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1 Introduction

In this contribution, we evaluate the required PUSCH control region size for ACK/NACK signaling. The control region size (= the number of ACK/NACK symbols multiplexed into PUSCH) will depend on the PUSCH MCS for data and the target error rates for data and ACK/NACK. One important open issue is to specify the linkage between the control region size and PUSCH MCS for data. Once a reference mapping table is designed, a semi-statically configured offset can adjust the linkage in order to reflect the change in target error requirements due to different QoS and system conditions, etc. The control region size for ACK/NACK is evaluated as a function of the PUSCH data MCS, the number of scheduled PUSCH RBs, and the channel model. From simulation results, we observe that a single formulation defining the linkage between PUSCH data MCS and ACK/NACK control region size suffices, as the required control region size does not meaningfully depend on the channel model or the number of scheduled RBs.
2 Simulations
Simulation outline

The simulations are performed in the following steps:
· Step 1: Evaluate short-term PUCCH ACK/NACK BER for the cases of AWGN and TU, respectively, and identify an SINR point corresponding to a target BER (0.01%) 

· This step is mainly for evaluating the required number of ACK/NACK symbols multiplexed into PUSCH region

· Step 2: Evaluate short-term PUSCH data BLER for the cases of AWGN and TU, respectively, for a set of PUSCH data MCS values to identify an SINR point corresponding to a target initial BLER (10%)

· Step 3: Compute the required number of ACK/NACK symbols (= the size of the control region) multiplexed into the PUSCH to achieve the target ACK/NACK BER (0.01%), based on the PUCCH ACK/NACK and PUSCH error rate results obtained in the 1st and 2nd steps

· Step 4: Evaluate ACK/NACK BER for the case that the number of ACK/NACK symbols decided in the 3rd step are multiplexed into the PUSCH. 
Simulation assumptions

Table 1 gives the simulation assumptions. It is again noted that 10 % initial transmission BLER for PUSCH and 0.01% BER for ACK/NACH are assumed. For different error rate requirements, the linkage between the PUSCH data MCS and control region size can be adjusted accordingly considering the change in the required SINR for ACK/NACK and PUSCH. Two cases for the number of scheduled PUSCH RBs, 1 RB and 6 RBs, are considered to evaluate the impact of the scheduled PUSCH bandwidth. 
Table 1. Simulation assumptions
	Parameter
	Assumption

	Bandwidth
	10 MHz

	PUSCH
	MCS 
	QPSK with r=1/8, 1/6, 1/4, 1/3, 2/5, 1/2, 3/5, 2/3

	
	
	16QAM with r=2/5, 1/2

	
	
	64QAM with r=1/2

	
	Target initial transmission BLER: 10%

	
	Number of RBs: 1 RB, 6 RBs

	
	No frequency hopping

	UL ACK/NACK
	MCS
	QPSK (2 bit ACK/NACK)

	
	Target BER: 0.01%

	CP length
	Normal

	Number of TX antennas
	1

	Number of RX antennas
	2 

	Channel model 
	AWGN, TU

	UE speed 
	3 km/h, 350 km/h


 Results

2.1.1 Performance of PUCCH ACK/NACK and PUSCH

Short-term BER of PUCCH ACK/NACK is shown in Figure 1 for the cases of AWGN and TU with 3km/h and 350 km/h, obtained from Step 1 of the simulation procedure described in Section 2.1. It is noted that as power control is applied to PUCCH and PUSCH, short-term performance is considered for the TU case. We can identify the SINR values giving the 0.01% BER for UL ACK/NACK for the cases of AWGN and TU, respectively.
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Figure 1: BER performance of PUCCH QPSK ACK/NACK.
In Figure 2, PUSCH short-term BLER results are shown. From the results, we can find the SINR values giving the 10% initial BLER for each case of channel model, the number of scheduled PUSCH RBs and the PUSCH data MCS.
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Figure 2: Short-term PUSCH BLER under AWGN and TU.

