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1 Introduction  
For the coming 5th Generation, one has to consider what the upcoming future applications and use cases will be and what are the shortcomings of LTE in this respect.
Smartphone apps are becoming more chatty in that they periodically exchange information with the server side, Internet of Things (IoT) and machine-type-communication (MTC) will comprise a major part of the attached devices in the future. These new traffic types have the characteristics of being more sporadic in nature, using small packet sizes and involving huge numbers of communication partners. The pervasiveness of small packets arising from the combination of machine-type traffic and smartphone background traffic leads to a need for enhancements to the efficiency of delivery of small bursts of data with low signaling overhead. This is an important design consideration and target for the further evolution of LTE-Advanced. 
Broadband traffic will continue to predominate in the next generation, and this means that 5G should provide continuing improvements in its handling, for example by means of advanced multi-antenna processing such as AAS and elevation beamforming, further densification of small cells and techniques that improve the efficiency, quality, data rates and uniformity of service, especially at the cell edge, by dealing with inter-cell interference problems. Other upcoming applications that are just around the corner such as car-to-x communication, tactile Internet or the integration of new industry branches into communication, like control and automation, call for latency improvements that must also be incorporated into 5G. 
Hence, 5G will be a unified ecosystem serving both traditional and new applications and use cases. In this paper, we focus on some of the potential enhancements needed to fully optimize the support of these diverse traffic types from mobile broadband to massive densities of ultra-narrowband devices as well as support for use cases such as low latency and fulfilling a consistent user experience. The enhancements that we will highlight can be viewed as forming the foundation for a multi service and adaptable air interface for 5G, as illustrated in Figure 1.  
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Figure 1: 5G: A Unified Ecosystem

2 Efficient Adaptation    

As discussed above, the next generation will be characterized by flexibility and efficiency in supporting a diverse spectrum of different applications from enhanced mobile broadband to ultra narrowband, while also providing other critical enhancements such as ultra low latency. 
The traffic generated by ultra-narrowband applications, such as machine-type traffic, is characterized by sporadic and small packets. Devices generating this type of traffic tend to interact with huge numbers of communication partners and/or have low-end functionality. The new air interface for fifth-generation (5G) cellular networks should possess the ability and flexibility to support these devices with relatively loose time synchronization requirements as well as those that are capable of ultra broadband on the same carrier. To achieve this, it is highly desirable for the new interface to support a broader range of waveform parameters (such as the subcarrier spacing and symbol period) and to allow individual users to be configured with their own parameters. With the current LTE OFDM waveform, however, such flexibility would bring with it the potential for strong inter-user interference, even under scenarios with perfect synchronization.
Challenges in maintaining perfect synchronization are not just a function of the device capability and cost but can also occur when devices are attached to multiple transmission points. There are significant challenges to achieve perfect synchronization, as typically the respective round trip delays are different. With possible asynchronous links with some of the transmission points, multi-user interference would occur between users being located in adjacent frequency in the uplink. 
Another important adaptation to have is directed towards greater energy efficiency and the need for supporting long battery-use times. The target traffic is expected to be distinctly comprised of small packets and it is clear that, even in today’s LTE, carrying the increasing load of this new kind of future traffic would require rethinking of the potentially huge signaling overhead. For current LTE, for a single packet transaction (e.g. a sensor measurement report), a large number of up to 40 messages have to be exchanged via the air interface. While this is acceptable for a few human broadband communication partners, for ultra narrowband traffic where sporadic packets smaller than 1000 bits are common this results in signaling traffic significantly greater than user traffic. The increased signaling traffic also has a negative impact on battery life whereas a longer battery life for these devices is also expected. 

The support of a diverse set of traffic types each appropriate for their respective propagation environment and service needs, motivates an adaptive numerology and frame structure that provides the highest flexibility and scalability. Targeting velocities up to 500 km/h would also degrade the channel estimation of the existing frame design. Therefore, allowing the system to better match each transmission to the respective link/device characteristics within a single carrier requires a configurable air interface that adapts to 

· High Doppler scenarios,
· Reduced degree of synchronization, and 
· Low latency scenarios
As an example, low latency and high Doppler spreads can be supported by using short symbol durations, while MBMS traffic can be multiplexed in parallel with other users to allow for specialized modes in parallel. The goal is thus an air interface with the highest flexibility and scalability in the scheduled resources. Furthermore, a new numerology will be necessary for the support of much higher operating frequencies. Typically the cells at high frequencies (e.g. 30-60GHz) are much smaller than even today’s LTE small cells, and this translates into a low delay spread and low mobility; however, Doppler shifts for a given mobility are much increased at these frequencies. 
3 (Sub-Band) Filtered OFDM for Uplink Access

