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1. Introduction
The coding schemes, i.e. joint or separate coding, in the downlink L1/L2 control channel listed below have a major impact on the design of the downlink L1/L2 control channel structure.

· Joint or separate coding of downlink transmission-related Cat. 1 information (control information related to resource assignment)

· Joint or separate coding between downlink transmission-related Cat. 1 information and Cat. 2 and 3 information (control information related demodulation and HARQ) within the same user equipment (UE).

· Joint or separate coding between downlink transmission-related control information and uplink transmission-related information

In general, joint coding is advantageous from the viewpoints of the number of control signaling bits and the channel coding gain. Separate coding is advantageous from the viewpoint of the effect of link adaptation such as transmission power control (TPC) and adaptive modulation and coding channel rate (AMC), the effect of beam-forming or pre-coding, and frequency diversity via channel dependent scheduling [1].

This paper investigates the optimum coding scheme for the downlink L1/L2 control channel taking into account the above factors.

2. Coding Methods for L1/L2 Control Channel for Downlink Transmission-Related Information

First, in this section we focus on the joint or separate coding for the downlink L1/L2 control channel for downlink transmission related information.
2.1. Description of Candidate Configurations

Table 1 lists the generic candidate configurations considered in this contribution. Although we can consider the UE grouping according to their channel conditions [2],[3] for the joint coding method of Cat. 1 information, we do not assume a UE grouping in this contribution since we previously reported in [4] that the merit of joint coding with the UE grouping is not significant. 

Table 1 – List of generic candidate configurations for downlink transmission-related control information
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In principle, there are the following tradeoffs between the joint and separate coding schemes for downlink transmission-related control information.

- Total number of control signaling bits and overhead associated to channel coding 

The joint coding scheme can reduce the overall number of control signaling bits for multiplexed UEs. Moreover, the size of the overhead such as the cyclic redundancy check (CRC) code associated with each coding block can be decreased in the joint coding scheme rather than the separate coding. 

- Channel coding gain

The joint coding scheme can provide a higher channel coding gain than the separate coding scheme, since the number of information bits accommodated within one coding block becomes larger.

- Reception quality using link adaptation 

The separate coding scheme has a high affinity to UE-dependent link adaptation such as TPC and AMC for the L1/L2 control channel. We proposed a channel quality indicator (CQI)-based TPC [5] and consider applying the TPC to the L1/L2 control channel to mitigate the fluctuation in the received level due to instantaneous fading. The application of AMC to the L1/L2 control channel was also proposed in [6]. Thus, the required average received signal energy per bit-to-noise power spectrum density ratio (Eb/N0) of the L1/L2 control channel in a multipath fading channel can be decreased by employing the separate coding scheme rather than the joint coding scheme due to the user-dependent precise link adaptation. In the joint coding scheme, the required transmission power may be significantly increased, since TPC compensates for the worst CQI among UEs to which the shared L1/L2 control information should be correctly decoded.
- Effect of channel dependent scheduling gain

The separate coding scheme has a high affinity to UE-dependent channel dependent scheduling since the control signaling bits can be transmitted from the assigned resource blocks (RBs).

Figures 1(a) and 1(b) illustrate the sub-frame configurations when joint coding of Cat. 1 information among multiple UEs is used. We assumed that the jointly coded control information is transmitted using distributed transmission over 10-MHz bandwidth for achieving the maximum frequency diversity. Meanwhile, when separate coding between Cat. 1 and Cat. 2/3 information is used, the Cat. 2/3 information is transmitted from the assigned RBs.
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(a) Joint coding between Cat. 1 and Cat. 2/3 information (Option 1)
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(b) Separate coding between Cat. 1 and Cat. 2/3 information (Option 2)

Figure 1 – Sub-frame configurations employing joint coding of Cat. 1 information among multiple users is used

