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Introduction
In RAN1 #86 Meeting [1], some agreements were made regarding defining multiple CP lengths for a given subcarrier spacing:
· NR design should allow potentially defining multiple CP lengths for a given subcarrier spacing in Phase I or later
· Multiple CP lengths do not mean the normal CP have 2 different CP lengths in the LTE
· It should be possible to deploy NR with 60 kHz subcarrier spacing in the channel that have the same delay spread that LTE can handle with the normal CP length as one use case
· Other subcarrier spacing solution can be considered with an equal priority in the further study
· More than one CP length should be studied for a given subcarrier spacing
· The different CP lengths for a given subcarrier spacing can be of substantially different lengths 
· For 60 kHz subcarrier spacing, at least one CP length can be similar to the normal CP length of 15 kHz corresponding to LTE numerology
· Other proposals are not precluded
· Note: FFS whether all of subcarrier spacings support more than one CP length or not
· Note: FFS whether supporting more than one CP length for a given subcarrier spacing is mandatory or optional for a given UE

Also in RAN1 #86 Meeting, CP-OFDM based waveform with possibility of additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) was agreed for up to 40 GHz for eMBB and URLLC services [1]. More recently, it was agreed in RAN Plenary that all discussions related to waveform for above 40GHz except for forward compatibility considerations to be put on hold until March 2017 [2]. We believe Zero-CP based family of waveforms such as DFT-s-OFDM with Unique-Word (UW), Zero-Tail (ZT) and Guard Interval (GI) are good waveform candidates for above 40 GHz which need to be further studied in RAN1 [3]. Accordingly, the RAN1 agreements on CP should take the possibility of introducing this family of waveforms in Phase 2.
In this contribution, we consider the case that the different CP lengths for a given subcarrier spacing are of substantially different lengths (e.g., Normal/extended CP and Zero-CP). Zero-CP refers to the CP which has zero length. Then, using both system-level simulations and analytical studies, we quantify the potential system capacity gain by employing a Zero-CP based waveform with zero-length CP compared with a CP based waveform with normal or extended CP. 
Discussion 
The potential benefits of Zero-CP family of waveforms from system perspective was extensively discussed in [3]. Among its potential benefits, system overhead reduction was highlighted. Unlike CP-OFDM based systems where the length of CP is statically configured for the entire system, in Zero-CP family of waveforms the size of the ZT/UW/GI in UL can be dynamically set according to the actual instantaneous delay spread (e.g., on a per-UE basis) and/or system configuration (e.g., on a per-cell basis) without necessity of modifying the system numerology. From a single user perspective, this will result up to 7% overhead reduction for the normal CP and up to 25% overhead reduction for the Extended CP defined in LTE. Note that ZT/UW/GI may be considered as overhead in terms of peak throughput. However, in practice, it is not completely an overhead as regular CP since it can be used for channel estimation, synchronization and phase noise compensation. 
Another main benefit of enabling a dynamically configurable ZT/UW/GI length is that synchronization can be maintained at the symbol level to enable the crucial interference management techniques in a multi-cell environment. In fact, in the existing systems, most interference coordination, cooperation and cancellation techniques rely on the principle of synchronous transmission across neighboring cells. This requirement implies that the neighboring cells should be configured with a CP length according to the worst case among the cells to maintain the synchronism. This restriction will negatively impact the ultra-dense deployment scenarios envisioned for NR which are supposed to operate in highly interference-limited environments. Similar observation can also be made for mitigating intra-cell interference, given that in practice, the CP length should be set based on the worst case user (i.e., cell edge users).  
Proposal: NR design should support Zero-CP length for a given subcarrier spacing. 

