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1. Summary

In the Athens joint RAN1-RAN2 meeting, the use of multiple HARQ processes was discussed in the context of TrCH multiplexing for scheduling for the same or different service from a single user [1] and for multiple (up to 4) spatial streams. An additional consideration is that transport blocks may consist of a very large number of length 5114 FEC codewords, with the potential degradation from using the HSDPA-segmentation strategy of one HARQ channel per packet. Clearly, before a decision is made on the number of HARQ processes the potential degradation from using a small number (e.g., 1 or 2) of processes should be evaluated for both FEC/HARQ and MIMO. Contribution [8] discussed the segmentation loss and the uplink signaling cost of sending 1, 2 and 4 bit ACKs on the uplink. This contribution provides additional results and updates [8]. 
The study shows that there is a benefit in having more than one HARQ process. To limit the feedback overhead on the uplink, a good compromise is to use two HARQ processes, resulting in two ACK/NACK bits per packet on the uplink for packet sizes greater than Kmax. For packets smaller than Kmax, one HARQ process can be used as currently defined in [3]. To further improve system throughput, the maximum information block size of channel coding should be increased, and small-size retransmission should be defined for the HARQ. 
2. Introduction

ACK/NACK bits are transmitted on the uplink as hybrid ARQ (HARQ) feedback in response to downlink data transmission. While the number of HARQ channels is traditionally sized based on round trip time (including processing delays), there are several scenarios where considering multiple HARQ processes within a frame may be beneficial: 
· A user transmits multiple separately coded spatial streams (e.g., 2 or 4) 

· A user transmits data with vastly different QoS (e.g., voice and best effort data) (R2-060943)

· The scheduler assigns two sets of resource blocks using two different MCS. (R2-060943) in order to best leverage the channel variations across the frequency domain.

· A transport block (TB) contains a large number of maximum size (5114) segments, where the decoding performance of each codeword may not be completely correlated.

· The frame contains a small-size retransmission of previous packet and a new packet.

In each case, there may be an advantage to downlink performance to have multiple HARQ channels within a frame for a single user. The downlink signalling could be simpler if only one UE ID needs to be sent vs two UE IDs. However, this could increase the number of ACK/NACK bits on the uplink. Aspects of multiple HARQ are studied in detail in this contribution.
In Section 3, the possible TB sizes (with a single spatial stream) and the maximum number of FEC segments of a TB using the current turbo coding codeword size limits [2] are shown. Frequency selective full buffer system simulations are provided in Section 3.2
 to illustrate the distribution of the TB sizes in a typical E-UTRA scenario. Simulation results on throughput of using one vs two HARQ processes are shown in Section 4.  Section 5 shows the performance of sending multi-bit ACK/NACKs on the uplink using the transmission format outlined in [4]
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[5].
3. Downlink Transport Block Size
Due to the availability of larger bandwidths, the transport block sizes can be significantly higher in E-UTRA than in HSDPA. To increase the efficiency of the system, changes in HARQ design and FEC segmentation are needed. The number of FEC segments and the distribution of TB sizes are discussed below to illustrate.

