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1. Summary

For the physical layer model it is not clear how many HARQ channels (if more than one) will be required; this number of HARQ channels is needed to size the expensive ACK/NACK on the UL, among other things. In Tallinn contribution R1-062084 presented the need to discuss the number of codewords and the number of HARQ channels for both non-MIMO and MIMO. For MIMO, simulations are needed showing any degradation from mapping the multiple MIMO "code words" (from say 2 or 4 streams) to 1 or 2 HARQ channels (c.f. [10]). For non-MIMO, simulations are needed to examine the problem of having more than twice as many codewords per HARQ channel as in HSDPA. Contribution R1-062084 showed one case with ~1dB of loss. In this contribution, results for 64QAM with the latest 1ms TTI numerology are presented, also showing ~1dB of loss for all the scenarios tested. 

Assuming that MIMO suffers a similar degradation for using a single HARQ channel, then the message is clear: having too many codewords on a single HARQ channel, due to either large bandwidth & higher order modulation or MIMO, should be avoided. It is important to maintain high HARQ efficiency since it is the key mechanism to achieve robustness on a system level. The proposed solution is to develop the necessary multiple HARQ signaling for MIMO, and then consider reusing the signaling for non-MIMO if too many codewords would be placed on a single HARQ channel. In addition, in the channel coding design a moderate increase in maximum codeword block size (e.g., 5114 to 6144) may also be warranted.
2. Introduction

ACK/NACK bits are transmitted on the uplink as hybrid ARQ (HARQ) feedback in response to downlink data transmission. The number of HARQ channels is traditionally sized based on round trip time (including processing delays) assuming one HARQ transmission per TTI if exist. However there are scenarios in EUTRA that may warrant considering multiple HARQ processes within a frame due to the characteristics of EUTRA. Two typical scenarios are: 

· A user transmits multiple separately coded spatial streams (e.g., 2 or 4). 

· 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.

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. Simulation results on throughput of using one vs two HARQ processes are shown in Section 4.

3. Segmentation of 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. The maximum number of FEC segments occurs when all the resource blocks (RB) are assigned to a user and the highest modulation and FEC code rate combination is used. This could happen, for example, if the user is experiencing a good channel condition and the cell is lightly loaded. 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 modulation symbols that can be carried is 

Ns = Nsubc ( NOFDM - Npilot,

assuming all the RBs within the downlink TTI are assigned for a transport block of the UE.  

· If two subframes within a TTI (=1ms) are used for a user, then it is assumed that NOFDM = 12 OFDM symbols per TTI are used for data transmission. It is also assumed that Npilot = Nsubc/6(3 since every 6-th subcarrier is used for reference signal within the OFDM symbol containing reference signals, and three OFDM symbols used for data transmission contain reference signal.

· If one subframe within a TTI is used for a user, then it is assumed that NOFDM = 5 OFDM symbols per TTI are used for data transmission. It is also assumed that Npilot = Nsubc/6, i.e., one OFDM symbol (the 5-th OFDM symbol) used for data transmission contains reference signal.

Here it is assumed that two OFDM symbols per TTI are used for control and pilot overhead. The number of channel bits is N = Ns(q; and 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 derived from a TB), the FEC block size KFEC, and the number of filler bits can be calculated as follows, 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 FEC code rate of R = 7/8 close to the maximum code rate 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 four scenarios. (Increasing the block size of the turbo code to accommodate a 1500byte IP packet was considered in [9].)

Table 1. 
Estimated max number of FEC segments per DL MIMO stream assuming Kmax = 5114 bits.

	BW (MHz)
	10
	10
	20
	20

	Nsubc
	600
	600
	1200
	1200

	NOFDM
	5
	12
	5
	12

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

	Nsub_frame 
	1
	2
	1
	2 

	q
	6
	6
	6
	6

	N
	17400
	41400
	34800
	82800

	K
	15225
	36225
	30450
	72450

	NFEC-block
	3
	8
	6
	15

	KFEC
	5075
	4529
	5075
	4830


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

	BW (MHz)
	10
	10
	20
	20

	Nsubc
	600
	600
	1200
	1200

	NOFDM
	5
	12
	5
	12

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

	Nsub_frame 
	1
	2
	1
	2 

	q
	6
	6
	6
	6

	N
	17400
	41400
	34800
	82800

	K
	15225
	36225
	30450
	72450

	NFEC-block
	2
	4
	3
	7

	KFEC
	7613
	9057
	10150
	10350


For HSDPA, the largest N is 28800, and the largest number of FEC blocks for a transport block is 6.In other words, one ACK/NACK signal provides error indication for a maximum of 6 FEC blocks with Kmax = 5114. In contrast, for EUTRA, one ACK/NACK signal provides error indication for possibly 15 FEC blocks with Kmax = 5114 (last column in Table 1) if only one HARQ process is used. 

