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Introduction
The new generation radio air interface, New Radio of 5G (NR), is going to support much more demanding requirements than LTE, e.g., for peak data rate, spectral efficiency (SE) and latency [1]. As the LTE is already a very well-developed and capable system, and is going to evolve further, it is not obvious which technical areas of the new air interface should be the major sources of required improved performances. To answer this question, in this contribution we start from a simple numerical analysis of the peak downlink SE of the LTE air interface, in order to calculate both an overall spectral efficiency overhead, i.e., loss in the LTE system, and the key elements that contribute to that overhead. The overall SE overhead in LTE will serve us as an indication of the total room for the SE improvement, while the technologies that contribute most to that overhead will help us to define the key improved features of the new air interface.
Based on the above analysis, we further try to identify the consequences of changing some basic parameters of the LTE air interface in order to meet new RAT requirements, such as low latency and larger bandwidth. Assuming as an example the subcarrier spacing of 60 kHz in order to keep reasonable implementation complexity with new signal bandwidth of about few hundred MHz, we analyze impact on CP overhead, control channel overhead, reference signals, maximum coding rate, etc. 
Finally, based on the above analysis and targeted spectral efficiency of 30 bps/Hz, we propose to focus the study on finding solutions that allow reduction of CP and spectrum guard band, and indicate how some relatively new technologies, not yet exploited in LTE, can help to achieve these goals.
[bookmark: _Ref129681832]Peak downlink spectral efficiency in LTE
In this section, some insight to the next generation radio air interface design will be achieved by studying the downlink peak spectral efficiency of LTE.
Theoretical and practical peak spectral efficiency of LTE
LTE is designed with MIMO and higher order modulation to enable high spectrally efficient transmissions. The main parameters of LTE used for potentially approaching the peak spectral efficiency are provided in Table 1, where up to 8 spatial layers and 256-QAM are supported. The theoretical spectral efficiency ignoring all overhead with error-free transmission can be upper bounded as:

 

Table 1. Parameters for LTE assumed for approaching the peak spectral efficiency.
	Element
	Value
	Comments

	Number of spatial layers
	8
	A UE supports 2 codewords, each corresponding to up to 4 layers

	Modulation Order
	256-QAM
	

	Transmission bandwidth
	100 PRBs
	Corresponding to a 20 MHz system bandwidth

	Subcarrier Spacing
	15 kHz
	For normal CP case

	CP Length
	Normal CP
	160*Ts for the first symbol of a slot,
144*Ts for the remaining 6 symbols of a slot

	Reference Signals
	8 DMRS + 1 CRS
	Assuming normal unicast subframe

	Control channels
	1 OFDM symbol
	Normal subframe with 1 OFDM symbol control region




However, the actual spectral efficiency is largely related to the system design, e.g., the overhead and the implementation such as the TBS limitation. The practically achievable LTE peak performance could then be found as:

assuming 100 PRBs are used. Therefore an equivalent overhead of LTE working at its capacity could be determined by 
Observation 1:	At its capacity limit, LTE has an overhead of around 39% compared to an ideal system.

Key elements of LTE overhead
An analysis on the elements contributing to the overhead is given in Table 2.
Table 2. Summary of LTE overhead assuming a 20 MHz bandwidth.
	Element
	Overhead
	Comments

	Spectrum Guard Band
	10%
	100 PRBs corresponding to 18 MHz can be used.

	Cyclic prefix
	6.7%
	160 Ts for the first symbol of a slot,
144 Ts for the remaining 6 symbols of a slot
(160*2+144*12)/(30.72e6)/(1e-3)

	Control channels
	7.1%
	One OFDM symbol: 1/14=7.1%

	Reference signals
	19.0%
	8 DMRS +1 CRS ports: (24+8)/168=19.0% The CSI-RS overhead may be set to a relatively small value using larger periodicity.

