximum sum-rate supported. Hence, BMUST can be more spectral efficient than orthogonal TDM/FDM multiplexing.
Observation 3: System level simulations confirm that BMUST provides the best average spectral efficiency performance against other orthogonal multiplexing schemes such as FDM, unicast-only and multicast-only for any number of UEs.
Observation 4: With 20 UEs, the average spectral efficiency gain of BMUST against FDM is 40% and 45% in the simulated rural and urban environments, respectively.
Observation 5: While multicast-only provides the best 5th percentile UE spectral efficiency in the considered scenarios, BMUST provides similar performance to multicast-only, especially as the number of UEs increases.
Observation 6: In the case of simultaneous operation of broadcast/multicast and unicast services in a slot, both information streams contribute to the UE’s data rate and both information streams would need to be decoded regardless of the multiplexing scheme, i.e., FDM, TDM or BMUST.
Observation 7: For BMUST, the receiver has the additional complexity for the operations required to reencode and subtract the broadcast/multicast stream from the main received signal.
Observation 8: The link level results with realistic channel estimation and imperfect interference cancellation show that BMUST can provide significant gains in terms of increased spectral efficiency against orthogonal multiplexing.
Based on these observations we make the following recommendations:
Recommendation: Due consideration should be given to the potential support of Broadcast/Multicast and Unicast Superposition Transmission in NR based on UE capability to improve the system’s spectral efficiency.
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Appendix A
Table A.1: System level simulation parameters
	Carrier frequency
	700, 2000 MHz as indicated

	Duplexing
	FDD

	Simulation BW
	10 MHz

	Subcarrier spacing
	15 kHz

	ISD
	500m, 1732 m as indicated

	Cellular layout
	Hexagonal grid, 19 cell sites

	Number of Sectors per site
	3

	Sector Antenna Horizontal Radiation Pattern
	

	Sector Antenna Vertical Radiation Pattern
	Omni-directional

	BS mechanical / electrical tilt
	None

	Number of antenna elements and TxRUs per UE
	1 antenna with single polarisation and 1 TxRU per polarization

	Transmit power per TRxP
	46 dBm

	BS/UE antenna height
	35 m

	UE antenna height
	1.5 m

	BS Antenna Gain
	15 dBi

	UE Antenna Gain
	0 dBi

	UE noise figure
	7 dB

	Pathloss
	TR 36.942 Urban Macro or Rural Macro as indicated

	Shadow Fading
	8dB, correlation factor = 0.5 between sites, correlation factor = 1 between co-sited sectors.

	Wrap around model
	All UEs dropped in the area served by one central sector of network based on SINR including pathloss and shadow fading, excluding fast fading

	Device deployment
	100% outdoor

	Mobility model
	No mobility – UEs are stationary.

	Fast fading
	RMa NLoS model as detailed in 3GPP TR 38.901 V16.1.0

	Data traffic model
	Full buffer

	UE Thermal noise
	‒174 dBm/Hz



Table A.2: Link level simulation parameters
	Parameter
	Value

	System Bandwidth
	10 MHz

	Physical Channels
	PMCH, PDSCH

	Subcarrier spacing
	15 kHz

	Modulation and Coding Scheme (MCS)
	Based on table 7.1.7.1-1A of TS 36.213 
(including 256QAM)

	Doppler Spread
	220 Hz

	Channel Estimation at Rx
	Realistic based on RS

	Channel Model
	TDL-B with a Delay Spread of 1μs and no correlation between receive antennas

	Number of Tx antennas at BS
	1

	Number of Rx antennas at UE
	2 with Maximum Ratio Combining

	Demodulation Algorithm
	Maximum likelihood

	Turbo Decoding Algorithm
	Max-Log-MAP with a maximum of 8 iterations
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