The LTE air interface is designed around orthogonal frequency-division multiplexing (OFDM). In its  unfiltered form (i.e., the subcarriers are rectangularly windowed in each symbol interval), the spectral decay rate for the waveform is low, with orthogonality between users only possible when these users are precisely synchronized in time and frequency.
Full time-synchronicity, while easily achieved on the downlink, presents a nontrivial challenge on the uplink, requiring delay–inducing signaling to implement the energy-consuming timing advance mechanisms. To avoid this overhead, a 5G air interface should therefore be designed from the start with relatively loose time synchronization requirements. In this context, there has been interest in adding additional filtering to the multicarrier waveform to make it more robust to time misalignments. 
Similar additional filtering in the downlink would usefully enable a user-specific and adaptive numerology as discussed in Section 2 above, as well as enabling more efficient exploitation of narrow or fragmented pieces of spectrum. 
A generalized model of filtered OFDM is shown in Figure 2 below.
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Figure 2: Filtered OFDM System Model

Filtering of an OFDM (or, by the inclusion of DFT precoding, SC-FDMA) signal has been studied in the past, mostly for the entire band [1], and, in more recent studies [2]-[4], at the sub-band level. While the generalized benefits of filtered OFDM are widely recognized, its application to LTE requires further study and optimization. As an example, sub-band filtering can be performed either individually for each subcarrier, or jointly for several contiguous subcarriers constituting a sub-band. Furthermore, unlike the LTE waveform, filtered OFDM (or SC-FDMA) can operate without the use of a cyclic prefix in each symbol. Instead, the time period usually allocated to the CP to absorb multipath contains the transient response of the filter, an option known as Zero Prefix (ZP) or Zero Postfix OFDM. 
The performance of some different methods of filtering are shown in Figure 3 compared to unfiltered (i.e. rectangular pulse shaped) OFDM for the uplink. These preliminary results consider a simple system comprised of three users transmitting in contiguous sub-bands, and received at an isolated cell. Two cases, viz., synchronous and asynchronous, are of interest. If the system is synchronous, each user’s path delay is perfectly compensated by ideal timing advance, such that the desired signal energy (summed over subcarriers) at the output of the demodulator for its sub-band is maximized; further, each user’s Doppler shift is zero. 
In the cases shown as “asynchronous”, each user’s received timing is uniformly distributed in an interval of +/- 50% of the symbol period, as well as each user’s Doppler shift being uniformly distributed in the range +/- 20% of the subcarrier spacing. The delays and Doppler shifts are assumed to be independent in this evaluation. It is assumed that all users are received at the same average SNR, and that each user divides its power equally among all its subcarriers. Further, their channels are all slowly fading, and have the extended typical urban (ETU) power-delay profile, with path delays rounded off to the nearest multiple of the sampling period T.
Figure 3 shows the fraction of the ideal rate achieved by the desired user, as a function of the SNR (common to all subcarriers of all users) at the demodulator input. The ideal rate is the Shannon rate for a given SNR. The figure shows the improved performance in the asynchronous case due to improved inter-subband interference suppression, and also that CP-OFDM and ZP-OFDM achieve near-identical rate-vs.-SNR performance.
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Figure 3: System throughput robustness with Filtered OFDM. Filter of 73 taps.
Further simulation results are shown in Figure 4 for different filter impulse response durations, namely 73, 289 and 577 samples (compared to a CP length of 72). Note that there can be intra-user and inter-user interference if the filter impulse responses are long enough, or if the users have differing waveform parameters. Increasing the filter impulse response can be expected to ease the filter design.  
In synchronous mode with equal subcarrier spacings and symbol periods, increasing the filter impulse response beyond 73 results in 2-3% lower rates; this can be attributed to the increased inter-symbol interference incurred with longer filter impulse responses. However, in the cases of asynchronous mode and/or unequal subcarrier spacings and symbol periods), orders 288 and 576 attain slightly (1-4%) higher rates than order 72, because the improved suppression of inter-subband interference with the higher filter impulse response outweighs any increase in intersymbol interference; there is very little incremental gain in going from order 288 to order 576.
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Figure 4: System throughput robustness of Filtered OFDM for different Taps Length
4 Signalling Optimizations for Small Packets    

In this section, we focus on the overhead optimization for small packets and their required response time. Even though the bulk of transmissions will show similar characteristics as today for broadband, there will be a class of sensor devices (e.g. temperature sensors that monitor their environment and sporadically send reports as small packets over the network) and certain smartphone applications (e.g. incremental updates for stock exchanges), and a range of new applications would be enabled if the mobile networks were to provide services offering significantly reduced end-to-end latency. Examples of such new applications include certain specialized mission critical services such as real-time vehicle-to-vehicle communications and immersive virtual reality.

