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Overview
In LTE, users which are served within a subframe are frequency domain multiplexed. This allows the scheduler to apportion the airlink resources (REs) according to criteria such as the amount of data waiting in the buffer, link budget, latency and fairness. Usually, the scheduler aims to maximize a utility function.
In the following section we will show that for millimeter wave systems multiplexing of users in the frequency domain is far less possible than for sub-6Ghz systems. Therefore the performance of the scheduler (in terms of the above mentioned utility function) will suffer. We argue that this disadvantage can be mitigated if we introduce time division multiplexing within the subframe/slot. I.e., the base station can assign TTIs which occupy only a fraction of the available length of a slot.    
We will argue that at least 2 TTIs per slot should be allowed and illustrate the benefits through the results of a simulation.
Introduction 
In MMW cellular systems beam forming is needed to overcome high path loss. MMW systems typically have higher bandwidth and higher LO frequencies which drives up the cost for TXRUs. Therefore, MMW base stations (BS) and user equipment (UEs) have fewer TXRUs than their sub 6GHz counterparts. Even though commonly hybrid beamforming is employed, the required narrow directivity pattern of the beams are formed mostly by networks of analog phase shifters. Digital beamforming is used for small corrections such as reduction of side-lobes. This means the coarse directivity pattern of the beams is essentially the same across the entire frequency band. 
A base station beam can only address UEs which happen to be located in the same angular direction from the BS. Thus, for a BS with a single TXRU, frequency domain multiplexing of UEs is much more limited compared to sub-6Ghz or LTE deployments. 
In case of a BS with multiple TXRUs, highest resource efficiency is achieved, if the beams of all TXRUs are “orthogonal” in space and/or polarization. Then each TXRU has for its disposal the entire time and frequency resources of a TTI. In this scenario the capability of one TXRU scales with the number of TXRUs. Therefore, we can restrict the following discussion to the case of one TXRU. 
Within a slot, the TXRU of a BS can serve only a few UEs, for which then the resources of an entire slot are available. Obviously this limited capability of multiplexing leads to a waste of resources for UEs that have to transmit only a small amount of data. We can mitigate this deficiency by introducing time division multiplexing (TDM) within a slot.  The slot is split into disjoint TTIs. The TXRU can then serve a UE in a different spatial direction in a different TTI. The TXRU of the BS will switch its beam from TTI to TTI. As a starting point we assume splitting the slot into two TTIs (see figure 1). 


Figure 1: Slot with 2 TTIs


Simulation scenario and parameters
We investigate the benefit of a “2-TTI” slot relative to a “1-TTI” slot for a simple traffic model. We assume that on downlink 90% of all active users have a full data buffer at all times and 10% of all users receive bursty traffic, whereas on uplink the ratio between users with full data buffer to users with bursty traffic is 1:1. The bursty traffic is assumed to consist of TCP-ACK packets. The arrival model for the TCP-ACK packets is modelled by a Poisson process the arrival rate of which depends on the rate of received TCP packets. We assume that the TCP client acknowledges each received TCP packet.  
We assume there are 10 active users in a urban macro cell of 250m cell radius. There locations are randomly chosen. The channel model UMa according to table 7.2-1 of 3GPP TR 38.900 V1.0.0 is used. The channel bandwidth is 100Mhz.
The following frame structures as depicted in figures 2.1 and 2.2 are assumed. We assume a subcarrier spacing of 120kHz. Both slot types begin with control signals conveying the assignments. The duration of the control signals is that of 2 symbols. Each TTI contains one symbol to carry the demodulation reference signal only.  For the 1-TTI simulation we assume that the scheduler only uses the 1-TTI slot type, whereas for the 2-TTI simulation, the scheduler can opportunistically choose between the 1-TTI and 2-TTI slot. 


Figure 2.1: Detailed Slot with 1 TTI


Figure 2.2: Detailed Slot with 2 TTIs
The scheduler operates proportional fair and does not give preferential treatment to TCP-ACK users. Table 1 summarizes the simulation assumptions.
	Bandwidth
	100Mhz

	Subcarrier Spacing 
	120 kHz

	Channel Model
	UMa (see 3GPP TR 38.900 V1.0.0 table 7.2-1)

	Tx power difference between base station and UE
	13dB

	Spectral efficiency 
	5dB gap from Shannon capacity. 2 layer spatial MIMO assumed.

	Number of active users 
	10

	Ratio of users with burst traffic to users with full buffer 
	1:9 (downlink)  1: 1 (uplink)

	Size of TCP packet
	1500 bytes

	Size of TCP-ACK packet
	40 bytes

	Model for burst traffic
	M/M/1 model for TCP-ACK packets.  TCP client acknowledges each TCP packet. Rates of TCP –ACK packets is arrival rate of TCP packets

	Scheduler 
	Proportional fair



Table 1: Simulation assumptions

Figures 3.1 to 3.4 show the simulation results in terms of cell throughput and latency for the TCP-ACK users.
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Figure 3.1: Cell throughput for downlink for 1-TTI versus 2-TTI slot
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Figure 3.2: Cell throughput for uplink for 1-TTI versus 2-TTI slot
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Figure 3.3: Latency for TCP-ACK packets for downlink for 1-TTI versus 2-TTI slot
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Figure 3.4: Latency for TCP-ACK packets for uplink for 1-TTI versus 2-TTI slot

The 2-TTI slot allows the scheduler to more efficiently map the airink resources to the traffic demands of the users.  As a result cell throuput and latency for delay sensitive TCP-ACK packets improve. The amount of improvement increases with the ratio of burst traffic users to full buffer users.  

Conclusion
[bookmark: _Ref442441852][bookmark: _Ref441562466]Observation 1: MMW base stations can multiplex far less users in the frequency domain than sub-6 GHz base stations. This constraint reduces the cell throughput and user experience in terms of data rate and latency.

Proposal 1: Study what measures can be taken to mitigate this effect.

Observation 2: Introduction of a “2-TTI” slot improves cell throughput and latency. In general multi-TTI approaches appear to be beneficial and provide the ability to time multiplex users with finer granularity.

Proposal 2: Study means to introduce multi-TTI slots.
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