Although the study assumes that five OFDM symbols are used for data transmission, the same effect is expected when other number of OFDM symbols (e.g., six) are chosen.
3.1. Number of FEC Segments
The maximum number of FEC segments occurs when all the resource blocks (RB) are assigned to a user and the highest FEC code rate is used.  This section illustrates the maximum of segments that the system encounters for different bandwidth and TTI size combinations.
Using the notations listed in the Appendix, the maximum number of symbols that can be carried is Ns = Nsubc ( NOFDM ( Nsub_frame, assuming all the RBs within the downlink TTI are assigned for a transport block of the UE. For illustration purpose, five OFDM symbols per subframe are assumed available for data, with two symbols for control and pilot overhead. The transport block size is thus K = Ns(q(R, where q is the modulation order and R is the code rate.  Assuming the code block segmentation rule defined in [3] is used, the number of FEC code blocks NFEC-block (i.e., the number of FEC segments of the TB), the FEC block size KFEC, and the number of filler bits can be calculated, NFEC-block = (K/Kmax (, KFEC = (K/NFEC-block  (, Nfiller =  NFEC-block( KFEC   ‑ K. Here the CRC bits are ignored for simplicity.
The study below focuses on 10 MHz and 20 MHz bandwidths since in [1] it is stated that the UE has a reception bandwidth capability of at least 10 MHz, while a maximum of 20 MHz need to be considered. A maximum FEC code rate of R = 7/8 is assumed for data transmission. The number of FEC blocks and the block sizes per MIMO stream are tabulated in Table 1 and Table 2 for Kmax = 5114 and 12000 bits, respectively, for six scenarios. (Increasing the block size of the turbo code to accommodate a 1500byte IP packet was considered in [9].)
Table 1. 
Estimated maximum number of FEC segments per DL MIMO stream assuming Kmax = 5114 bits.
	BW (MHz)
	10
	10
	10
	10
	20
	20

	Nsubc
	600
	600
	600
	600
	1200
	1200

	NOFDM
	5
	5
	5
	5
	5
	5

	R
	7/8
	7/8
	7/8
	7/8
	7/8
	7/8

	Nsub_frame (TTI ms)
	1 (0.5)
	1 (0.5)
	4 (2)
	4 (2)
	4 (2)
	4 (2)

	q
	2
	6
	2
	6
	2
	6

	N
	6000
	18000
	24000
	72000
	48000
	144000

	K
	5250
	15750
	21000
	63000
	42000
	126000

	NFEC-block
	2
	4
	5
	13
	9
	25

	KFEC
	2625
	3938
	4200
	4847
	4667
	5040

	Nfiller
	0
	2
	0
	11
	3
	0


Table 2. 
Estimated maximum number of FEC segments per DL MIMO stream assuming Kmax = 12000 bits.

	BW (MHz)
	10
	10
	10
	10
	20
	20

	Nsubc
	600
	600
	600
	600
	1200
	1200

	NOFDM
	5
	5
	5
	5
	5
	5

	R
	7/8
	7/8
	7/8
	7/8
	7/8
	7/8

	Nsub_frame (TTI ms)
	1 (0.5)
	1 (0.5)
	4 (2)
	4 (2)
	4 (2)
	4 (2)

	q
	2
	6
	2
	6
	2
	6

	N
	6000
	18000
	24000
	72000
	48000
	144000

	K
	5250
	15750
	21000
	63000
	42000
	126000

	NFEC-block
	1
	2
	2
	6
	4
	11

	KFEC
	5250
	7875
	10500
	10500
	10500
	11455

	Nfiller
	0
	0
	0
	0
	0
	5


The number of HARQ processes to be considered within one packet can be viewed in the context of the number of FEC segments required for a maximum size TB. The extremes are
· One HARQ Process with a large TB. The packet goes through the CRC attachment, code block segmentation, and FEC encoding as one transport block, as shown in Figure 1. The transport block is segmented into NFEC-block FEC blocks [3] With a single CRC covering all FEC blocks and one HARQ process.  This scheme requires minimal overhead, since only one ACK/NACK bit per packet needs to be sent on the uplink. However, downlink efficiency could be degraded since even if only one FEC block is in error, all FEC blocks must be retransmitted.  [baseline assumption]
· One HARQ Process per FEC block. Conceivably, a packet can be divided into multiple FEC information blocks, and a single HARQ process could be used for each FEC block, with each FEC codeword as a TB with an associated CRC and HARQ channel.  This would have the advantage of higher retransmission efficiency, but much higher cost for the multiple ACK/NACK bits to be transmitted on the uplink.
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Figure 1.
Diagram of segmentation and encoding process when using one HARQ process per packet.