Figures 2(a), 2(b), and 2(c) illustrate the sub-frame configurations when separate coding of Cat. 1 information among multiple users is used. We can assume that when the joint coding between Cat. 1 and Cat. 2/3 information is used, the control information is transmitted using either of distributed transmission over a 10-MHz bandwidth (Fig. 2(a)) or localized transmission using assigned RBs [7] (Fig. 2(b)). By using the configuration in Fig. 2(b), we can expect the maximum effect of the channel dependent scheduling gain for reducing the amount of the required radio resource, e.g. transmission power. However, this scheme requires higher level of decoding complexity for the L1/L2 control channel at the UE since the UE must try to decode the L1/L2 control channel at all the RBs. Therefore, in the following simulation evaluation, this method is not evaluated. When separate coding between Cat. 1 and Cat. 2/3 information is used, we assume that Cat. 1 information is transmitted using distributed transmission over the 10-MHz bandwidth and the Cat. 2/3 information is transmitted from the assigned RBs.
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(a) Joint coding between Cat. 1 and Cat. 2/3 information with distributed transmission 

(Option 3 with distributed transmission)
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(b) Joint coding between Cat. 1 and Cat. 2/3 information with localized transmission

 (Option 3 with localized transmission)
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(c) Separate coding between Cat. 1 and Cat. 2/3 information (Option 4)

Figure 2 – Sub-frame configurations employing separate coding of Cat. 1 information among multiple users is used

When we use the combination of separate coding of Cat. 1 information among multiple users and separate coding between Cat. 1 and Cat. 2/3 information, we can consider several methods to transmit the CRC bits and UE ID. In the following evaluation, we assumed that the CRC bits covering both Cat. 1 and Cat. 2/3 information are transmitted with the Cat. 2/3 information part and the UE ID is multiplied with the CRC bits in order to minimize the number of control signalling bits as shown in Fig. 3.
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Figure 3 – CRC and UE ID transmission when employing separate coding of Cat. 1 information among multiple users and separate coding between Cat. 1 and Cat. 2/3 information are used

Table 2 summarizes the merits and demerits for each coding option. It should be noted that separate coding between Cat. 1 and Cat. 2/3 information is beneficial to accommodate variable length of Cat. 2/3 information due to, for example, different MIMO mode since the number of bits for Cat. 2/3 information can be informed by Cat. 1 information [4].
Table 2 – Comparison of coding schemes
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2.2. Joint or Separate Coding of Cat. 1 Information for Multiple UEs

In this section, we compare the joint and separate coding of Cat. 1 information for multiple UEs based on simulations. We previously reported on this comparison assuming localized shared data channel transmission in [4]. Therefore, in this contribution, we focus on the case where distributed shared data channel transmission is used.
We assume RB-level distributed transmission with N-block division [8] as illustrated in Fig. 4. This is because the RB-level distributed transmission reduces the required control signalling overhead compared to sub-carrier-level distributed transmission while achieving almost the same throughput performance.
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Figure 4 – RB-level distributed transmission with N-block division

(N = 2 is assumed in this figure as an example)

When we use the RB-level distributed transmission, the additionally required control signalling bits are given hereafter [8].

· When joint coding of Cat. 1 information among multiple UEs is used, total number of distributed RBs is needed to be additionally informed to UEs.

· When separate coding of Cat. 1 information among multiple users is used, indication of localized or distributed transmission is needed to be additionally informed to each respective UEs

Furthermore, in the following evaluation, we evaluated two joint coding schemes. The first one is a joint coding that uses table mapping based RB assignment indication [9] and the second is TI’s proposal in [8]. In TI’s joint coding method, bit mapping is used to provide information on the localized RB allocation. However, only the RB size is used to provide information on the distributed RB allocation. Therefore, TI’s method is advantageous from the viewpoint of required number of bits compared to joint coding using table mapping when the number of distributed transmission UEs are large. We assume the transmissions of the IDs of the scheduled UEs and associated bitmap for the separate coding scheme, where the bitmap indicates the usage of each RB for the scheduled UEs. We assume joint coding between Cat. 1 information and Cat. 2/3 information in this section for fair comparison with TI’s method which assumes joint coding between Cat. 1 and Cat. 2/3 information.
In the following evaluation, first we evaluate the individual aspects of required number of control signalling bits, channel coding gain, and the effect of link adaptation using TPC. Subsequently, we show the overall performance comparison from the viewpoint of the total amount of required radio resources for the L1/L2 control channel taking into account these three factors.