Currently in LTE, the uplink random access procedures ensure that the uplink transmissions from different users are orthogonal. These procedures also come with the needed signalling overhead in both uplink and downlink that does not reduce with the size of the data packet to be transmitted. For sporadic and small uplink transmissions, these overheads cause a significant wastage in the radio resources when large numbers of devices are generating small packet traffic, reducing the overall air interface efficiency. From the latency performance consideration, the current procedures are also not optimum for supporting these frequent and small packets. 
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Figure 5 compares the latency performance of a single uplink packet transmission for the existing LTE system starting from Connected Mode DRX with that starting from Idle modes. Connected mode with DRX gives the lowest latency but has the highest energy consumption, whereas Idle mode has much lower energy consumption and is therefore better for device battery life but greatly increases the latency for a packet transmission. Also shown for comparison purposes, is an optimized Idle mode, an enhancement currently considered in Release 13 which allows the UE to maintain its UE context while in Idle mode resulting in lower latency since there is no need to establish security context and connection reconfiguration is not required.  

Network initiated connections should be aligned to the reporting interval of a sensor device. In the scenarios that we anticipate, the DRX timer should be aligned with the expectation of sending of 10 to 100 packets a day. To be aligned to the transmission times of these packets, connected mode DRX would incur significant battery drain for the device. It should be noted that a Release 13 work item has already been approved to define RAN mechanisms for extending the DRX cycle in scenarios where mobile terminated data has a delay tolerance in the order of minutes to an hour. 
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Figure 5: Delay Performance of different Access Procedures

Since Release 12, optimizations of MTC communication over LTE have included enhancements for low power consumption. Figure 6 illustrates the device battery lifetime as a function of the number of small packets sent in a day, based on the power consumption model assumed in Table 1. Battery lifetime is shown for Connected mode DRX, Idle mode and an energy-optimized Idle mode in which the UE can maintain its UE context while in Idle mode. Hence for the Optimized Idle mode, the exchange of signaling for security mode and connection reconfiguration are no longer required, resulting in lower energy consumption.

Figure 6 also shows the projected requirements if a 10 year battery life were to be required together with as many as 50 small packets per day [6, 7]. This is more than double the number of packets per day supportable by the existing Idle mode for a 10 year battery life. We have labelled such a requirement as “Small Packet Optimized”. 
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Figure 6: Device Lifetime versus the frequency of Small Packets 

In addition to the tradeoffs of delay performance and energy efficiency that need to be taken into consideration, Figures 5 and 6 also highlight that even with the optimized Idle mode, the energy efficiency would not meet the projected low energy requirements of device generating large number of small packets. To meet this projected requirement, enhancements to Iatency and signalling overhead needs to be considered in the evolution of LTE for 5G.

Potential enhancements that can be considered include reducing the overhead of the Random Access Response (RAR) or including data transmission capability during Connection Request (i.e. RACH msg 3). Revisiting the Preamble design so it can point directly to the payload resources could yield further latency improvements. To ensure overall system benefits, tradeoffs to be considered would be on the DL overhead reduction versus UL efficiency loss due to resource constraints and reduced synchronisation. 
	UE Power Saving State
	Energy
	UE Battery Lifetime (days)
	Notes

	DRX
	Ep = 0.0193 J/short packet 
EDRX = 0.007539J/s
	6,480 / (24 EP + EDRX 24 3600) = 10 days for 1 packet/hr.


	Assuming the maximum DRX cycle of 2.56s. The device wakes up once per cycle in the paging frames.

Ep - energy to send a short packet.

EDRX - energy to maintain DRX.

	Idle Mode
	Ep = 0.0699J/short packet
	6,480 / (EP x) = 3862 days for 1 packet/hr.
	x = no. of short packets/day.

	Optimized Idle Mode
	Ep = 0.0502J/short packet

	6,480 / (EP x) = 5378 days for 1 packet/hr. 


	UE Context is maintained in Idle mode.




Table 1: Energy Consumption of Different Access Procedures. 
Note: The UE power model assumed contained 4 states: deep sleep in Idle mode (0 mW, sensor device is assumed); sleep in Connected mode DRX (250 mW), Rx (1200 mW); Tx (3000 mW) and a typical AAA battery with a capacity of 6480J.

5 Summary

In this paper, we have provided our view for the evolution of wireless standards beyond LTE-Advanced in its continuing adaptation and optimization to support new traffic types and use case scenarios in the coming decade. 
Key among the requirements for 5G will not only be support for enhanced mobile broadband with an air interface that supports operation at much higher frequencies than today’s cellular networks, but also support for large numbers of very small packets generated by massive densities of machine-type devices as well as by certain smartphone applications. The air interface will also need to be designed to support much reduced latency, and provide a consistent user experience. 
The need to support varied use cases on a single carrier in a highly spectrally efficient manner leads to a need for an adaptive air interface that does not suffer from inter-user interference when different numerologies are used on a per-user basis. Enhanced filtering applied to the transmitted waveform can help to achieve this, by sharpening the spectral roll-off and improving robustness to time and frequency offsets. 

Reductions in connection setup signalling will also be important and will benefit overall spectral efficiency, short packet latency, and device battery life.  
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