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1 Introduction
In RAN1#90, the following agreement on bit-level interleaving was reached [1]:
Agreement: 
· A bit-level interleaver within a code block is included at the output of the rate matcher

Furthermore, the following agreement was reached in RAN1 NR AdHoc #3 [2]:
Agreement:
For the per-codeblock bit-interleaver for LDPC: 
· Row-column interleaver with number of rows equal to the modulation order is adopted, with row-wise write and column-wise read. 
· Note that this achieves Systematic Bit Priority Ordering for RV0
· The number of coded bits in a code block is an integer multiple of the modulation order

The agreed per-codeblock bit-interleaver has number of rows equal to the modulation order, which means that no interleaving is achieved for BPSK. We therefore find the two agreements somewhat contradictory, since the agreement from RAN1 NR AdHoc #3 states that a bit-level interleaver is included while the agreement from RAN1#90 implies that BPSK is not interleaved. In this contribution we present a slightly modified row-column interleaver which also interleaves the bits in a code block for BPSK modulation. 
2 Bit-Interleaving for BPSK
In the current 38.212 specification [3], the bit interleaving step is described in Section 5.4.2.2 as:



The bit sequence  is interleaved to bit sequence , according to the following, where the value of  is given by Table 5.4.2.2-1.


for  to 


	for  to 

;
end for
end for

Table 5.4.2.2-1: Modulation and number of coded bits per QAM symbol
Modulation


π/2-BPSK, BPSK
1
QPSK
2
16QAM
4
64QAM
6
256QAM
8


The simplest way to ensure that interleaving is achieved also for BPSK is to modify the number of rows in the agreed row-column bit-interleaver, that is, Table 5.4.2.2-1 can simply be modified as shown in Table 1, where Q has been changed from 1 to 2 for the BPSK variants (shown in bold text).
[bookmark: _Ref499549962]Table 1: Modulation and number of rows Q in interleaver
	Modulation
	


	π/2-BPSK, BPSK
	2

	QPSK
	2

	16QAM
	4

	64QAM
	6

	256QAM
	8



As shown in Section 3, our simulation results show that bit-interleaving with four rows in the interleaver often gives better performance than bit-interleaving with only two rows, which is the case for QPSK. An alternative to the above variant of Table 5.4.2.2-1 may therefore be to use a minimum of four rows in the interleaver as shown in Table 2.
[bookmark: _Ref499549903]Table 2: Modulation and number of rows Q in interleaver
	Modulation
	


	π/2-BPSK, BPSK
	4

	QPSK
	4

	16QAM
	4

	64QAM
	6

	256QAM
	8



Simply modifying the number of rows in the bit-interleaver comes without any increase in complexity, since the interleaver already exist and the total size of the interleaver, that is rows x columns, stays the same.
[bookmark: _Hlk499561626]The minimum number of rows in the per-codeblock bit-interleaver for LDPC can be increased without any additional complexity since the total size of the interleaver stays the same.
Another important feature of the agreed bit-interleaver is the systematic bit priority. The number of rows in the interleaver must be the same as the modulation order for 16QAM, 64QAM and 256QAM to achieve systematic bit priority. This is however not necessary for BPSK and QPSK, since there is no difference in error probability for different bit positions. Changing the number of rows in the interleaver thus has no impact on systematic bit priority for BPSK and QPSK.
[bookmark: _Hlk499561588][bookmark: _Hlk499794545]The per-codeblock row-column bit-interleaver for LDPC should have a minimum of four rows also if the modulation order is lower. This ensures that bit-interleaving is performed for BPSK, enhances the bit-interleaving achieved for QPSK and preserves the systematic bit priority of the current bit-interleaver with no additional implementation complexity.
3 [bookmark: _Ref499549608]Simulation Results
To show the potential gain by bit-interleaving, we have performed fading channel simulations. For BPSK, we have considered base graph #2 and very low code rates, i.e. the region for which BPSK will be used. The exact simulation settings are shown in Table 3. We have considered a few cases, not covering the parameter space extensively, and show that in some cases an increased number of interleaver rows results in a significant performance improvement while the performance gain is small in other cases.
[bookmark: _Ref499551987]Table 3: Simulation settings
	Parameter
	Value

