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1 Introduction

For NR it was discussed whether multiplexing in MAC is needed or not. One argument raised for avoiding multiplexing in MAC is that it increases complexity and may cause additional delay for constructing the transport block. While this may be true, we do believe that multiplexing in MAC is important to avoid waste of radio resources.
2 Discussion
2.1 Multiplexing in MAC in LTE
In LTE today the MAC layer is performing multiplexing of different logical channels and MAC control elements. There is a hard-coded relative priority between the different MAC CEs and the logical channels. However, the prioritization among different logical channels is based on Logical Channel Prioritization (LCP). The principle of LCP is that the UE should send high priority traffic over low priority data, and to avoid starvation of traffic then low priority traffic will get higher and higher priority the longer time it has been waiting in the buffer.

Multiplexing of data enables that if a big grant is received but the highest priority logical channel only has some small packet available for transmission, the UE would not send only the small packet together with padding, but instead the UE would send the small packet together data from other logical channels and hence padding is avoided.
Also, even if there is a lot of data available in the highest priority logical channel, LCP allows the UE to send a portion of the data from that logical channel and then take data from a lower priority logical channel. This is done since the priority of a logical channel is reduced when data is sent from it and hence which logical channel has highest priority changes as data is transmitted.

Of course multiplexing is done only if the UE is having traffic available for transmission for more than one logical channel; if there is data only for one logical channel then multiplexing is not done.

2.2 Need for multiplexing in MAC in NR

If MAC is not performing multiplexing it would only be possible to send one type of traffic/MAC CE per transmission. Hence, even if the UE receives a large uplink grant, the UE may only send a little data and need to fill the rest of the transport block with padding. Padding would of course reduce radio resource efficiency.
To avoid wasted radio resources it may be possible for the eNB to provide more accurate grants, i.e. grants which are more perfectly fitting the data available for transmission. But this may increase complexity since the eNB needs to know exactly how much data is available for the logical channels (today the eNB only gets information about amount of data available for logical channel groups). To get more accurate grants, the BSR may need to indicate the buffer size per logical channel rather than per logical channel group. And further to know the buffer size with higher accuracy, the buffer size indications in the BSR need more bits which increases the BSR-size. Even more accurate BSR could not avoid the situation where high priority data (e.g. a VoIP packet) arrives from higher layers while a lower priority data transfer (e.g. file upload, screen sharing, …) is ongoing. The eNB would provide large UL grants intended for the low priority data it is already aware of. But due to the LCP the large MAC PDU would be filled with the small amount of high priority data and with padding. 
Observation 1 If different logical channels cannot be multiplexed, radio resources may be wasted

A particularly complicated scenario is transmission of MAC Control Elements (CE). In LTE today the MAC CEs are multiplexed together with data in the MAC PDU. If multiplexing is not supported the UE could only include one MAC CE per transmission, but no data. Since the eNB cannot know in advance that the UE will transmit a MAC CE the eNB cannot provide an accurate grant. Consider for example that the path loss changes more than the configured parameter dl-PathlossChange then the UE will send a PHR MAC CE but of course the eNB cannot know that this has happened and that the UE needs to transmit a PHR MAC CE. Since the eNB does not know that a PHR will be transmitted by the UE the eNB cannot set the uplink grant size to a suitable value and a lot of padding will be sent.
Observation 2 If MAC CEs cannot be multiplexed with data a lot of radio resources may be wasted
Another problem, which arises if multiplexing is not supported, is that only one type of traffic or only one MAC CE can be sent in one TTI. This means that if the UE has two types of data pending for transmission, the eNB needs to give the UE grants in two TTIs, even though the eNB may have capacity available for sending all data (for both logical channels) in a single TTI. This then introduces additional latency since it takes longer time to send all data, and this would also increase UE power consumption since the UE needs to stay awake longer to transmit the data and system capacity may be reduced.
At a glance one may consider to send multiple grants for one TTI to allow the UE sending traffic for several logical channels/MAC CEs in one TTI. So MAC would then provide several MAC PDUs to PHY in the one TTI and PHY can send all of these MAC PDUs in the TTI. But with this approach we have only moved multiplexing from MAC to PHY, i.e. PHY would need to multiplex the several MAC PDUs in a TTI and there is no benefit of this (rather it becomes more complex). Also to send multiple grants (e.g. one grant per logical channel/MAC CE) then the amount of control signal increases and it is not clear whether this is feasible from an overhead point of view.
Observation 3 If multiplexing is not supported then latency, UE power consumption and system capacity may be negatively impacted.

3 Conclusion

In section 2 we made the following observations:
Observation 1
If different logical channels cannot be multiplexed, radio resources may be wasted
Observation 2
If MAC CEs cannot be multiplexed with data a lot of radio resources may be wasted
Observation 3
If multiplexing is not supported then latency, UE power consumption and system capacity may be negatively impacted.
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