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 8 ACK/NACK bits need to be sent on the uplink for the minimum UE capability bandwidth of 10 MHz, and up to 15 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 7 bits per stream for 20MHz). 

4. Throughput Comparison

As discussed above, both extremes are undesirable, rather a third scheme that combines the advantages of both is needed. As a compromise between UL ACK/NACK overhead and DL retransmission efficiency, a small number of HARQ processes may be considered per packet. To illustrate, this section examines the throughput performance of using two HARQ processes per packet vs the baseline of using one HARQ. For simplicity, when two HARQ processes are used, the packet is divided evenly into two transport blocks, as shown in Figure 2. Each TB segment goes through the CRC attachment, code block segmentation, and FEC encoding individually. Note that more elaborate schemes are not considered here, such as using two TBs of different sizes to match the different channel conditions on different MIMO streams.
Since one ACK/NACK bit (before channel encoding) 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. Instead 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 2.
Diagram of segmentation and encoding process when using two HARQ process per packet.

For illustration, the bandwidth 20 MHz scenario defined in [2] was used in simulation study.  The FFT size is 2048, the number of subcarrier is 1200, and the subcarrier spacing is 15 kHz.  The simulation was carried out in GSM TU channel. It is assumed that 12 OFDM symbols per subframe are used for data transmission (with 2 OFDM symbols for control channel and thus not counted), with 64-QAM modulation, FEC code rate 3/4 for the first transmission, and a rate 1/5 mother code rate. It is assumed that all the subcarriers are allocated to one user. Each retransmission, if needed, sends the same amount of bits, which is 100% (fretx = 1.0) or 50% (fretx = 0.5) 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.  The normalized throughput (number of channel bits successfully received per channel bit transmitted) is plotted in Figure 3 and Figure 4 for Chase combining and IR, respectively. The results show that using two HARQ channel provides about 1 dB gain in almost the entire operating region for all the cases.

Though not plotted, it was also observed that half-size retransmission has higher throughput than full-size retransmission for moderate and low FER region for a given MCS. If a reasonably good CQI can be provided to the base station, then fractional retransmission should be used.

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 (as illustrated in Table 2), 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, QPSK, and rate ½ for the first transmission. An improvement of up to 1.5 dB in the TU channel is observed for this case.

[image: image3.wmf][image: image4.wmf](a) Packet size = 30000, fretx = 0.5, Chase.
(b) Packet size = 30000, fretx = 1.0, Chase.
[image: image5.wmf][image: image6.wmf]
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Figure 3.
Performance of one HARQ process (red x) vs two HARQ processes (blue o) in GSM TU channel with Kmax = 5114 bits. Packet size is 30000 bits or 70000 bits. Bandwidth = 20 MHz, 64-QAM, code rate 0.75 in 1st transmission. Chase combining.
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(a) Packet size = 30000, fretx = 0.5, IR.
(b) Packet size = 30000, fretx = 1.0, IR.
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(c) Packet size = 70000, fretx = 0.5, IR.
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Figure 4.
Performance of one HARQ process (red x) vs two HARQ processes (blue o) in GSM TU channel with Kmax = 5114. Packet size is 30000 bits or 70000 bits. Bandwidth = 20 MHz, 64-QAM, code rate 0.75 in 1st transmission. IR.
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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.
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Appendix: 
Notation

Nsubc


Total number of data subcarriers in an OFDM symbol; See Table 7.1.1-1 in [1]. In particular, for BW = 20MHz, Nsubc=1200; for BW = 10MHz, Nsubc=600.

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;

Npilot

Total number of subcarriers used for reference signal in the OFDM symbols for data;

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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