	Number of PRBs
	5, 20 or 40

	TTI length (number of OFDM symbols)
	2, 7 or 14

	Modulation
	BPSK or QPSK

	Transmission scheme
	OFDM or DFTS-OFDM

	Code rate
	1/5, 1/4 and 1/3

	Channel model
	TDL-C with 60 km/h or 300 km/h speed

	LDPC decoder
	Flooding sum-product with a maximum of 50 decoding iterations



[bookmark: _Hlk499794609]Results for BPSK
[bookmark: _Hlk499560263]Figure 1 shows the performance for interleavers with 1, 2 and 4 rows for a code rate of 1/4, 20 PRBs, 2 OFDM symbols and OFDM transmission. At a BLER of , the performance gain by increasing the number of rows in the interleaver from 1 to 4 is approximately 0.4 dB. For this case, interleaving with 2 rows doesn’t give any significant gains compared to interleaving with 1 row. Figure 2 shows the performance for the same case, but with code rate 1/5 instead of 1/4. Here there is a small performance improvement of 0.21 dB at BLER  by using an interleaver with 2 rows. If the number of interleaver rows is increased to 4, a significant improvement of around 1 dB at BLER  can be achieved.
[image: ]
[bookmark: _Ref499559167]Figure 1: Performance of BPSK for interleavers with 1, 2 and 4 rows is shown for a code rate of 1/4, 20 PRBs, a UE speed of 60 km/h, 2 OFDM symbols and OFDM transmission.
[image: ]
[bookmark: _Ref499559603]Figure 2: Performance of BPSK for interleavers with 1, 2 and 4 rows is shown for a code rate of 1/5, 20 PRBs, a UE speed of 60 km/h, 2 OFDM symbols and OFDM transmission.
If the number of OFDM symbols per PRB is increased to 7, the performance difference between interleavers with different number of rows is minimal. For both tested code rates there is a gain of approximately 0.05 dB by using an interleaver with 4 rows instead of 1 row.
Figure 3 shows the performance for a code rate of 1/4, 40 PRBs, 2 OFDM symbols and OFDM transmission. At a BLER of , the performance gain by increasing the number of rows in the interleaver from 1 to 4 is approximately 0.42 dB. The gain is however only around 0.05 dB when the code rate is reduced to 1/5.
[image: ]
[bookmark: _Ref499560371]Figure 3: Performance of BPSK for interleavers with 1, 2 and 4 rows is shown for a code rate of 1/4, 40 PRBs, 2 OFDM symbols, a UE speed of 60 km/h and OFDM transmission.
Simulations of the above cases with DFTS-OFDM instead of OFDM show that the performance gain by interleaving with 4 rows instead of 1 row is small, in the order of 0.02-0.05 dB. Gains have however been observed for other cases. As an example, the performance for a code rate of 1/4, 5 PRBs, 14 OFDM symbols, a UE speed of 300 km/h and DFTS-OFDM is shown in Figure 4, where a gain by increasing the number of rows in the interleaver from 1 to 4 of 0.52 dB at BLER 0.01 can be observed.
[image: ]
[bookmark: _Ref499560973]Figure 4: Performance of BPSK for interleavers with 1, 2 and 4 rows is shown for a code rate of 1/4, 20 PRBs, a UE speed of 60 km/h, 2 OFDM symbols and DFTS-OFDM transmission.
Observation 1 [bookmark: _Hlk499561600][bookmark: _Hlk499808482]For BPSK, bit-level interleaving with 4 rows in the interleaver instead of 1 row gives significant gains of up to 0.5 dB for some cases, while the gains for other cases are small.

Results for QPSK
The bit-interleaving can also be enhanced for QPSK modulation by increasing the number of rows in the interleaver from 2 to 4. A few examples are shown in the figures below. The gains are mainly seen for low code rates, e.g. code rate 1/4 and 1/5, but small gains are observed also for higher code rates. Gains up to 0.45 dB at BLER 0.01 has been shown for OFDM and gains of up to 0.36 dB has been found for DFTS-OFDM. 
Observation 2 [bookmark: _Hlk499808206]For QPSK, bit-level interleaving with 4 rows in the interleaver instead of 2 rows may give gains of up to 0.45 dB for OFDM and up to 0.36 dB for DFTS-OFDM.
[image: ]
Figure 5: Performance of QPSK for interleavers with 2 and 4 rows is shown for a range of code rates, 5 PRBs, 14 OFDM symbols, a UE speed of 300 km/h and OFDM transmission.

[image: ]
Figure 6: Performance of QPSK for interleavers with 2 and 4 rows is shown for a range of code rates, 5 PRBs, 2 OFDM symbols, a UE speed of 60 km/h and OFDM transmission.
[image: ]
Figure 7: Performance of QPSK for interleavers with 2 and 4 rows is shown for a range of code rates, 5 PRBs, 14 OFDM symbols, a UE speed of 300 km/h and DFTS-OFDM transmission.