	Channel coding
	2.9%
	The maximum code rate is 0.971 for the maximum TBS

	Total
	38.7%
	1-(1-10%)(1-6.7%)(1-7.1%)(1-19.0%)(1-2.9%)*


*Note: The total overhead is derived using more digits after decimal point for each component element. 
Observation 2:	For LTE, the peak spectral efficiency is primarily impacted by the reference signal overhead, spectrum guard band, cyclic prefix, control channel overhead and channel coding, in a descending order.
Similar exercise could also be made for the uplink where it should be noted that the overhead of 2 DMRS symbols (14.3%) is slightly less than the overhead in the downlink of reference signals (19.0%). Hence, the gap to the requirement is more pronounced for the downlink, assuming that also the uplink will support 256-QAM.
Room for improving spectral efficiency in NR
Analysis of overhead
Example of basic PHY layer parameters for NR versus LTE 
A few parameters for NR are exemplified in Table 3 where we assume an OFDM waveform. In comparison to LTE, it can be observed here that the major differences associated with the spectral efficiency include the transmission bandwidth and the subcarrier spacing.
Table 3. Parameters for NR affecting the spectral efficiency.
	Element
	Value
	Comments

	Number of spatial layers
	Up to 8 
	As LTE

	Modulation order
	256-QAM
	As LTE

	Transmission bandwidth
	Up to hundreds of MHz
	Different.

	Subcarrier spacing
	[60] kHz
	Different.
The subcarrier spacing would be increased from 15 kHz to a larger value, say 60 kHz, to enable reasonable complexity in larger bandwidth, i.e. comparable FFT size as 2048 used in LTE 20 MHz, while also providing short symbol duration for low latency.

	Cyclic prefix
	Normal CP
	Similar as LTE. 
Typically related to channel delay profile in relation to the channel model which does not change significantly below 6 GHz bands.

	Reference signals
	8 antenna ports UE-specific
	Similar as LTE. 
The DMRS pattern may be changed. Other reference signals providing essential purposes other than data demodulation may be needed.

	Control channels
	TBD
	Similar or lower than LTE



Initial estimation of NR overhead
A detailed analysis on the elements contributing to NR overhead is given in Table 4, which shows there is around 56.2% overhead by directly scaling the subcarrier spacing from 15 kHz to 60 kHz and a reduced TTI of 0.1ms. This causes NR peak spectral efficiency to be no greater than . Hence, some improvements appear necessary for meeting the target of 30 bps/Hz.

Table 4. NR overhead assuming the parameter in Table 3 with subcarrier spacing of 60 kHz for 80 MHz Channel
	Elements
	Overhead
	Comments

	Spectrum guard band
	10%
	Similar as LTE
Reusing LTE design which basically reserves 10% bandwidth as the spectrum guard band. It is realized that the spectrum guard band could be further reduced, especially for a wider bandwidth system. 

	Cyclic prefix
	33.3%
	Much larger than that for LTE
Assuming the subcarrier spacing is changed from 15 kHz to 60 kHz resulting a reduced OFDM symbol duration by 25%.
The overhead is derived assuming the NR subframe duration of 0.1ms, NR OFDM symbol duration of 1/(60e3)/(1e-3) ms and a CP no less than LTE normal CP144/(30.72e6)/(1e-3)ms, which results in 4 NR OFDM symbol in a 0.1 ms subframe.
1-1/(60e3)/(1e-3)*4/0.1

	Control channels
	7.1%
	Similar as LTE
Assuming downlink control information is sent 10 times more frequently than in LTE, e.g., NR/LTE TTI is 0.1/1ms, while the bandwidth is 4 times of LTE, e.g. NR/LTE carrier bandwidth is 80/20 MHz, the total overhead of NR typically needs to be higher. However, NR control channel overhead may be reduced, e.g., via the use of EPDCCH-like channel. 

	Reference Signals
	19.0%
	Similar as LTE
If NR works under a similar channel model as LTE, the reference signal distribution may be similar as that for LTE, which causes similar overhead.
It may be noted that NR may need relatively larger overhead for transmitting references signals for the purpose of channel state information due to potentially a larger number of antennas at the eNodeB side, especially for FDD.

	Channel coding
	2.9%
	Similar as LTE
The maximum code rate is not foreseen to change significantly.