Table 1 shows that if the extreme case of one HARQ per FEC block is used, then up to 13 ACK/NACK bits need to be sent on the uplink for the minimum UE capability bandwidth of 10 MHz, and up to 25 ACK/NACK bits for 20MHz for each MIMO stream. Table 2 shows that the effect could be mitigated somewhat by increasing the maximum size of a FEC block (up to 11 bits per stream for 20MHz). The use of multiple HARQ processes for multiple spatial streams should also be considered simultaneously with FEC segmentation and performance, with a worst case number of HARQ processes equal to 2-4x those listed in the tables. However, these numbers are clearly extreme, and the actual distribution of TB sizes should be considered, which is shown in next subsection. The downlink throughput comparison of using 1 to 2 HARQ processes per packet is investigated in Section 4. 

3.2. TB Size Distribution

As discussed later in Section 4, using multiple HARQ processes is beneficial when the packet size (equal to TB size when one HARQ) is large. However, there is little or no benefit when the packet size is small. Thus it is important to find out the distribution of packet size in a realistic system.

A sample set of distributions of the TB sizes for frequency selective scheduling and various TTI values were obtained from system simulations. The air-interface configurations for these simulations are shown in Table 3. In Figure 1, distributions of the transport block segment sizes obtained from the simulations are shown for various TTI values.  For these simulations no maximum TB size limitations were used; in other words, the maximum TB sizes were determined based on the available frame resources and the user’s selected MCS. The TB size is equivalent to the packet size shown in Figure 1.  A maximum of 8 users are scheduled per TTI. It is observed that more than 50% of the time, 7-8 users are scheduled for a TTI. 
Table 3. 
System simulation configuration.

	Parameter
	Assumption

	Bandwidth
	10 MHz

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Distance-dependent path loss
	L=128.1 + 37.6log10(.R), R in kilometer

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m  (See D,4 in UMTS 30.03)

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	0 dB

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Interference and noise modelling
	Only interference modelled, thermal noise ignored

	Channel model
	12-ray GSM Typical Urban (TU);

User speed = 3 km/h

	Total BS TX power (Ptotal)
	43dBm (5MHz),  46dBm (10MHz)

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	Minimum distance between UE and cell
	10 meters

	AMC
	ON (0.4<=MCS<=4.8)

	HARQ
	IR with unlimited stop-and-wait HARQ protocol ; retransmission size is 1/8 of 1st transmission

	OFDM symbols (Data symbols) per subframe
	Dependent on TTI value:

TTI 0.5msec: 7 (5)

TTI 1.0 msec: 14 (35/3)

TTI 1.5msec: 21 (59/3)

TTI 2.0 msec: 28 (25)

	Scheduler
	PF (both in time and frequency domain); maximum number of users scheduled per sub-frame=8

	Link Mapping
	EESM

	E-UTRA BS Transmitter  x UE Receiver
	1x2



	Other Cell interference
	All BS transmitters always on at full power

	Traffic model
	Full-buffer (number of users/sector=20) 

	Delay between CQI reporting and scheduling
	2*TTI (e.g., 1 msec for TTI=0.5 msec)

	Number of simulation drops
	10
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Figure 2 TB size distributions for various TTI values. 

Since there are a large number of contending users, the TB size for a user is less than Kmax most of the time when TTI = 0.5 ms. However, this would change when the cell is lightly loaded, where a single user can be allocated most or all of the sub-carriers. 

Even for a heavily loaded system studied in Figure 2, it can be observed that, as the TTI value increases, the fraction of TB with sizes larger than 5114 bits also increases.  Although the percentage of TB sizes larger than 5114 bits is small at TTI=0.5msec, the fraction of TB larger than 5114-bit for TTI values of 1.0msec, 1.5msec and 2.0msec are about 14%, 28% and 40%, respectively. Thus, it is expected that allowing two HARQ processes and/or increasing Kmax will improve the performance of these TB. 