2.1.2 Computation of the required control region size

In Tables 2-1~4-2, the required control region size (= the number of ACK/NACK symbols) in the PUSCH is computed based on the results given in the previous section. It can be observed that the number of scheduled PUSCH RBs does not materially impact the control region size. However, both the PUSCH modulation and coding rate and the ACK/NACK modulation significantly impact the control region size. One interesting observation is that a smaller number of ACK/NACK symbols are required for AWGN (There is an exception when the available number of ACK/NACK symbols is limited by the number of PUSCH RBs). The reason is due to the fact that the impact of imperfect channel estimation at low SINRs for the PUCCH ACK/NACK, which is more severe under TU than AWGN, offsets the TU diversity gains from slot hopping. 

Table 2-1: Number of PUSCH multiplexed QPSK ACK/NACK symbols for AWGN (1 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	SINR for 10% PUSCH data BLER
	-4.6dB
	-3.8dB
	-2.5dB
	-1.7dB
	-0.9dB
	0.2dB
	1.2dB
	1.9dB
	3.7dB
	5.2dB
	9.7dB

	SINR for 0.01% ACK/NACK BER
	-7.9 dB (Figure 1(a))

	ACK/NACK Eb/N0 for 0.01% BER
	11.9dB(1)

	Required number of ACK/NACK symbols in PUSCH
	45(2) (≈45.0)
	38 (≈37.3)
	28
(≈27.7)
	24
(≈23.1)
	20
(≈19.2)
	15
(≈14.9)
	12
(≈11.8)
	11
(≈10.1)
	4
(≈3.7)
	3
(≈2.6)
	1
(≈0.7)


Note
(1) 11.9 dB = -7.9 dB + 10*log10(8*12) (( 8 SC-FDMA symbols and 12 sub-carriers)
(2) 45.0 = 10^((11.9 dB – (-1.7 dB)- 10*log(α))/10) 
(( α is dependent on PUSCH data MCS: α=1 for BPSK/QPSK, α=1.8 for 16QAM, α=2.33 for 64QAM)

Table 2-2: Number of PUSCH multiplexed QPSK ACK/NACK symbols for AWGN (6 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	SINR for 10% PUSCH data BLER
	-5.2dB
	-4.4dB
	-3.1dB
	-2.2dB
	-1.35dB
	-0.25dB
	0.8dB
	1.55dB
	3.3dB
	4.8dB
	9.3dB

	SINR for 0.01% ACK/NACK BER
	-7.9 dB (Figure 1(a))

	ACK/NACK Eb/N0 for 0.01% BER
	11.9dB(1)

	Required number of ACK/NACK symbols in PUSCH
	52 (≈51.6)
	43 (≈42.9)
	32
(≈31.8)
	26
(≈25.8)
	22
(≈21.2)
	17
(≈16.5)
	13
(≈12.9)
	11
(≈10.9)
	5
(≈4.1)
	3
(≈2.9)
	1
(≈0.8)


Table 3-1: Number of PUSCH multiplexed QPSK ACK/NACK symbols for TU at 3 km/h (1 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	SINR for 10% PUSCH data BLER
	-4.6dB
	-3.8dB
	-2.3dB
	-1.4dB
	-0.75dB
	0.4dB
	1.5dB
	2.3dB
	4.4dB
	5.4dB
	11.5dB

	SINR for 0.01% ACK/NACK BER
	-6.5 dB (Figure 1(b))

	ACK/NACK Eb/N0 for 0.01% BER
	13.3dB

	Required number of ACK/NACK symbols in PUSCH
	48 (≈62.0)
	48 (≈51.6)
	37
(≈36.5)
	30
(≈29.7)
	26
(≈25.5)
	20
(≈19.6)
	16
(≈15.2)
	13
(≈12.7)
	5
(≈4.3)
	4
(≈3.4)
	1
(≈0.7)


Table 3-2: Number of PUSCH multiplexed QPSK ACK/NACK symbols for TU at 3 km/h (6 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	SINR for 10% PUSCH data BLER
	-4.9dB
	-4.1dB
	-2.5dB
	-1.6dB
	-0.7dB
	0.5dB
	1.8dB
	2.6dB
	4.7dB
	6.2dB
	11.4dB

	SINR for 0.01% ACK/NACK BER
	-6.5 dB (Figure 1(b))

