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Summary
The link level simulation (LLS) results of Asynchronous Code Multiple Access (ACMA) [1-2] for mMTC uplink with both synchronous and asynchronous transmission are reported in this document.  The results show excellent performance with synchronous transmission for the considered TB lengths and channel models. Additionally, the capacity can be doubled when considering asynchronous transmission.

Link Level Simulation Assumption and Results
1.1 Simulation Assumptions 
Simulation assumptions used in the link-level evaluation of ACMA for mMTC uplink are listed in Table 1. 
[bookmark: _Ref521403969][bookmark: _Ref521403917]Table 1: ACMA mMTC uplink LLS parameters
	Parameters
	mMTC

	Carrier Frequency
	700 MHz

	Waveform  (data part)
	CP-OFDM/ DFT-s-OFDM

	Channel coding
	NR LDPC Code

	Numerology (data part)
	SCS = 15 kHz, #OS = 14

	Allocated bandwidth
	6 RBs

	TBS per UE
	[10, 20, 40, 60 and 75] bytes

	Target BLER 
	10%

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1Tx  

	Propagation channel & UE velocity
	TDL-A 30ns, TDL-C 300ns in TR38.901, 3km/h

	Max number of HARQ transmission
	1

	Channel estimation
	Ideal 

	Distribution of avg. SNR
	Both equal and unequal


	Timing offset
	0

	Frequency error
	0 

	Traffic model for link level
	Full buffer



1.2 Definition of abbreviations and terminology employed in performance charts

	Terminology
	Definition

	R
	Code rate

	s
	NR LDPC input vector length: 
TBS + 16bit CRC

	p
	Distribution of avg. SNR:
Equal power “equal”
Unequal power Uniform dist. within +/- 3dB  “U(± 3.0)” 

	channel
	Fading channel model:
  TDL-A “tdla” 
  TDL-C “tdlc”

	arrival
	UE arrival process
Constant arrival rate “constant” 

	Ant
	BS antenna configuration with 2RX “2”

	csi
	 Ideal CE “perfect”

	det
	Ideal unique word detection “perfect”

	align
	Synchronous “1”
Fully asynchronous “none”

	esno
	SNR or Es/N0 per receive antenna

	G
	spectral efficiency bit-per-second/Hz






1.3  Simulation Results

An extensive set of LLS results for ACMA are reported in this section.  For all cases considered, BLER vs. SNR is reported for different values of #UEs per sub-frame.  Specifically, the following scenarios are considered:

i. [bookmark: _Ref521408480]Sub-section 2.3.1: TDL-A Channel, Synchronous ACMA, Equal Power UEs and CP-OFDM 
ii. Sub-section 2.3.2: TDL-A Channel, Synchronous ACMA, Equal power UEs and DFT-s-OFDM
iii. Sub-section 2.3.3: TDL-A Channel, Synchronous ACMA, Unequal Power uniformly distributed with +/- 3dB variation and CP-OFDM 
iv. Sub-section 2.3.4: TDL-A Channel, Synchronous ACMA, Unequal Power uniformly distributed with +/- 3dB variation and DFT-s-OFDM 
v. Sub-section 2.3.5: TDL-C Channel, Synchronous ACMA, Equal Power UEs and CP-OFDM 
vi. Sub-section 2.3.6: TDL-C Channel, Synchronous ACMA, Equal power UEs and DFT-s-OFDM
vii. Sub-section 2.3.7: TDL-C Channel, Synchronous ACMA, Unequal Power uniformly distributed with +/- 3dB variation and CP-OFDM 
viii. Sub-section 2.3.8: TDL-C Channel, Synchronous ACMA, Unequal Power uniformly distributed with +/- 3dB variation  and DFT-s-OFDM 
ix. Sub-section 2.3.9: Fully Asynchronous transmission ACMA, Equal Power UEs, TDL-C and TDL-A Channel with CP-OFDM and DFT-s-OFDM

The ACMA capacity, defined as the number of users that can be supported in a sub-frame can be inferred from the performance curves, assuming a target BLER of 0.1. This is reported in Table 2, Table 3 as a function of the TB length, for TDL-A and TDL-C channels, respectively.
	
