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Comparison of CBRM and Puncturing-Table Based Rate Matching
1 Introduction
The general concept of CBRM for HUGE and RED-HOT was proposed in [1]. The performance of CBRM for turbo codes and convolutional codes have been studied in [2]

 REF _Ref175666642 \r \h 
[3]. Furthermore, the link performance of CBRM can be improved with some optimized design, as shown in [4].  

Other rate-matching proposals for HUGE/RED-HOT are all based on puncturing-tables [5]

 REF _Ref175802521 \r \h 
[6]

 REF _Ref175802522 \r \h 
[7].  The puncturing-table based RM is a natural extension of EDGE rate matching design, where each MCS level needs several puncturing tables.  
Given an “individual” MCS, the puncturing-table based RM may outperform CBRM in terms of link performance, because the puncturing patterns can be optimized individually; while CBRM is designed for all MCS levels.  On the other hand, when a lot of modulation and coding types are supported, the total number of puncturing patterns can be very significant.  Besides, CBRM is very flexible for retransmission because it can support a large number of MCS levels with a little increasing of header overhead.  In this contribution, CBRM and puncturing-table based RM are compared in terms of complexity, MCS and retransmission consideration, header overhead, and link performance.  

2 Complexity Comparison

2.1 Number of Puncturing Patterns

HUGE and RED-HOT introduce new MCS definitions to accommodate high order modulation and high symbol rate transmission.  Shown in the new MCS levels for HUGE and RED-HOT in [8]
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[9]
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[10]
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[11], there are five new MCS for HUGE-A, and eight new MCS for each of HUGE-B, RED-HOT A and B.  Each MCS needs 2 or 3 puncturing patterns for re-transmission purpose.  Based on the existing MCS proposals in [8]
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[9]

 REF _Ref175821416 \r \h 
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[11], where the puncturing-table based rate matching algorithm is proposed, the number of new puncturing patterns is summarized in Table 1.
Table 1   Number of Puncturing Patterns for MCS Proposals
	
	Number of new MCS
	Puncturing Patterns
	Total Number of Puncturing Patterns (w/o PAN)
	Total Number of Puncturing Patterns (including PAN)

	HUGE-A
	5
	2+2+3+3+3
	13
	26

	HUGE-B
	8
	2+2+2+2+3+3+3+3
	20
	40

	RED-HOT A
	8
	2+2+2+2+3+2+3+3
	19
	38

	RED-HOT B
	8
	2+2+2+2+3+3+3+3
	20
	40


Since, every new introduced MCS will need 2 to 3 puncturing patterns for rate matching, the number of new puncturing patterns can be as high as 20, as shown in Table 1.  Besides, each puncturing pattern will need an alternative one for PAN.  The number of puncturing patterns will be doubled for PAN support.  Therefore, the total number of puncturing patterns can be as high as 40.  Although there are some simplified design approaches to derive PAN-based puncturing patterns from regular patterns, the complexity of using ~20 puncturing patterns is still significant.  
On the other hand, when circular buffer rate matching (CBRM) is applied, no further complexity increasing will be introduced for a new introduced MCS.  In other words, once CBRM is used, it can be easily applied to support a large number of MCS without further increasing of complexity on rate matching algorithm.  CBRM is an algorithm for all MCS; while puncturing-table based RM needs specific design for every new MCS.  This property of CBRM makes it suitable to support a larger number of modulations and coding rates.  This is one of the reasons that CBRM has been adopted by LTE.  Since we are introducing multiple modulations with various coding rates, it would be more suitable to simplify the rate-matching algorithm design by using CBRM, especially for HUGE-B, RED-HOT A/B.
2.2 Implementation Complexity

The major difference of implementation complexity between CBRM and puncturing-table based RM is on the number of puncturing patterns, and the complexity of subblock interleaving of CBRM.

In general, for puncturing-table based RM, each MCS needs to store 2~3 regular puncturing tables and 2~3 extra tables for PAN.  The total number of tables can be as high as 20 without PAN, and 40 with PAN support.  A MS with full HUGE-B/RED-HOT B capability will need to store 40 puncturing patterns for downlink (RED-HOT B) and another 40 for uplink (HUGE-B), bringing the total number of stored puncturing patterns to 80.  The complexity is significant related with puncturing patterns.
On the other hand, the major complexity of CBRM implementation is in the subblock interleaving, which needs three tables for column-in row-out interleaving.  The complexity of CBRM is independent from the number of MCS levels.     
3 MCS and Retransmission

Another important feature for rate-matching algorithm is the support of re-transmission for hybrid-ARQ.  Puncturing-table based RM has 2 or 3 puncturing patterns for each MCS.  When the first transmission is failed, the transmitter can use alternative puncturing patterns for re-transmission with the same MCS.  At the receiver side, incremental redundancy (IR) can be applied to improve link performance for re-transmission.

Further link adaptation can also be applied for re-transmission.  During link adaptation, a different MCS can be used for re-transmission as long as this MCS is in the same family to the MCS of the previous transmission.  Usually the MCS for re-transmission has better error-correcting protection (lower coding rate).  In order to support this feature, new MCS families are introduced for HUGE and RED-HOT in [8]
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[11].  The MCS families and their payload size (in octets) are summarized in Table 2. 