System-Level Evaluations
In this section we compare via system level simulation the performance of Normal CP and Zero-CP based DFT-s-OFDM waveforms under the uplink single numerology case (1b). We focus on two deployment scenarios: indoor office and UMi-street canyon, as we expect the Zero-CP based approach to provide spectral efficiency gains in both scenarios over CP based approach. The simulation assumptions are shown in Table 1 in Appendix. Additional details regarding the channel model can be found in [4].
Indoor office 
In the Indoor NR scenario, it is expected that normal CP will be sufficient to protect against the longest delay spread of the UL channel. For example, consider the CDF of the maximum delay spread for the Indoor office 5G channel (as given by assumptions in Table 1 and [4]) shown in Fig 1. 
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               Fig.1 Maximum delay spread in Indoor Office scenario  
As shown in the figure, the maximum delay spread observed is around 550 ns, while almost 99% UEs have a maximum delay spread less than 400 ns. With 60 KHz subcarrier spacing, an OFDM symbol would have a duration of 16.6667 µs without CP, and an additional 1.1719 µs with CP. From Fig.1 we see that the CP length could be reduced in half without system performance impact. Utilizing a Zero-CP based approach, such as UW DFT-s-OFDM, allows the system to adapt the UW size on a per UE basis such that a UE with a larger delay spread would utilize a longer UW sequence, whereas a UE with a shorter delay spread would utilize a shorter UW sequence. Such a scheme allows the system to adequately combat inter-symbol interference, while ensuring no resources (time domain resource in the case of CP) are wasted and no change to the frame structures (e.g., number of symbols per TTI). This can result in an improvement in overall spectral efficiency for the system.      
Table 2 shows the percentage improvement in cell average spectral efficiency (in bps/Hz/Cell) achieved when utilizing a Zero-CP based (ZT/UW/GI) DFT-s-OFDM waveform when compared to CP DFT-s-OFDM waveform.


	Table 2. Indoor Office – SLS based performance comparison of Normal CP vs. Zero-CP overhead

	Waveform
	Spectral Efficiency (bps/Hz/Cell)

	CP DFT-s-OFDM
	0.2942

	UW DFT-s-OFDM
	0.3105 (+5.55 %)



Observation 1: In Indoor office scenario Zero-CP overhead is marginally more efficient (~6%) than Normal CP overhead in terms of spectral efficiency. 
UMi Street canyon

For outdoor NR scenario, extended CP is being considered. Extended CP was extensively discussed in the previous RAN1 meeting and majority of companies supported the adoption of Extended CP for NR. For a 60 KHz SC spacing, this amounts to a CP length of 4.175 µs per OFDM symbol. The CDF of the maximum delay spread for the UMi street canyon 5G channel (as given by assumptions in Table 1 and [4]) is shown in Fig. 2. We note that an extended CP length of 4.175 µs is sufficient to cover ~ 95% of UEs in this scenario. We also note that 80% of UEs have a worst case channel delay spread under 1µs. 
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Fig. 2 Maximum delay spread in the outdoor UMi street canyon scenario

Table 3 shows the percentage improvement in cell average spectral efficiency (in bps/Hz/Cell) achieved when utilizing a Zero-CP based (ZT/UW/GI) DFT-s-OFDM waveform when compared to Extended CP DFT-s-OFDM waveform.

Table 3. UMi street canyon – SLS based performance comparison of Extended CP vs. Zero-CP overhead

	Waveform
	Spectral Efficiency (bps/Hz/Cell)

	CP DFT-s-OFDM
	0.1814

	UW DFT-s-OFDM
	0.2141 (+18.0 %)



Observation 2: In UMi street canyon scenario Zero-CP overhead is significantly more efficient (~18%) than Extended CP overhead in terms of spectral efficiency. 
Analytical Studies
In this section we present analytical results that show the potential gain achievable when utilizing a Zero-CP based waveform such as UW DFT-s-OFDM. For the analytical results we assume an IDFT size (N) of 2048, with DFT spread size (M) of 72, 600, and 1200, corresponding to a user bandwidth of 6, 50 and 100 RBs, respectively. As mentioned previously, we assume Normal CP of 1.1719 µs (G = 144 samples) for the Indoor office scenario, whereas an Extended CP of 4.175 µs (G = 512 samples) is considered for UMi street canyon.  
The UW size (per UE) is given by:
 ,     (1)
where  denotes the maximum delay spread for the UE, and  (KHz) denotes the sampling frequency. The effective spectral utilization with DFT spreading for UW and CP DFT-s-OFDM can then be given by the following expressions.   for UW DFT-s-OFDM,


   for CP DFT-s-OFDM.