[bookmark: _Ref521408390]                         Table 2: The number of users per sub-frame with ACMA in TDL-A Channel
	TBS (bytes)
	10
	20
	40
	60
	75
	Figure No.

	Capacity synch. ACMA  
Equal Power, CP-ODFM
	≥30
	≥15
	8
	≥4
	≥3
	1

	Capacity synch. ACMA  
Unequal Power, CP-OFDM 
	≥40
	≥16
	≥8
	≥5
	≥4
	 2

	Capacity synch. ACMA  
Equal Power, DFT-s-ODFM
	≥30
	≥15
	8
	4
	≥3
	3

	Capacity synch. ACMA  Unequal Power, DFT-s-ODFM
	≥40
	≥16
	≥8
	4
	≥3
	4



                             Table 3: The number of users per sub-frame with ACMA in TDL-C Channel
	TBS (bytes)
	10
	20
	40
	60
	75
	Figure No.

	Capacity synch. ACMA  
Equal Power, CP-ODFM
	≥30
	>12
	 ≥6
	 4
	>2
	5

	Capacity synch. ACMA  
Unequal Power, CP-OFDM 
	≥30
	>16
	≥6
	≥4
	4
	6

	Capacity synch. ACMA  
Equal Power, DFT-s-ODFM
	≥30
	≥15
	 ≥6
	4
	3
	7

	Capacity synch. ACMA  
Unequal Power, DFT-s-ODFM
	≥30
	16
	 ≥6
	4
	≥3
	8

	Capacity fully Asynch. ACMA  Equal Power, CP-ODFM
	≥60
	≥30
	15
	 ≥8
	6
	9



Observation 1. With synchronous transmission, ACMA offers good NOMA capacity across considered TB lengths and channel models.
Observation 2. More than two-fold increase in capacity over synchronous NOMA is possible when considering asynchronous transmission ACMA.
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1.3.1 [bookmark: _Ref521418541]TDL-A Channel, Synchronous ACMA,  Equal Power, CP-OFDM,  Ideal CE
[image: ]
(a) TBS 10Byte, Equal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
[image: ]
(b) TBS 20Byte, Equal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
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(c) TBS 40Byte, Equal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE 
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(d) TBS 60Byte, Equal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE 
[image: ]
(e) TBS 75Byte, Equal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE 

[bookmark: _Ref521419064]Figure 1.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, CP-OFDM, equal power UEs, TDL-A channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.








1.3.2 [bookmark: _Ref521410570]TDL-A Channel, Synchronous ACMA,  Equal Power, DFT-s-OFDM,  Ideal CE
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(a) TBS 10Byte, Equal Power, Synch. ACMA with DFT-s-OFDM in TDL-A Channel, Ideal CE 
[image: ]
(b) TBS 20Byte, Equal Power, Synch. ACMA with DFT-s-OFDM in TDL-A Channel, Ideal CE 
[image: ]
(c) TBS 40Byte, Equal Power, Synch. ACMA with DFT-s-OFDM in TDL-A Channel, Ideal CE 
[image: ]
(d) TBS 60Byte, Equal Power, Synch. ACMA with DFT-s-OFDM in TDL-A Channel, Ideal CE 
[image: ]
(e) TBS 75Byte, Equal Power, Synch. ACMA with DFT-s-OFDM in TDL-A Channel, Ideal CE 
[bookmark: _Ref521419078]Figure 2.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, DFT-s-OFDM, equal power UEs, TDL-A channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.






1.3.3 [bookmark: _Ref521410586]TDL-A Channel, Synchronous ACMA, Unequal Power, CP-OFDM Ideal CE 
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(a) TBS 10Byte, Unequal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE

[image: ]
(b) TBS 20Byte, Unequal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Unequal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Unequal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
[image: ]
(e) TBS 75Byte, Unequal Power, Synch. ACMA with CP-OFDM in TDL-A Channel, Ideal CE
[bookmark: _Ref521419093]Figure 3.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, CP-OFDM, unequal power UEs,  TDL-A channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.



1.3.4 [bookmark: _Ref521410615]TDL-A Channel, Synchronous ACMA, Unequal Power, DFT-s-OFDM Ideal CE 
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(a) TBS 10Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-A Channel, Ideal CE
[image: ]
(b) TBS 20Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-A Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-A Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-A Channel, Ideal CE
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(e) TBS 75Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-A Channel, Ideal CE

[bookmark: _Ref521419104]Figure 4.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, DFT-s-OFDM, unequal power UEs, TDL-A channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.