4 Conclusions
In this contribution we made the following observations:
Observation 1 The minimum number of rows in the per-codeblock bit-interleaver for LDPC can be increased without any additional complexity since the total size of the interleaver stays the same.
Observation 2 For BPSK, bit-level interleaving with 4 rows in the interleaver instead of 1 row gives significant gains of up to 0.5 dB for some cases, while the gains for other cases are small.
Observation 3 For QPSK, bit-level interleaving with 4 rows in the interleaver instead of 2 rows may give gains of up to 0.45 dB for OFDM and up to 0.36 dB for DFTS-OFDM.
Based on the discussion in this contribution we propose the following:
1. [bookmark: _GoBack]The per-codeblock row-column bit-interleaver for LDPC should have a minimum of four rows also if the modulation order is lower. This ensures that bit-interleaving is performed for BPSK, enhances the bit-interleaving achieved for QPSK and preserves the systematic bit priority of the current bit-interleaver with no additional implementation complexity.
[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref498594043]RAN1, Chairman’s Notes, 3GPP TSG RAN WG1 Meeting #90, August 2017.
[bookmark: _Ref498594548]RAN1, Chairman’s Notes, 3GPP TSG RAN WG1 NR AdHoc #3, September 2017.
[bookmark: _Ref498598717]R1-1721049, TS38.212 v1.2.0 NR; Multiplexing and channel coding, Huawei, November 2017.
	4/11	
image2.wmf
1

2

1

0

,...,

,

,

-

E

f

f

f

f


oleObject2.bin

image3.wmf
Q


oleObject3.bin

image4.wmf
0

=

j


oleObject4.bin

image5.wmf
1

/

-

Q

E


oleObject5.bin

image6.wmf
0

=

i


oleObject6.bin

image7.wmf
1

-

Q


oleObject7.bin

image8.wmf
j

Q

E

i

Q

j

i

e

f

+

×

×

+

=

/


oleObject8.bin

image9.wmf
Q


oleObject9.bin

oleObject10.bin

oleObject11.bin

oleObject12.bin

oleObject13.bin

oleObject14.bin

oleObject15.bin

oleObject16.bin

oleObject17.bin

oleObject18.bin

oleObject19.bin

oleObject20.bin

image10.png
BLER

107

102

10°

BPSK,R =

/4, 20 PRBS, 2 OFDM symbols, OFDM

—6— Interleaver with 1 row
—— Interleaver with 2 rows|
& Interleaver with 4 rows|

[ 2 4 B
E,IN, [68]





image11.png
BLER

107

102

10°

/5, 20 PRBS, 2 OFDM symbols, OFDM

—— Interleaver with 1 row
—+— Interleaver with 2 rows|
& Interleaver with 4 rows |





image12.png
BLER

. BPSK, R = 1/4, 40 PRBs, 2 OFDM symbols, OFDM
10
—6— Interleaver with 1 row
—— Interleaver with 2 rows|
& Interleaver with 4 rows|
107
102
10°





image13.png
BLER

BPSK, R = 1/4, 5 PRBs, 14 OFDM symbols, 300 km/h, DFTS-OFDM

100
—6— Interieaver with 1 row
——— Interleaver with 2 rows
——5— Interleaver with 4 rows

107

102

2 4 0 1 2 3 4
E_N, [dB]





image14.png
BLER

10°8

102

QPSK, 5 PRBs, 14 OFDM symbols, 300 km/h, OFDM

—+—R=15,
—6—R=15,
—<—R=14,
—>—R=14,
—<—R=13,
e R=1,

R=112,

. Interleaver ith 2 rows
. Interleaver vith 4 rows
, Interleaver vith 2 rows
, Interleaver vith 4 rows
. Interleaver vith 2 rows
. Interleaver vith 4 rows
. Interleaver vith 2 rows
. Interleaver vith 4 rows

0

E_IN, [dB]

10




image15.png
BLER

. QPSK, 5 PRBs, 2 OFDM symbols, 60 kmih, OFDM
10 T

—b— R =113, Interieaver with 4 rows

E_IN, [dB]




image16.png
BLER

100

102

QPSK, 5 PRBs, 14 OFDM symbols, 300 km/h, DFTS-OFDM

——+— R =15, Interleaver with 2 rows
15, Interleaver with 4 rows.

14, Interleaver with 2 rows.

——— R =144, Interleaver with 4 rows.

0 2 4 3 8
E_N, [dB]

10




image1.wmf
1

2

1

0

,...,

,

,

-

E

e

e

e

e


oleObject1.bin