Note that in our calculations we considered the UW’s overhead pre DFT which is why we subtract the unique word size (in number of subcarriers) from the total DFT spread block; whereas in the CP based scheme the overhead is the guard band G, that is added post IDFT.  
The normalized gain for UW over CP DFT-s-OFDM can then be given by:
Gain =   		  (2)


Using the above specified parameters for CP and calculating the (per UE) UW based on the channel characteristics, Table 4 provides the normalized gain that can be achieved by a Zero-CP based DFT spread scheme over a CP based one for user bandwidths of 6, 50 and 100 RBs

Table 4. Indoor office and UMi street canyon – Analytical results for Normal CP vs. Zero-CP overhead

	
Scenario
	
Gain (in %)


	
	M = 1200
	M = 600
	M = 72

	Indoor Office
	6.37
	6.33
	5.48

	UMi Street canyon
	20.76
	[bookmark: _GoBack]20.71
	19.97



Observation 3: In terms of spectral utilization, Zero-CP overhead schemes are marginally more efficient (~6%) than Normal CP overhead in Indoor Office scenario and significantly more efficient (~20%) than Extended CP overhead in UMi street canyon scenario.
Summary
In this contribution we have demonstrated the benefit of utilizing a Zero-CP based waveform such as UW DFT-s-OFDM over a CP OFDM based waveform. We presented both system level simulation as well as analytical results that demonstrate that spectral efficiency gains of up to 6% are achievable in an indoor deployment, whereas in outdoor scenarios gains of over 18% can be achieved. Based on these findings we propose the following
Proposal: NR design should support Zero-CP length for a given subcarrier spacing.
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Appendix
1.1 [bookmark: _Ref450856314]Simulation Assumptions 


				     Table 1. Simulation assumptions
	Parameter
	Assumption

	Deployment/Channel model 
	1. Indoor Office 5G channel model 
2. UMi-street canyon 5G Channel model

	Carrier frequency/Bandwidth
	30 GHz/80 MHz (100 RBs – SC spacing below)

	Subcarrier spacing/TTI length
	60 KHz/0.25 ms

	OFDM symbol duration
	Normal CP (for indoor scenario): 14 symbols per TTI, 17.8386 µs per symbol (includes CP length 1.1719 µs ) 
Extended CP (for outdoor scenario): 12 symbols per TTI, 20.8417 µs per symbol (includes CP length of 4.175 µs) 

	eNB antenna configuration
	2x2 array, P = 2, Mg=1,Ng=1, dH=dV= 0.5 lambda

4TX: V1H4, (2,2,2)


        


	UE antenna configuration
	2 Rx cross-polarization, 0o/90o

	UE attachment
	RSRP on CRS port 0

	UE distribution
	Uniformly dropped

	Receiver
	MMSE-IRC, ideal channel estimation

	Channel quality report
	Wideband PMI/CQI (over entire system BW), 10 TTI periodicity with 6 TTI delay

	Scheduler 
	UL SU-MIMO with rank adaptation up to rank 2 (PF)

	Waveforms 
	CP DFT-s-OFDM, UW DFT-s-OFDM 

	CP overhead (for CP DFT-s-OFDM)
	6.65% for normal CP, 20 % for extended CP

	UW overhead (for UW DFT-s-OFDM
	UW on a per UE basis (sufficient to cover max. delay spread)
Indoor office overhead range is 0.083 % - 3.167 %
UMi Street canyon overhead range is 0.17 % - 24.58 %, with 85% UEs having overhead < 6.6 %
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