Table 2   MCS Families Used in HUGE/RED-HOT
	
	Families (octets)
	New Families (octets)

	HUGE-A
	A(74), B(56)
	E(64)

	HUGE-B
	A(74), B(56)
	Ap(68)

	RED-HOT A
	B(56)
	Ap(68), D(82)

	RED-HOT B
	A(74), B(56)
	Ap(68)


The legacy EDGE has three MCS families, as families A (74 octet payload size), B (56 octets), and C (44 octets).  There are three new families introduced for HUGE and RED-HOT, as families Ap (68 octets), D (82 octets), and E (64 octets), discussed in [8]
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[11].  Padding or splitting is needed for link adaptation between E and A, Ap and A, D and B. 
Based on the new introduced families Ap, D, and E, CBRM uses transmission formats, which specify modulation type and number of RLC blocks, to support various MCS, as discussed in [12].  A further summary of CBRM supported MCS with current HUGE MCS proposals is listed in Table 3.  For RED-HOT, the summary is listed in Table 4.
Table 3   Code Rates of Various CBRM supported MCS, of HUGE
	Payload size (bytes)
	B/56
	E/64
	Ap/68
	A/74

	HUGE-A-1 (16Q, x2)
	0.55, HCS-1-A
	0.62, HCS-2-A
	0.66
	0.71, HCS-3A

	HUGE-A-2 (16Q, x3)
	0.84, HCS-4-A
	0.95, HCS-5-A
	1.01
	1.09

	HUGE-B-1 (2Q, x1)
	0.47, HCS-1-B
	0.54
	0.57
	0.62, HCS-2-B

	HUGE-B-2 (16Q, x2)
	0.46, HCS-3-B
	0.52
	0.55
	0.60, HCS-4-B

	HUGE-B-3 (16Q, x3)
	0.70, HCS-5-B
	0.79
	0.84
	0.91

	HUGE-B-4 (32Q, x3)
	0.54
	0.62
	0.66
	0.71, HCS-6-B

	HUGE-B-5 (32Q, x4)
	0.74
	0.84
	0.89, HCS-7-B
	0.96, HCS-8-B


Table 4   Code Rates of Various CBRM supported MCS, of RED-HOT
	Payload size (bytes)
	B/56
	Ap/68
	A/74
	D/82

	RH-A-1 (8P, x1)
	0.37, HT1A
	0.45, HT2A
	0.49
	0.54, HT3A

	RH-A-2 (16Q, x2)
	0.56, HT4A
	0.68, HT5A
	0.73
	0.81

	RH-A-3 (32Q, x2)
	0.44
	0.53
	0.58
	0.64, HT6A

	RH-A-4 (32Q, x3)
	0.67
	0.80, HT7A
	0.87
	0.96, HT8A

	RH-B-1 (2Q, x1)
	0.49, HT1B
	0.59
	0.64, HT2B
	0.71

	RH-B-2 (16Q, x2)
	0.47, HT3B
	0.56
	0.61, HT4B
	0.68

	RH-B-3 (16Q, x3)
	0.71, HT5B
	0.86
	0.93
	1.03

	RH-B-4 (32Q, x3)
	0.56
	0.67
	0.73, HT6B
	0.81

	RH-B-5 (32Q, x4)
	0.75
	0.91, HT7B
	0.98, HT8B
	1.09


These two tables indicate that CBRM can support not only the MCS defined in [8]

 REF _Ref175821415 \r \h 
[9]

 REF _Ref175821416 \r \h 
[10]

 REF _Ref175821418 \r \h 
[11], but also other MCS, with the combination of payload sizes and transmission formats.  For HUGE-B, a total of 20 MCS levels can be supported by CBRM; while the HUGE-B MCS proposal in [9] supports 8 of them.  Note that these increased MCS levels supported by CBRM will cost no extra complexity once the header formats and the transmission formats are determined.  
The increased number of MCS levels provides more flexibility for link adaptation.  For example, with puncturing-table based RM, when the first transmission with HCS-7-B is failed, HCS-6-B (with coding rate 0.71) can be used for the second transmission.  Because HCS-7-B and HCS-6-B belong to different families, padding will be applied to HCS-6-B.  This padding will lose efficiency for the second transmission.  On the other hand, with CBRM, the second transmission can use a combination of HUGE-B-4 and payload size 68 octets (with coding rate 0.66), from Table 3.  Retransmission within one family can be easily achieved with CBRM.
Another benefit of using more MCS levels is the potential throughput gain at some C/I region.  Puncturing-table based RM selects a limited number of MCS so that throughput performance can be maximized from low C/I to high C/I region.  However, due to the limited number of MCS, the throughput maximizing can not be easily maintained for all C/I.  We use HUGE-B as the example to demonstrate this.  
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Figure 1   Throughput Performance of HUGE-B: 16QAM/32QAM, with puncturing-table based RM
We use simulation to yield throughput performance for HUGE-B.  The simulation assumption is Rx2, TU-3km/hr, ideal FH, and linearised GMSK pulse shaping filter with HSR.  Figure 1 is the throughput results for HUGE-B 16QAM/32QAM, with six MCS levels.  The puncturing patterns are FLO [15].  Figure 2 is the throughput results with CBRM, based on improved CBRM design in [13].  The throughput results for a total of 16 MCS levels, as defined in Table 3, are illustrated.
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Figure 2   Throughput Performance of HUGE-B: 16QAM/32QAM, with CBRM
[image: image3.png]Block Error Rate