(1) Required L1/L2 control information bits
In the evaluation, we basically follow the L1/L2 control information bits in the downlink in the technical report [10]. Furthermore, we assume asynchronous ARQ in the downlink. Moreover, we assume 9, 3, and 0 bits for the UE-ID, duration of assignment, and multi-antenna related information, respectively.

Tables 3 and 4 list the required number of control signalling bits for the downlink scheduling, for the separate coding and table mapping based joint coding of Cat. 1 information, respectively. In these tables, the number of resource blocks, NRB, is set to 24 and the number of multiplexed (scheduled) UEs in one sub-frame, NUE, is a parameter. It should be noted that for these methods, the required number of control signalling bits is not dependent on the number of distributed transmission UEs within NUE.

Table 3 – Required number of control signalling bits for separate coding of Cat. 1 information
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Table 4 – Required number of control signalling bits for joint coding of Cat. 1 information using table mapping
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Tables 5 (a) and (b) list the required number of control signalling bits for the downlink scheduling, for the TI’s joint coding of Cat. 1 information. Term NDUE, and NLUE denote the number of scheduled UEs using distributed transmission and localized transmission, respectively. Table 5 (a) assumes the half of the UEs use distributed transmission and Table 5 (b) assumes all the UEs use distributed transmission. From these table, we can see that according to the increase in NDUE, the required number of control signalling bits in TI’s method is decreased.

Table 5 – Required number of control signalling bits for joint coding of Cat. 1 information using TI’s method 

(a) Half of UEs use distributed transmission

[image: image12.emf]40 30 20 10

RB assignment for 

distributed 

transmission

192 144 96 48

N

LUE

x 

N

RB

RB assignment for 

localized 

transmission 

16 16 16 16 16 CRC

664

96

128

424

192

N

UE

= 16

N

LUE

= 8

N

DUE

= 8

(Cat.1 total)

96 64 32 8 

N

UE

Cat. 2 (Transport format)

72 48 24 6 

N

UE

Cat. 3 (HARQ)

502

318

144

N

UE

= 12

N

LUE

= 6

N

DUE

= 6

178

106

48

N

UE

= 4

N

LUE

= 2

N

DUE

= 2

340

212

96

N

UE

= 8

N

LUE

= 4

N

DUE

= 4

UE ID + Assignment 

duration

(9+3)

N

UE

Total

Cat. 1

(Resource 

indication)

Size (

N

RB

= 24)

40 30 20 10

RB assignment for 

distributed 

transmission

192 144 96 48

N

LUE

x 

N

RB

RB assignment for 

localized 

transmission 

16 16 16 16 16 CRC

664

96

128

424

192

N

UE

= 16

N

LUE

= 8

N

DUE

= 8

(Cat.1 total)

96 64 32 8 

N

UE

Cat. 2 (Transport format)

72 48 24 6 

N

UE

Cat. 3 (HARQ)

502

318

144

N

UE

= 12

N

LUE

= 6

N

DUE

= 6

178

106

48

N

UE

= 4

N

LUE

= 2

N

DUE

= 2

340

212

96

N

UE

= 8

N

LUE

= 4

N

DUE

= 4

UE ID + Assignment 

duration

(9+3)

N

UE

Total

Cat. 1

(Resource 

indication)

Size (

N

RB

= 24)

 

) ( log

2

RB DUE

N N


 (b) All UEs use distributed transmission
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Figure 5 shows a comparison of the number of L1/L2 control information bits between the joint and separate coding schemes. For TI’s method, NDUE is parameterized. From this figure, the required control information bits in the joint coding scheme can be decreased by approximately 20 - 30% compared to that for the separate coding scheme when the number of multiplexed UEs is from four to eight. Furthermore, this figure shows that when NDUE is very large, TI’s joint coding method can reduce the number of L1/L2 control information bits the most. However, when NDUE is small, joint coding using table mapping is better than TI’s joint coding method. We conclude from the figure that the joint coding scheme is superior to the separate coding scheme from the viewpoint of fewer required information bits.
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Figure 5 – Number of L1/L2 control information bits for joint and separate coding schemes as a function of the number of multiplexed UEs