4. Throughput Comparison

As studied in Section 2, the increased TB size requirement is no longer compatible with the maximum FEC block size and the single HARQ scheme. As a compromise between ACK/NACK overhead and retransmission efficiency, a small number of HARQ processes may be used per packet. To illustrate, this section examines the throughput performance of using two HARQ processes per packet vs using one HARQ. When two HARQ processes are used, the packet is divided evenly into two transport blocks, as shown in Figure 3. Each TB segment goes through the CRC attachment, code block segmentation, and FEC encoding individually. 
Since one ACK/NACK bit is sent on the uplink per TB, a total of 2 ACK/NACK bits are needed per packet on the uplink. Since two HARQ processes are used, the retransmission size is halved compared to one-HARQ. In this sense two-HARQ is similar to half-size retransmission. In stead of having no knowledge about the error location, the error can be identified as in the first TB or the second TB (or both), and only the piece(s) in error is resent. Thus the retransmission efficiency is improved if a packet is in error, especially if the errors are bursty as in a frequency selective channel. 
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Figure 3.
Diagram of segmentation and encoding process when using two HARQ process per packet.
For illustration, the bandwidth 5 MHz scenario defined in [2] was used in simulation study.  The FFT size is 512, number of subcarrier is 300, and the subcarrier spacing is 15 kHz.  The simulation was carried out in GSM TU channel. It is assumed that 5 OFDM symbols per subframe are used for data transmission (with 1-2 OFDM symbols for control channel), with QPSK modulation, rate ½ for the first transmission, rate 1/5 mother code. For simplicity, all the subcarriers are allocated to one user. Each retransmission, if needed, sends the same amount of bits, which is 100% or 50% as many as the first transmission (i.e., full-size or half-size retransmissions). A maximum of 3 transmissions are allowed regardless of retransmission size. 

Figure 4 compares the normalized throughput (number of successful data bit per data bit in the packet) of one vs two HARQ processes for packet sizes of 12000 bits and 28000 bits with IR or Chase combining HARQ. An improvement of 0.5-0.8 dB is observed by using two HARQ processes for all the cases.  Further throughput gains are possible by using more HARQ processes, with the price of higher uplink overhead. 
In addition, as shown in Table 1, NFEC-block can be quite high due to the limitation of Kmax = 5114 defined in [3], resulting in performance loss. Increase Kmax may reduce the number of FEC blocks, thus reducing the loss due to concatenation. In Figure 5, a combined effect of using two HARQ processes and increasing Kmax to 6144 is shown for packet size 12000. An improvement of up to 1.5 dB in the TU channel is observed for this case.

Note that the normalized throughput shown is the number of successful data bit per data bit in the packet after a maximum of three transmissions. This does not reveal the efficiency of half-size retransmission scheme. However, the full-size retransmission takes twice as much channel resources than the half-size retransmission if the packet is in error. If normalized by the channel resources (number of successful data bit per channel symbol), half-size retransmission scheme would have higher throughput than the full-size retransmission.
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(a) Packet size = 12000 bits, Chase combining.
(b) Packet size = 12000 bits, IR.
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(c) Packet size = 28000 bits, Chase combining.
(d) Packet size = 28000 bits, IR.
Figure 4.
Performance of one HARQ process vs two HARQ processes in GSM TU channel with Kmax = 5114. Packet size is 12000 bits or 28000 bits. Both Chase combining and IR HARQ were tested.
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Figure 5.
Performance of one HARQ process vs two HARQ processes with packet size = 12000 bits in GSM TU channel. It is assumed that the maximum turbo code block size is increased to 6144 bits when using two HARQ processes.

5. Uplink Transmission of ACK/NACK Bits

The sections above have showed that there is a downlink throughput gain in using multiple HARQ processes. This section studies the performance of different number of ACK/NACK bits on the uplink. This study shows how many ACK/NACK bits are feasible on the uplink given the constraints of cell size and coverage target.
A proposed uplink control signal mapping scheme is presented in [4]
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[5] where the L1/L2 data non-associated control signalling (ACK/NACK, CQI etc. with no data transmission in the sub-frame) are mapped to the two uplink resource blocks (for 5 MHz) corresponding to the carrier band edges to maximize the frequency diversity for the L1/L2 control signalling and also to reduce the out-of band emissions from the data allocation on the inner band resource blocks.  Two options considered for control signalling mapping – frequency diverse and non-frequency diverse FDM allocations are shown in Figure 6. Detail analysis of the uplink CQI channel overhead is presented in [6]
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[7].
[image: image11.emf]1 1

2 2

3 3

4 4

5 5

6 6

7 . . . . 7

8 . . . . 8

9 . . . . 9

10 10

11 11

12 12

13 13

14 14

15 15

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 . . . . 8

9 . . . . 9

10 . . . . 10

11 11

12 12

13 13 . . . . . . . .