	Total
	56.2%
	



Observation 3:	For a NR configuration with 8 antennas at UE and 256-QAM using scaled subcarrier spacing for 80MHz channel, reduced TTI and no-shorter-than LTE CP, the peak spectral efficiency is around 28 bps/Hz, which is below the 30 bps/Hz requirement.
Observation 4:	For NR, the peak spectral efficiency is primarily impacted by the cyclic prefix, reference signal overhead, spectrum guard band, control channel overhead and channel coding, in a descending order.
Potential techniques to improve the spectral efficiency
Based on Observation 3 and 4, the spectrum guard bands and the cyclic prefix need to be reduced. The following techniques should be studied to improve the spectral efficiency.
Numerology without significant cyclic prefix overhead
A key point of the overhead will come from the cyclic prefix since it is expected that the subcarrier spacing has to increase compared to LTE (due to shorter latency requirement and larger carrier bandwidths). Hence, numerology should be carefully designed not to incur significant CP overhead. 
[bookmark: _GoBack]Reduction of spectrum guard band
A major contributor to the overhead is the spectrum guard band, which is due to the slow-decay of sidelobes of the OFDM waveform. Hence, waveform which suppresses sidelobes without affecting CP should be studied [2][3].
Massive MIMO
Massive MIMO (mMIMO) due to its large number of active antenna elements is capable of shaping the radio channels such that the frequency selective channels as well as narrow-band fading channels effectively behave as AWGN channels albeit with a notably boosted SNR which is proportional to the number of antennas elements at the mMIMO array. This consequently relaxes the requirement on the CP length (i.e., a major cause of the overhead) as well as the channel coding overhead where the former is enabled by the mMIMO channel-flattening property and the latter is enabled by the boosted SNR through coherent combing or precoding of the signals at the mMIMO array. Therefore mMIMO can reduce some of the NR overhead sources listed in Table 4. The reference signals overhead can be kept similar as that in LTE using TDD mode which enables channel reciprocity. However, the reference signal overhead for FDD mMIMO may increase in NR depending on the communication scenario.
Overloaded Multiple Access   
Overloaded MA multiplexes several data streams on the same time-frequency resource in order to achieve higher data rates. In contrast to MUST in LTE, Overloaded multiple access is not constrained to pairing two users with sufficiently different SNRs which impacts the maximum number of co-scheduled UEs in LTE MUST. Overloaded multiple access achieves a higher aggregate spectral efficiency for multiple connected UEs thereby making a more efficient use of newly available boosted SNRs from mMIMO. Superposition of multiple streams may replace conventional single-stream transmission using higher-order modulations thereby avoiding their complex computation of soft decoding metrics (LLRs). Further, it allows more flexible MCS selection by dynamically changing the number of multiplexed streams.
Reduction of control channel overhead 
Even though control channel overhead is not the major parameter that affects the achieved spectral efficiency, techniques to reduce control channel overhead are worth to be studied.
Based on the above analysis, the following proposal is made.
Proposal: The following techniques should be studied:
·  Numerology without  significant cyclic prefix overhead
·  Spectral localization in order to reduce the guard band 
· Massive MIMO in order to reduce cyclic prefix length and the channel coding overhead
· Overloaded Multiple Access for co-scheduling several users in the same channel resource, making efficient use of high SNRs while featuring limited demodulation/decoding complexity and flexible MCS selection.
· Techniques for reducing control channel overhead
Conclusions
By analyzing the spectral efficiency, it can be concluded that the spectrum guard band and cyclic prefix length will be significant factors that need to be reduced. In particular the following observations were made.

Observation 1:	At its capacity limit, LTE has an overhead of around 39% compared to an ideal system.
Observation 2:	For LTE, the peak spectral efficiency is primarily impacted by the reference signal overhead, spectrum guard band, cyclic prefix, control channel overhead and channel coding, in a descending order.
Observation 3:	For a NR configuration with 8 antennas at UE and 256-QAM using scaled subcarrier spacing for 80MHz channel, reduced TTI and no-shorter-than LTE CP, the peak spectral efficiency is around 28 bps/Hz, which is below the 30 bps/Hz requirement.
Observation 4:	For NR, the peak spectral efficiency is primarily impacted by the cyclic prefix, reference signal overhead, spectrum guard band, control channel overhead and channel coding, in a descending order.
This leads to the identification techniques according to the following proposal. 
Proposal: The following techniques should be studied:
· Numerology without  significant cyclic prefix overhead
· Spectral localization in order to reduce the guard band
· Massive MIMO in order to reduce cyclic prefix length and the channel coding overhead
· Overloaded Multiple Access for co-scheduling several users in the same channel resource, making efficient use of high SNRs while featuring limited demodulation/decoding complexity and flexible MCS selection.
· Techniques for reducing control channel overhead
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