	ACK/NACK Eb/N0 for 0.01% BER
	13.3dB

	Required number of ACK/NACK symbols in PUSCH
	67 (≈66.4)
	56 (≈55.2)
	39
(≈38.2)
	32
(≈31.1)
	26
(≈25.3)
	20
(≈19.2)
	15
(≈14.2)
	12
(≈11.8)
	5
(≈4.1)
	3
(≈2.9)
	1
(≈0.7)


Table 4-1: Number of PUSCH multiplexed QPSK ACK/NACK symbols for TU at 350km/h (1 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3

	SINR for 10% PUSCH data BLER
	-3.5dB
	-2.5dB
	-0.7dB
	0.25dB
	1.6dB
	4.0dB
	4.5dB
	6.0dB

	SINR for 0.01% ACK/NACK BER
	-5 dB (Figure 1(b))

	ACK/NACK Eb/N0 for 0.01% BER
	14.8dB

	Required number of ACK/NACK symbols in PUSCH
	68 (≈68.0)
	54 (≈54.0)
	36
(≈35.7)
	29
(≈28.7)
	22
(≈21.1)
	13
(≈12.1)
	11
(≈10.8)
	8
(≈7.7)


Table 4-2: Number of PUSCH multiplexed QPSK ACK/NACK symbols for TU at 350km/h (6 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3

	SINR for 10% PUSCH data BLER
	-3.9dB
	-2.9dB
	-1.2dB
	-0.12dB
	1.4dB
	3.0dB
	4.6dB
	5.6dB

	SINR for 0.01% ACK/NACK BER
	-5 dB (Figure 1(b))

	ACK/NACK Eb/N0 for 0.01% BER
	14.8dB

	Required number of ACK/NACK symbols in PUSCH
	75
(≈74.5)
	60 (≈59.2)
	41
(≈40.1)
	32
(≈31.2)
	22
(≈22.0)
	16
(≈15.2)
	11
(≈10.5)
	9
(≈8.4)


2.1.3 Performance of ACK/NACK in PUSCH

Table 5 gives the number of ACK/NACK symbols to achieve 0.01% ACK/NACK BER. In addition, the performance of ACK/NACK at the SINR required for 10% PUSCH data BLER is given in Table 6-1 and Table 6-2. We can see that the 0.01% ACK/NACK BER is safely met in high MCS levels. But, in case of the low PUSCH data MCS levels, such as QPSK with r=1/8, the 10% PUSCH data BLER point locates in a low SINR region and the 0.01% ACK/NACK BER target is not satisfied due to imperfect channel estimation. The limitation of ACK/NACK symbols from PUSCH RBs also affects the ACK/NACK performance (the maximum number of available ACK/NACK symbols is 48 for 1 RB PUSCH). Accordingly, 0.01% ACK/NACK BER may not be satisfied in this case. It is also observed that with only one QPSK ACK/NACK symbols for PUSCH data MCS of 64QAM with r=1/2, the resulting ACK/NACK BER is significantly lower than 0.01% for all cases. 
For BPSK ACK/NACK symbols, the number of ACK/NACK symbols is also described in Table 5. The half of the number would be required if BPSK ACK/NACK symbol was used instead of QPSK ACK/NACK symbols. In addition, BPSK ACK/NACK symbols will achieve the same BER performance with QPSK ACK/NACK symbols at 3 dB lower SINR.
Table 5: The computed number of ACK/NACK symbols.

	PUSCH data MCS
	Number of QPSK ACK/NACK symbols
	Number of BPSK ACK/NACK symbols

	QPSK, r=1/8
	75
	38

	QPSK, r=1/6
	60
	30

	QPSK, r=1/4
	41
	21

	QPSK, r=1/3
	32
	16

	QPSK, r=2/5
	26
	13

	QPSK, r=1/2
	20
	10

	QPSK, r=3/5
	16
	8

	QPSK, r=2/3
	13
	7

	16QAM, r=2/5
	5
	3

	16QAM, r=1/2
	4
	2

	64QAM, r=1/2
	1
	1

	…
	
	


Table 6-1: BER of ACK/NACK through PUSCH at the SINR for 10% PUSCH data BLER (1 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	AWGN
	SINR for 10% PUSCH data BLER

(From Figure 2)
	-4.6dB
	-3.8dB
	-2.5dB
	-1.7dB
	-0.9dB
	0.2dB
	1.2dB
	1.9dB
	3.7dB
	5.2dB
	9.7dB