14 14 . . . . . . . .

15 15 . . . . . . . .

16 16

17 17

18 18

19 19

20 20

21 21

22 22

23 23

24 24

25 25

Pilot

UE24

SUBFRAME EXAMPLE 1 SUBFRAME EXAMPLE 2



RB12

UE13



UE13

UE24

RB2 -

RB11



RB1



UE12

UE1

UE2



UE1



UE1

UE2



UL 

CTL 

RSRC



UE13

UE14



UE25

Data

Control or Data



UL 

CTL 

RSRC

UE2

UE12


Figure 6 - OPTION 1: Frequency Diversity Localized Allocation, and

OPTION 2: Localized Allocation, 5MHz carrier example.

The performance of the single and multi ACK/NACK bits for the frequency diverse localized FDM allocation option 1 for 5MHz BW mode is evaluated. Sub-carriers corresponding to Long Blocks (LB) 1, 2, 3 and (Short Block) SB 1 are mapped to RB 1 while sub-carriers corresponding to LB 4, 5, 6 and SB 2 are mapped to RB 12 as shown in option 1 of Figure 6 providing frequency diversity. Details of the ACK/NACK control mapping are shown in Table 4.  
Table 4. ACK/NACK Allocation and Control Mapping
	Data Allocation
	Pilot Allocation

	Number of LBs
	Number of sub-carriers / LB
	Number of SBs
	Number of sub-carriers/ SB
	Number of LBs
	Number of sub-carriers/LB

	4
	2
	2
	1
	2
	2


The total number of sub-carriers used for pilot and data is 14 of which 8 sub-carriers are used for data and 6 sub-carriers for pilot. Two LBs in addition to the 2 SBs are used as pilots to improve the channel estimation performance. Data sub-carriers (2 sub-carriers/LB) are mapped on to LBs 1, 3, 4, 6 with the pilot sub-carriers on LB 2, 5 and SB 1, 2. The MCS for the single and multi ACK/NACK bits is shown in Table 5. Additional simulation assumptions are shown in Table 6. The performance of the single and multi-bit ACK/NACK is shown in Figure 7.  Table 7 shows the C/I (dB) required for 1% and 0.1% error rates. 
Table 5. MCS for ACK/NACK
	# of ACK/NACK bits
	Modulation
	Code Rate

	1
	BPSK
	1/8

	2
	QPSK
	1/8

	4
	QPSK
	1/4


Table 6. Simulation Assumptions

	Item
	Value/Description

	Channel Bandwidth
	5 MHz

	Number of sub-carriers (LB/SB) 
	300/150

	Sub-carrier spacing (LB/SB)
	15/30 kHz

	Cyclic prefix length
	4.04 s

	Baud/Symbol duration (LB/SB)
	66.67/33.33 s

	FFT size (LB/SB)
	512/256

	Channel
	GSM TU 15kph

	Number of Rx Antennas
	2
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Figure 7 Performance of ACK/NAK channel in GSM TU channel.