1.3.5 [bookmark: _Ref521411588]TDL-C Channel, Synchronous ACMA,  Equal Power, CP-OFDM,  Ideal CE 
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(a) TBS 10Byte, Equal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(b) TBS 20Byte, Equal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Equal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Equal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE

[image: ]
(e) TBS 75Byte, Equal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE

[bookmark: _Ref521419116]Figure 5.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, CP-OFDM, equal power UEs, TDL-C channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.


1.3.6 [bookmark: _Ref521411603]TDL-C Channel, Synchronous ACMA, Equal Power, DFT-s-OFDM,  Ideal CE 
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(a) TBS 10Byte, Equal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(b) TBS 20Byte, Equal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Equal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Equal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(e) TBS 75Byte, Equal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[bookmark: _Ref521419124]Figure 6.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, DFT-s-OFDM, equal power UEs, TDL-C channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.


1.3.7 [bookmark: _Ref521411617]TDL-C, Synchronous ACMA, Unequal Power, CP-OFDM,  Ideal CE 
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(a) TBS 10Byte, Unequal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE

[image: ]
(b) TBS 20Byte, Unequal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE

[image: ]
(c) TBS 40Byte, Unequal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Unequal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE

[image: ]
(e) TBS 75Byte, Unequal Power, Synch. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[bookmark: _Ref521419137]Figure 7.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, CP-OFDM, unequal power UEs, TDL-C channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.



1.3.8 [bookmark: _Ref521411630]TDL-C, Synchronous ACMA, Unequal Power, DFT-s-OFDM,  Ideal CE 
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(a) TBS 10Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE

[image: ]
(b) TBS 20Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[image: ]
(e) TBS 75Byte, Unequal Power, Synch. ACMA, DFT-s-OFDM in TDL-C Channel, Ideal CE
[bookmark: _Ref521419150]Figure 8.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with synch. ACMA, DFT-s-OFDM, unequal power UEs, TDL-C channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.



1.3.9 [bookmark: _Ref521411640]Fully Asynchronous ACMA, Equal Power, Ideal CE, TDL-C and TDL-A Channel
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(a) TBS 10Byte, Equal Power, Async. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(b) TBS 20Byte, Equal Power, Async. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(c) TBS 40Byte, Equal Power, Async. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(d) TBS 60Byte, Equal Power, Async. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[image: ]
(e) TBS 75Byte, Equal Power, Async. ACMA, CP-OFDM in TDL-C Channel, Ideal CE
[bookmark: _Ref521419161]Figure 9.  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with fully asynchronous ACMA, CP-OFDM, equal power UEs, TDL-C channel, ideal CE (a) TBS = 10 bytes, (b) TBS = 20 bytes, (c) TBS = 40 bytes, (d) TBS = 60 bytes, and (e) TBS = 75 bytes.
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Figure 10  BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with fully asynchronous ACMA, DFT-s-OFDM, equal power UEs, TDL-C channel, ideal CE, TBS = 20 bytes


[image: ]
Figure 11 BLER vs. Es/N0 per antenna for different numbers of users per sub-frames with fully asynchronous ACMA, CP-OFDM, equal power UEs, TDL-A channel, ideal CE, TBS = 20 bytes

Observation 3. Fully asynchronous transmission with ACMA can double NOMA capacity in TDL-A, TDL-C channels, with CP-OFDM and DFT-s-OFDM.

Conclusions
This contribution presents LLS results for asynchronous coded multiple access (ACMA) technique for uplink mMTC under different channel conditions and TB lengths.  Two transmission modes are considered, synchronous and fully asynchronous. While synchronous ACMA provides very good NOMA capacity, this can be almost doubled with asynchronous transmission. Enhancements to accommodate Asynchronous ACMA in a time-limited frequency resource assignment, including Time-Division Duplexing (TDD), and an option to use multi-layer transmission to increase the multiple access capacity of ACMA for transmission with large TBS are described in [3].
Proposal 1. ACMA NOMA technique to be considered for mMTC uplink applications
Proposal 2. Asynchronous ACMA to be considered to substantially increase NOMA capacity
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