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1. Summary
In [1], limited buffer rate matching (LBRM) was proposed as a means of limiting a UE’s soft buffer for hybrid ARQ (HARQ) combining.  With full buffer rate matching (FBRM), the UE guarantees to support the turbo code with mother code rate 1/3 regardless of transport block (TB) size.  With LBRM, the UE supports the turbo code with mother code rate 1/3 up to a certain TB size, beyond which the mother code rate increases with increasing TB size.
 

This contribution discusses the performance impact of LBRM as compared to FBRM in the context of incremental redundancy (IR) HARQ. The simulation study shows that with a proper soft buffer size, LBRM starts to incur a small difference only at the SNR region where three transmissions are needed. Such difference is NOT expected to cause noticeable system performance. Considering the significant implementation benefits of LBRM [2], it is proposed that LBRM such as defined in [1][5] be adopted for the LTE downlink.
2. TB’s Affected by LBRM 

In LBRM, the total HARQ soft buffer size is defined for each UE category such that – depending on how the total soft buffer resource is allocated to each HARQ process, – some very large TBs are only allowed a mother code rate up to a rate Rm > 1/3 for HARQ transmissions. Denoting the maximum effective mother code rate as Rm, max, and the maximum TB size as TBmax, then the process soft buffer size is 

B= TBmax / Rm, max (soft bits).
The reduction factor in soft buffer size is the ratio of the maximum mother code rate Rm, max to the minimum mother code rate, where the minimum mother code rate is 1/3 for LTE.  For instance, in [2] a maximum mother code rate Rm, max of 2/3 was assumed, leading to a soft buffer size reduction of a factor of 50% (=(2/3)÷(1/3)).
It is noted that the effective mother code rate is Rm, max only for TBs of the maximum size TBmax. For a transport block of size X, the effective code rate Rm is given by 



Rm= max(Rm,max × (X/TBmax), 1/3)

Thus, if Rm, max = 2/3, all TBs of size less than or equal to TB0 have an effective mother code rate of 1/3, where TB0 = TBmax/2. Thus, for all TBs of size ( TBmax/2, the performance of the LBRM is identical to that of the FBRM.
 The performance difference between LBRM and FBRM occurs only at the subset of transport block sizes where the effective mother code rate is very different from 1/3.

As the TB increases above TB0, the effective mother code rate also increases up to Rm, max.  Using a 5 MHz example (such as [3]), the effective mother code rate vs. transport block sizes is plotted in Figure 1. The plot illustrates that the effective mother code rate linearly increases with the TB size for TB sizes above the threshold TB0. The plot further emphasizes that for many cases with TB < TB0, e.g., for service such as VoIP, a mother code rate of 1/3 is always guaranteed, thus LBRM has identical performance as the FBRM.

[image: image1.wmf]
Figure 1. Bandwidth 5 MHz, normal CP length, n=1 OFDM symbol for PDCCH. 
Mother code rate for largest TB is 2/3.

3. No Impact on Initial Transmission

When applying IR HARQ with LBRM according to [1], for a given TB with effective mother code rate Rm > 1/3, the HARQ retransmissions wrap around and repeat bits of the circular buffer earlier than FBRM after a certain number of transmissions. The potential performance and throughput loss of LBRM compared to FBRM depends on the difference between rates Rm and 1/3.  

However, as shown below, there is no difference between LBRM and FBRM in a first transmission for any TB if the soft buffer size is chosen properly. Thus no noticeable system throughput loss is expected from LBRM.

For a UE category, TBmax can be approximately derived
 assuming a maximum data rate where a maximum number of RBs NRB, max and maximum initial modulation and coding rate MCR0,max =qmax×Rmax are assumed, where 
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 is the effective number of REs per RB (including multiple layers, RS overhead etc.) and Rmax is the maximum code rate supported by the UE category (which may in fact be common to all categories, but this is still undetermined). Thus the per-process soft buffer size B is dimensioned as follows.
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For any given TB that used NRB RBs and MCR0 =q0×R0 in the initial transmission, the mother code rate is 
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Rm/R0 is indicative of how much soft buffer size is utilized in initial transmission. Since (1) takes equality only for TBs of size TBmax (and using modulation and coding rate MCR0,max in initial transmission), all other TBs are less (or not) affected by LBRM.

If Rm,max ≤ R0,max is chosen, then Rm ≤ R0 for any TB, i.e., the initial transmission does not exhaust the soft buffer. With Rm,max=2/3 as used in [2], Rm,max ≤ R0,max  is expected for all the UE categories. In this case, there is no difference in the initial transmission between LBRM and FBRM for any TB. The potential performance difference is only in the second (or third) transmission given the initial transmission (or a second transmission) fails. Any performance difference of LBRM potentially shows up only when two transmissions are not sufficient and a third transmission is requested.  It should be noted that the SNR region where this happens depends on the retransmission size. 

Given that the system is expected to operate with block error rate of the initial transmission at around BLER0 = 10%, no noticeable difference is expected between LBRM and FBRM at the system level. Moreover, simulation results in [4] show that, for standard LTE deployment scenarios, enabling LBRM has little or no impact on network performance.
4. Simulation Results
A simulation study is performed to further quantify the performance difference. The simulation assumes a static AWGN channel and a maximum of three transmissions are allowed. For LBRM, the starting positions of the four redundancy versions (RVs) are shrunk proportional to the size of the limited circular buffer [1].