Table 7. C/I Required and ACR for 1% and 0.1% BER
	# of ACK/NACK bits
	1% BER Target
	0.1% BER Target

	
	C/I (dB)
	ACR (500 m ISD)
	ACR (1732 m ISD)
	C/I (dB)
	ACR (500 m ISD)
	ACR (1732 m ISD)

	1
	-0.7 dB
	100%
	96%
	2.7 dB
	88%
	89%

	2
	0.9 dB
	100%
	93%
	5 dB
	83%
	25%

	4
	3.1 dB
	87%
	88%
	7 dB
	77%
	20%


Uplink C/I distributions for 500 m and 1732 m ISD (inter-site distance) is given in [6]
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[7].  Combining the link C/I requirements and the C/I distribution, the Area Coverage Reliability (ACR) for ISD of 500m and 1732m is shown in Table 7. It can be seen that a one bit ACK/NACK can be reliably supported for 1% BER target. For multi-bit ACK/NACK using the same ACK/NACK allocation as a one-bit ACK/NACK report, the performance and ACR degrades as the number of the ACK/NACK bits in the report is increased. The degradation is significant for ISD of 1732 m.  For users with low C/I (e.g., edge-of-cell users) or higher C/I ACK/NACK requirements due to the multi-bit ACK/NACK reports, additional repetition or additional control resources is necessary thereby increasing the ACK/NACK control overhead. 
The above results uses the same resources per ACK message, regardless of the number of bits. The size of the message can also be adjusted such that the same reliability is reached. It is also possible to consider having different numbers of ACK bits being sent as needed (and as scheduled and known by both nodeB and UE), or to have some limited form of AMC applied to the ACK/NACK.

6. Conclusions

This contribution explores the benefit and feasibility of using multiple HARQ processes on the downlink. The downlink throughput, downlink TB size distribution and uplink ACK/NACK error rate performance are studied. The analysis showed that system throughput can be gained with a small overhead increase. Three improvements are recommended for E-UTRA for the best system efficiency: (a) allowing two HARQ processes for packet sizes greater than Kmax; (b) Increasing Kmax of FEC; (c) using smaller-size retransmission.
References

[1]. 3GPP R2-060943 “Transport channel multiplexing,” Motorola, Athens, Greece 2006.

[2]. 3GPP TR 25.814 V1.2.2 (2006-3): “Physical layer aspects for evolved UTRA (Release 7)”.

[3]. 3GPP TS 25.212 v6.4.0 (2005-03): “Multiplexing and Channel Coding (FDD) (Release 6)”.

[4]. 3GPP R1-060882, “E-UTRA Uplink Control Signaling + TP,” Motorola, RAN1#44 bis, Athens, Greece 2006.

[5]. 3GPP R1-061172, “E-UTRA Uplink Control Signaling + TP,” Motorola, RAN1#45, Beijing, China 2006.
[6]. 3GPP R1-060881, “Overhead Analysis and Resource Assignment for Uplink CQI Feedback Channel and TP,” Motorola, RAN1#45, Athens, Greece 2006.

[7]. 3GPP R1-061171, “Overhead Analysis and Resource Assignment for Uplink CQI Feedback Channel and TP,” Motorola, RAN1#45, Beijing, China 2006.
[8]. 3GPP R1-061473, “Segmentation and ACK/NACK signalling for LTE,” Motorola, RAN1#45, Shanghai, China, May 2006.
[9]. 3GPP R1-061050, “EUTRA FEC Enhancement,” Motorola, France Telecom, GET, Orange, 3GPP TSG RAN WG1#44bis, R1-061050, Athens, Greece. 27-31 March 2006.
Appendix: 
Notation
Nsubc

Total number of data subcarriers in an OFDM symbol; See Table 7.1.1-1 in [1].

Nsub_frame 
Number of subframes; Nsub_frame  =  TTI / Tsub_frame  = TTI / 0.5 ms;

q

Modulation order; q = 2, 4, 6 for QPSK, 16-QAM, 64-QAM, respectively.
R

Channel coding rate; Rmin = 1/3 if channel coding technique defined in [3].
NOFDM

Number of OFDM symbols for data transmission per subframe;
Nfiller

Number of filler bits.

NFEC-block

Number of FEC blocks.

K

Total number of information bits.

N

Total number of coded bits.
KFEC

Number of information bits per FEC block.

Kmax

Maximum FEC block size. Kmax = 5114 for turbo codes defined in [3].

Nfiller


Number of filler bits to be padded before segment the transport block.

NHARQ

Number of parallel HARQ processes per user.
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