(2) Channel coding gain
We previously reported the channel coding gain in [4]. However, since we used the channel coding rate of 1/2 in addition to 1/3 in order to compare joint and separate coding assuming almost the same number of control information bits, we again show the required instantaneous received signal-to-noise power ratio (SNR) at the packet error rate (PER) of 10-2 as a function of the number of information bits in Fig. 6. The simulation parameters are given in Table 6. When we use the channel coding rate of 1/2, the required SNR is increased by approximately 2.4 dB due to the decreased received signal power per information bits (= 10 log (2/3) = -1.76 dB) and decreased channel coding gain. A detailed discussion is given in [4].
Table 6 - Link-level simulation parameters for evaluation on channel coding gain 
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Figure 6 – Required instantaneous received SNR at the PER of 10-2 as a function of the number of information bits

(3) Effect of link adaptation (TPC)
In this sub-section, we show the difference in the effect of link adaptation using TPC for the joint and separate channel coding schemes. In the evaluation, we assume ideal fast TPC, which tracks the instantaneous fading variation. Table 7 shows the system-level simulation parameters for calculating the instantaneous received signal-to-interference plus noise power ratio (SINR) of the UEs. The transmission power of the L1/L2 control channel is decided by the worst CQI among the UEs in the joint coding scheme, whereas, it is decided by the CQI of each UE in the separate coding scheme.

Figure 7 shows the cumulative distribution function (CDF) as a function of the instantaneous received SINR of the UE with the worst CQI. The number of multiplexed UEs, NUE, is a parameter. The figure shows that the instantaneous received SINR of the worst UE is decreased according to the increase in the number of multiplexed UEs. For example, the instantaneous received SINR of the worst UE is decreased by approximately 5.0 dB (NUE = 4) and 6.5 dB (NUE = 8) compared to that in the case of NUE = 1. Naturally, the received SINR used for TPC is constant in the separate coding scheme regardless of the number of multiplexed UEs. Therefore, from the viewpoint of reducing the required transmission power, we see that the separate coding scheme is superior to the joint coding scheme.

Figure 8 shows the average required transmission power per symbol used for L1/L2 control channel. We assumed the channel coding rate of 1/3 for joint coding, and that of 1/3 and 1/2 are assumed for separate coding. When we use the channel coding rate of 1/2, the number of coded bits for separate coding when NUE = 8 is 928, and this is slightly smaller than that for joint coding with coding rate of 1/3 (975 bits). Figure 8 shows that by comparing joint coding and separate coding assuming the same coding rate of 1/3, there is a clear difference in the link adaptation capability and separate coding is much better than joint coding from this point of view. Furthermore, even when we assume the channel coding rate of 1/2 for separate coding in order to assume almost the same number of coded control signaling bits as joint coding, we observe a reduction of approximately 2.5 dB in the average transmission power when using separate coding compared to joint coding for NUE = 8.

Table 7 – System-level simulation parameters
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Figure 7 – CDF of instantaneous received SINR of worst case UE [4]

[image: image19.emf]-4

-3

-2

-1

0

1

2

3

0 2 4 6 8 10 12 14 16

Average transmittion power (dB)

Maximum number of multiplexed UEs

Separate coding

Joint coding

R

= 1/3

R

= 1/2


Figure 8 – Average normalized transmission power as a function of the number of multiplexed UEs

(4) Total required transmission signal energy for downlink L1/L2 control information bits
Finally, we show an overall performance comparison between joint and separate coding of Cat. 1 information from the viewpoint of the total amount of required radio resources for the L1/L2 control channel taking into account the required number of control signalling bits, channel coding gain, and effect of link adaptation using TPC.

Figure 9 illustrates the simulation methodology used in the evaluation. 

(1) We first calculate the instantaneous received SINR of all UEs assuming no TPC. The distance-dependent path loss, shadowing, and instantaneous fading are taken into account to calculate the instantaneous received SINR.