The redundancy version (RV) sequence is the sequence of RVs used to transmit the packet. The RV sequence is denoted as (RV1, RV2, RV3) where RVi is the RV used on the i‑th transmission attempt, 1≤i≤Tmax, where Tmax =3 is the maximum number of transmission attempts. The RV sequence was selected to minimize the transmission of previously transmitted code bits.  The RV sequences used are for illustration purpose only; other good RV sequences may achieve similar or better performance. 

As discussed in Section 3, the TBs with the largest sizes having worst-case performance impact from LBRM are examined. Since for all UE categories, the largest TBs are segmented into multiple code blocks of size approximately equal to 6144 bits (equal to the maximum turbo interleaver size), and the number of code blocks are different depending on the UE category, the study focuses on the performance of a TB composed of one such code block. In other words, the transport block size selected in this study was 6120 bits, which becomes 6144 bits after appending 24 cyclic redundancy check (CRC) bits. All HARQ transmissions of a given TB have the same code rate, i.e., equi‑sized transmission is assumed. 

In the FBRM simulations no constraint was placed on the rate matching virtual circular buffer (whose size in this case is 3×32×ceil((6144+4)/32)=18528). Since, LBRM provides varying effective mother code rates, two representative cases are considered. These are the two maximum effective mother code rate of LBRM, Rm, max = 2/3
 and Rm, max = 1/2.  

· For Rm, max=2/3, the LBRM virtual circular buffer is exactly half of that used in the FBRM simulation i.e., 9264 soft bits.

· For Rm, max=1/2, the LBRM virtual circular buffer is 12352 soft bits including dummies. This case applies to TBs whose its size is 3/4×TBmax, and the effective mother code rate is Rm,=1/2 (see Figure 1).

The simulation scenarios are summarized in Table 1. In the Appendix, the goodput of these scenarios are plotted in Figure 2 through Figure 11, where goodput is defined as the average number of information bits per channel use. In Table 1, ΔSNR (dB) denotes the difference between SNR points between LBRM and FBRM where a third transmission starts to be necessary for zero residual error rates.
Table 1. Simulation scenarios. 
	Rm, max
	Number of 64-QAM symbols of one tx 
	Code rate of one tx (approx.)
	FBRM RV sequence 
	LBRM RV sequence 
	ΔSNR (dB)

	2/3
	1536
	2/3
	(0,2,1)
	(0,2,1)
	1.8

	
	1366
	3/4
	(0,2,1)
	(0,3,2)
	1.8

	
	1280
	0.8
	(0,2,1)
	(0,3,2)
	2.0

	
	1138
	0.9
	(0,2,1)
	(0,3,2)
	2.0

	1/2
	2048
	1/2
	(0,2,1)
	(0,3,1)
	0.2

	
	1536
	2/3
	(0,2,1)
	(0,3,1)
	1.0

	
	1366
	3/4
	(0,2,1)
	(0,3,1)
	1.5

	0.4
	2048
	1/2
	(0,2,1)
	(0,3,2)
	<1

	
	1536
	2/3
	(0,2,1)
	(0,3,2)
	<1

	
	1366
	3/4
	(0,2,1)
	(0,3,2)
	<1


In Figure 3 the block error rate of initial transmission is overlaid. If the system is expected to perform at BLER around 10% for initial transmission, then the operating point is more than 5 dB higher than the SNR region where LBRM starts to differ from FBRM. This illustrates that the LBRM and FBRM have the same performance around the operating point of the system. Similar results were observed for other scenarios of Table 1. Furthermore, simulation results in [4] show that, for standard LTE deployment scenarios, enabling LBRM has little or no impact on network performance.
Conclusions

Considering the significant implementation benefits of LBRM [2], it is proposed that LBRM such as defined in [1] and [5] be adopted for the LTE downlink.
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(a) 64-QAM


Figure 2. Rm, max=2/3, code rate 2/3 for one transmission. AWGN, 64-QAM.
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Figure 3. Rm, max=2/3, code rate 3/4 for one transmission. AWGN, 64-QAM.
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Figure 4. Rm, max=2/3, code rate 0.8 for one transmission. AWGN, 64-QAM.
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Figure 5. Rm, max=2/3, code rate 0.9 for one transmission. AWGN, 64-QAM. 
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Figure 6. Rm, max=1/2, code rate 1/2 for one transmission. AWGN, 64-QAM.
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Figure 7. Rm, max=1/2, code rate 2/3 for one transmission. AWGN, 64-QAM.

[image: image15.wmf]
Figure 8. Rm, max=1/2, code rate 3/4 for one transmission. AWGN, 64-QAM.
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Figure 9. Rm, max=0.4, code rate 1/2 for one transmission. AWGN, 64-QAM.
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Figure 10. Rm, max=0.4, code rate 2/3 for one transmission. AWGN, 64-QAM.
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Figure 11. Rm, max=0.4, code rate 3/4 for one transmission. AWGN, 64-QAM.

� It should also be noted that allowing the total HARQ soft memory resource available in the UE to be flexibly partitioned between HARQ processes also allows specific HARQ processes to support the full R=1/3 mother code rate regardless of the TB size.


� A further corollary here, of course, is that for HARQ processes using a smaller range of TB’s – e.g. a process reserved for dedicated signalling – such that the range of applicable TB sizes is less than TB0 there is no loss of performance at all from the use of LBRM.


� Clearly, the current TS 36.306 values for the maximum number of transport block bits transferable per subframe were established without defining the maximum number of RB’s receivable by the UE. Here, NRB, max simply refers to an equivalent maximum number of RB’s, for convenience.


� Under the assumptions of � REF _Ref185659658 \r \h ��[2]�.
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