	
	QPSK ACK/NACK BER
	6.9E-03
	3.3E-03
	5.4E-04
	1.2E-04
	2.1E-05
	1.7E-06
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04

	TU 3km/h
	SINR for 10% PUSCH data BLER
	-4.6dB
	-3.8dB
	-2.3dB
	-1.4dB
	-0.75dB
	0.4dB
	1.5dB
	2.3dB
	4.4dB
	5.4dB
	11.5dB

	
	QPSK ACK/NACK BER
	3.3E-02
	2.2E-02
	6.4E-03
	1.7E-03
	6.6E-04
	2.4E-04
	6.6E-05
	3.1E-05
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04

	TU 350km/h
	SINR for 10% PUSCH data BLER
	-3.5dB
	-2.5dB
	-0.7dB
	0.25dB
	1.6dB
	4.0dB
	4.5dB
	6.0dB
	-
	-
	-

	
	QPSK ACK/NACK BER
	1.5E-02
	8.5E-03
	1.4E-03
	2.5E-04
	5.5E-05
	3.2E-06
	<< 1.0E-04
	<< 1.0E-04
	-
	-
	


Table 6-2: BER of ACK/NACK through PUSCH at the SINR for 10% PUSCH data BLER (6 RB PUSCH).

	PUSCH data MCS
	QPSK
r=1/8
	QPSK r=1/6
	QPSK r=1/4
	QPSK r=1/3
	QPSK r=2/5
	QPSK r=1/2
	QPSK r=3/5
	QPSK r=2/3
	16QAM r=2/5
	16QAM r=1/2
	64QAM r=1/2

	AWGN
	SINR for 10% PUSCH data BLER
	-5.2dB
	-4.4dB
	-3.1dB
	-2.2dB
	-1.35dB
	-0.25dB
	0.8dB
	1.55dB
	3.3dB
	4.8dB
	9.3dB

	
	QPSK ACK/NACK BER
	8.2E-04
	2.7E-04
	7.6E-05
	1.6E-05
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04

	TU 3km/h
	SINR for 10% PUSCH data BLER
	-4.9dB
	-4.1dB
	-2.5dB
	-1.6dB
	-0.7dB
	0.5dB
	1.8dB
	2.6dB
	4.7dB
	6.2dB
	114dB

	
	QPSK ACK/NACK BER
	3.6E-03
	2.0E-3
	4.1E-4
	2.3E-04
	2.9E-05
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04

	TU 350km/h
	SINR for 10% PUSCH data BLER
	-3.9dB
	-2.9dB
	-1.2dB
	-0.12dB
	1.4dB
	3.0dB
	4.6dB
	5.6dB
	-
	-
	-

	
	QPSK ACK/NACK BER
	1.0E-03
	2.7E-04
	1.7E-05
	8.2E-06
	3.7E-06
	<< 1.0E-04
	<< 1.0E-04
	<< 1.0E-04
	-
	-
	-


Guidelines for the design of a reference MCS mapping table

We make the following observations for constructing a reference mapping table between PUSCH MCS and ACK/NAK control region size.
· The required control region size (= number of multiplexed ACK/NACK symbols) significantly depends on the PUSCH data MCS.

· The required control region size does not materially depend on the UE speed and scheduled PUSCH bandwidth. There is some dependence on the assumed channel model but it is not significant compared to PUSCH data MCS.

· If the linkage between PUSCH data MCS and control region size is made based on the maximum number of ACK/NACK symbols from considered channel models, the ACK/NACK BER requirement can be met in most of operating scenarios in high PUSCH data MCS levels. The resultant over-dimensioning of the ACK/NACK symbols for the AWGN case is marginal. 

· Compared to the amount of ACK/NACK symbols computed in 2.3.2, larger number of ACK/NACK symbols may be marginally required to achieve 0.01%  ACK/NACK BER for low PUSCH data MCS levels.
3 Conclusion

In this contribution, we evaluated the required control region size when ACK/NACK is transmitted via PUSCH. It was shown that the control region size significantly depends on both the PUSCH data MCS and ACK/NACK modulation, but not on the number of scheduled RBs and channel models.