(2) Then, based on the received SINR of each UE, frequency domain channel-dependent scheduling is performed to select the users to which the downlink radio resources are assigned. We assumed a proportional fairness scheduler in the evaluation. On the other hand, we randomly selected the users to which the L1/L2 control information for uplink resource assignment is transmitted.

(3) After the selection of the users to which the downlink L1/L2 control channel is transmitted, the required transmission power of the L1/L2 control information in order to achieve the average PER of 10-2 is calculated for the joint coding and separate coding. The required SINR for achieving the average PER of 10-2 is determined from Fig. 6. For joint coding, the transmission power is determined by the worst SINR among selected users. Meanwhile, for separate coding, the transmission power is determined by the SINR of all selected users.

(4) Finally, we calculate the required total transmission symbol energy of the L1/L2 control information, Ptotal, which is defined as the product of number of coded symbols for L1/L2 control information and the required transmission power calculated in Step (3) normalized by the transmission energy of one symbol without transmission power control, is calculated.
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Figure 9 – Simulation methodology
Figure 10 plots the required transmission symbol energy of the L1/L2 control information, Ptotal, for joint coding and separate coding of Cat. 1 information for multiple users as a function of the maximum number of multiplexed users. For joint coding we evaluated both joint coding using table mapping and TI’s joint coding scheme. The number of scheduled UEs using distributed transmission, NDUE, are parameterized only for TI’s joint coding scheme. For joint coding, we assumed the channel coding rate of 1/3. Meanwhile, the channel coding rate of 1/3 and 1/2 are assumed for separate coding. As we mentioned earlier, when we use the channel coding rate of 1/2, the number of coded bits for separate coding is almost same as that for joint coding with the coding rate of 1/3.

First, TI’s method reduces the Ptotal by 1 dB at the most compared to the joint coding with table mapping. However, when more than half of the UEs use localized transmission, TI’s method is equal to or worse than the joint coding with table mapping.

By comparing the joint coding and separate coding schemes, we can see that the separate coding scheme decreases the required Ptotal by approximately 2 - 3 dB compared to the two joint coding schemes when NUE is greater than six. We can also see that even assuming approximately same number of coding bits for the separate (coding rate of 1/2) and joint coding (coding rate of 1/3) shcmes, separate coding is superior to joint coding. This is because in joint coding, the required transmission power becomes larger than that of the separate coding scheme since the transmission power is decided by the received SINR or the worse case UEs. Then, the increase in the required transmission power due to TPC exceeds the improvement from the larger channel coding gain and the reduction in the number of information bits in the joint coding scheme. Therefore, we conclude that the separate coding scheme is appropriate for the Cat. 1 control information. 
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Figure 10 – Required Ptotal as a function of the number of multiplexed UEs

2.3. Joint or Separate Coding Between Cat. 1 Information and Cat. 2/3 Information within UE

In this section, we compare the joint and separate coding schemes between Cat. 1 information and Cat. 2/3 information within UE using the same methodology as in Sec. 2.2. Since we assumed that the CRC bits are only appended to a part of Cat. 2/3 information as shown in Fig. 3, joint and separate coding between Cat. 1 information and Cat. 2/3 information within UE require the same number of control information bits. The difference comes from the difference in channel coding gain (joint coding is advantageous from this point of view) and additional channel dependent scheduling gain by using localized transmission in the separate coding scheme.


Figure 11 shows the required transmission symbol energy of the L1/L2 control information, Ptotal, for four combinations of joint/separate coding of Cat. 1 information for multiple UEs and joint/separate coding between Cat. 1 information and Cat. 2/3 information within UE as a function of the maximum number of multiplexed users. We assume table mapping based joint coding of Cat. 1 information for multiple UEs in this evaluation. Figure 11 shows that separate coding between Cat. 1 information and Cat. 2/3 information within UE reduces Ptotal more than joint coding since the channel dependent scheduling gain for Cat. 2/3 information is greater than that of the additional channel coding gain by using joint coding between Cat. 1 information and Cat. 2/3 information.
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Figure 11 – Comparison of joint coding and separate coding between Cat. 1 and Cat. 2/3 information