120

100

80

40

20

—&— CBRM, HUGE-B
—&— Puncturing-based RM, HUGE-B

20 25 30 35
Cil, (dB)

40




Figure 3   Throughput Comparison for HUGE-B
The throughput comparison between CBRM and puncturing-based RM is shown in Figure 3.  Though these two RM schemes have similar throughput performance for most of C/I region, At C/I=17~18dB, CBRM can slightly outperform puncturing-based RM by ~1dB.  This 1dB throughput gain is the result of using more MCS levels for CBRM.  From Figure 1 it can be clearly shown this 1dB loss is the gap between HCS-5-B (16QAM) and HCS-6-B (32QAM) at C/I=17~18dB.
4 Header Overhead and Link Performance

As indicated in [12], CBRM has slightly different headers to these specified in [8]
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[11].  Two new fields PS (payload size) and RV (redundancy version) are used to replace CPS field.  The size of PS is 2-bits; and the size of RV is 2-bits per RLC block.  Compared to CPS, the header size of CBRM is increased by 2 bits in average, shown in Table 5.  This very small increasing of overhead will have minimal impact on header detection performance.
Table 5   Header Size Comparison
	
	Header Type
	CPS Size (bits)
	RLC Blocks
	PS+RV Size (bits)
	Difference

	HUGE A  
	type 1bis
	5
	2-block
	6
	1

	
	type 4
	6
	3-block
	8
	2

	HUGE B
	type 2bis
	2
	1-block
	4
	2

	
	type 1bis
	3
	2-block
	6
	3

	
	type 4
	6
	3-block
	8
	2

	
	type 5
	8
	3-block
	8
	0

	RED-HOT A
	type 2
	3
	1-block
	4
	1

	
	type 1
	4
	2-block
	6
	2

	
	type 5
	2
	2-block
	6
	4

	
	type 4
	6
	3-block
	8
	2

	RED-HOT B
	type 2bis
	2
	1-block
	4
	2

	
	type 1bis
	3
	2-block
	6
	3

	
	type 4
	5
	3-block
	8
	3

	
	type 5
	8
	4-block
	10
	2


Puncturing-table based RM can outperform CBRM in link performance in general.  This is because that each puncturing pattern can be optimized individually; while the subblock interleaving of CBRM is designed for all MCS levels.  From the Table 3 of [14], CBRM may have about 0.5dB degradation for most of scenarios, and 1.1dB degradation in the worst case at 10% BLER.  The CBRM applied is based on the original proposal of CBRM in [1], which has not been optimized for HUGE and RED-HOT.  With improved CBRM design [4], link performance can be improved, shown in Table 4 of [4].  Considering the improved CBRM performance, we summarize the degradation of revised CBRM in Table 6.  The overall degradation of revised CBRM, compared with puncturing patterns proposed in [14], is relatively small (<0.2dB for HUGE-A).
Table 6   CBRM Degradation: iFH, TU3, 1st transmission
	MCS
	CBRM Degradation (dB) [14]
	CBRM Improvement (dB) [4]
	Overall CBRM Degradation (dB)

	HCS-1-A
	0.3
	0.2
	0.1

	HCS-2-A
	0.5
	0.6
	-0.1

	HCS-3-A
	0.6
	0.7
	-0.1

	HCS-4-A
	1.1
	0.9
	0.2

	HCS-5-A
	
	0.2
	


5 Conclusions
This contribution provides a detailed comparison of CBRM to puncturing-table based RM for HUGE and RED-HOT, on complexity, MCS design, retransmission, header overhead, and link performance.  Based on the discussion, we conclude:
1. The number of puncturing patterns can be as high as 20 for puncturing table based RM without PAN.  With PAN, the number of puncturing patterns can be doubled.
2. A HUGE-B/RED-HOT B mobile station may need to support 80 puncturing patterns in total.

3. CBRM does not need to define puncturing patterns for a new MCS.
4. CBRM can support increased number of MCS levels, which can provide more flexibility for link adaptation.
5. CBRM has potential to achieve higher throughput than puncturing table based RM at some C/I region because of its increased number of MCS levels.

6. The header size of CBRM is increased by 2 bits in average.
7. Puncturing-table based RM can outperform CBRM in link performance for an “individual” MCS.  With revised CBRM, the link performance degradation of CBRM is relatively small.
In general, CBRM is a more effective RM algorithm to support a large number of modulations and coding rates.  Therefore, we propose to use CBRM as the rate matching algorithm for HUGE and RED-HOT.
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