2.4. Influence of CQI Measurement Error

Finally we evaluate the impact of the CQI measurement error using reference signal. Figure 12 shows the standard deviation of the measured CQI (instantaneous received SNR) as a function of the actual instantaneous received SNR value. We assume the downlink reference signal structure in [10] and the instantaneous received SNR is measured using reference signal within sub-frame. According to the decrease in the actual instantaneous received SNR value corresponding to cell edge, the measurement error is increased.
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Figure 12 – CQI measurement error

Figures 13(a), 13(b), and 13(c) show the required transmission symbol energy of the L1/L2 control information, Ptotal, for four combinations of joint/separate coding of Cat. 1 information for multiple users and joint/separate coding between Cat. 1 information and Cat. 2/3 information within UE as a function of the maximum number of multiplexed users assuming CQI measurement error and the maximum Doppler frequency of 5.55, 55.5, and 222 Hz, respectively. The random CQI measurement error is added according to the actual instantaneous received SINR value of the respective UEs, and TPC and channel dependent scheduling are performed using this CQI with measurement error and round trip delay of scheduling based on the CQI measurement of 4 sub-frame duration. This figure shows that the impact of the CQI measurement error is almost the same for joint coding and separate coding of Cat.1 information, regardless of the maximum Doppler frequency, since even in joint coding the TPC error is caused by the CQI measurement error for the UE under the worst channel condition. On the other hand, the performance improvement by using the separate coding between Cat.1 and Cat. 2/3 information compared to the joint coding between Cat.1 and Cat. 2/3 information is reduced when the maximum Doppler frequency increases due to the reduced channel-dependent frequency domain scheduling gain by using localized transmission of Cat. 2/3 information. However, when the maximum Doppler frequency is up to 55.5 Hz, the separate coding between Cat.1 and Cat. 2/3 information reduces the required Ptotal compared to joint coding even considering the CQI measurement error and round trip delay of the channel dependent scheduling.

Therefore, we propose to use the combination of separate coding of Cat. 1 information for multiple users and separate coding between Cat. 1 information and Cat. 2/3 information.
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(a) Maximum Doppler frequency of 5.55 Hz           (b) Maximum Doppler frequency of 55.5 Hz
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(c) Maximum Doppler frequency of 222 Hz

Figure 13 – Impact of CQI measurement error

2.5. Joint or Separate Coding Between Downlink Transmission-Related Control Information and Uplink Transmission-Related Information

From the above evaluation results, since the scheduled UEs in the downlink and uplink are independent based on packet based access, a large link adaptation effect can be expected by using separate coding between the downlink transmission-related control information and uplink transmission-related informaiton. Meanwhile, an additional channel coding gain and a reduction in the number of control signaling bits by using single CRC is expected to be relatively small. Therefore, our preference is use separate coding between the downlink transmission-related control information and the uplink transmission-related information.

Within the uplink transmission-related control information, whether to use joint or separate coding of uplink transmission-related control information including the scheduling grant and ACK/NACK for multiple UEs is FFS. 

3. Conclusion 

This paper investigated the optimum coding scheme for the downlink L1/L2 control channel. From the simulation results, our proposal is as follows.

· Separate coding of the downlink transmission-related Cat. 1 information (control information related to resource assignment) should be used

· Separate coding between the downlink transmission-related Cat. 1 information and Cat. 2/3 information (control information related demodulation and HARQ and possibly UE ID) within UE should be used

· Separate coding between the downlink transmission-related control information and uplink transmission-related information should be used

For the uplink transmission-related control information, whether to use joint or separate coding of uplink transmission-related control information including the scheduling grant and ACK/NACK for multiple UEs is FFS. 

4. Text Proposal

---------------------------------  Start of Text Proposal  -----------------------------------------------------

7.1.1.2
Multiplexing including reference-signal structure
7.1.1.2.3 Downlink L1/L2 Control Signaling
Feature of the coding scheme of downlink L1/L2 control signaling is as follows;

· The downlink transmission-related control information among multiple UEs is separately encoded.

· The resource allocation information is separately encoded with other information within UE.

· The downlink transmission-related control information is separately encoded with the uplink transmission-related information.

------------------------------------ End of Text Proposal --------------------------------------------------
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