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Scaled numerology design for control channels overview
Numerology decisions for NR are critical for a successful and efficient support of the wide range of deployment options, and for a flexible frame structure design that can be leveraged seamlessly both now and in the future across all services required to be supported by the new 5G RAT. It is also a key differentiation factor of NR URLLC from LTE URLLC where backward compatibility in terms of numerology needs to be ensured. In NR flexible numerology is already considered a key feature to enable different requirements. In this contribution, we consider scaled numerology for URLLC UL acknowledgement channel design in order to achieve ultra-reliable and low latency HARQ turn-around.
[bookmark: _Ref458718762]Scaled numerology control design principle
Control channel waveform and channelization design is important when transmission/reception processing timeline is tight [2] (e.g., to achieve single interlace self-contained HARQ turn-around for NR eMBB and/or to achieve URLLC fast HARQ turn-around at sub mini-slot level). Based on the dependency of the processing data/ctrl in the opposite link, control signaling is composed of two parts:
· Processing-dependent information: for example, ACK/NAK in PUCCH, NDI in PDCCH,
· Non-processing dependent information: for example, RS for control channel demod.
It is critical to pipeline both transmission and receiver processing as efficiently as possible. Therefore, non-processing-dependent information and processing-dependent information should be transmitted sequentially in time such that more processing time could be allowed for data processing [2]. Unfortunately, with CP-OFDM (including DFT spread SC-FDM) based waveform, this becomes challenging for 1-symbol based control channel design. Due to the multicarrier nature, the OFDM waveform synthesis could start only after all the modulated subcarriers become available (similarly, all the data subcarriers can only be processed after the entire OFDM symbol gets received). Scaled numerology OFDM could be useful in these scenarios to create multiple short duration scaled OFDM symbols. Scaled numerology multi-symbol control significantly streamlines UE and gNB processing for HARQ turn-around by sending non-processing-dependent information and processing-dependent information sequentially in multiple scaled OFDM symbols over time. This would allow to create more time for processing and therefore enable more efficient UE and gNB turn-around, and pave the way to URLLC services for 5G NR.
Scaled numerology control channel design for fast URLLC HARQ turn-around
[bookmark: _Ref458718780][bookmark: _Ref458635823]Scaled numerology uplink control channel design 
As it is discussed in [2], budgeting one symbol duration of gap between the last downlink data-bearing symbol and the time the UE needs to transmit the processing-dependent information could be a starting point that provides enough time for the required processing to be completed, but at the same time keeps as minimum as possible the unused resources, which applies to both eMBB and URLLC. The following figures illustrate the difference of HARQ turn-around timeline for the case with full symbol ack vs. 2-symbol of half duration ack. It can be seen that using scaled numerology 2 symbols allow UE to process with around 1-data-symbol worth of time and turn-around HARQ with 1 mini-slot. Assuming SCS = 30kHz, HARQ RTT reduces from 214us to 143us. For URLLC to achieve end-to-end 1ms latency across multiple layers, this latency reduction is crucial.
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Figure 1 URLLC HARQ RTT with same numerology 1-symbol ack channel with RTT = 6 symbols
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Figure 2 URLLC HARQ RTT with scaled numerology 2-symbol ack channel with RTT = 4 symbols
Specifically, we now compare two options for the numerology used in the URLLC uplink ack channel.
A) Use one uplink control symbol for URLLC. 
· Supporting with an efficient UE-turn around would potentially require either a longer-than-necessary HARQ RTT.
B) Use two scaled numerology symbols with a double SCS. In such a design, even though a variety of different channelization options can be studied, a starting point would be to use the first scaled numerology symbol for transmitting the non-processing dependent information, and the second scaled numerology symbol for transmitting the processing-dependent information as shown in Figures 1 and 2. Using scaled numerology for the uplink control channel has the following advantages:
· The UE has more time to finish the downlink processing.
· The gNB processing timeline could get improved as well because the pilots can be processed in parallel to the reception of the second scaled numerology symbol.
· Similar performance to the one symbol scheme is expected. Due to the small payload of UL PUCCH and the typically low SINR operating point, e.g., of the order of -20 dB, the shorter CP of the scaled numerology symbols is not expected to lead to a SINR floor even in channels with large delay spreads. 
· Evaluation and analysis for an example of an uplink control channel carrying one-bit ACK/NAK is shown in Simulation Section.
· Both OFDM and SC-FDM waveforms can be supported without additional complexity. 

Observation 1: A scaled numerology uplink control channel could provide a more efficient UE-turnaround and enable URLLC service.
Proposal 1: NR should adopt the usage of scaled numerology for the uplink control channel by scaling up SCS (i.e., scaling down symbol duration) at least for URLLC.
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The CP length for both data and control channels should be able to address a range of carrier frequencies, from lower than 1GHz, to higher than 6GHz, and a variety of different deployments scenarios. As we already demonstrated in a previous contribution [4], a scaled numerology family with normal CP and a natural scaling of the CP length is able to gracefully handle typical extended delay spread environments (such as the Multicast and broadcast over a single frequency network (MBSFN) and the Extended Vehicular B model) in low and high mobility. Note that the impact on SNR and on control channel performance due to excess delay beyond CP could be found in appendix of [1].

Typically, the numerology for the data channel should be chosen such that high spectrum efficiency can be supported even for deployment scenarios with large delay spread. If the CP is not long enough, the interference due to excessive delay spread beyond the CP would limit the effective SINR at high geometries. However, for the control channel, the operating SINR point is significantly lower, since the maximum spectral efficiency that the control channel supports is much lower than that of the data channel. Thus, a shorter CP length for symbols that carry the control channel is expected not to impact the performance significantly even if it leads to a larger intersymbol interference.

To demonstrate this, in this contribution, we consider the scaled numerology family with f0 = 15 KHz, a scaling of fsc = f02m  with a CP overhead of 7.031% of the symbol length (details in Table 1), similar to LTE.

	Subcarrier Spacing
	15 KHz
	30kHz
	60kHz
	120kHz

	CP ()
	4.6875
	2.3437
	1.1719
	0.5859

	Symbol Length )
	71.3542
	35.6771
	  17.8386
	8.9193


Table 1: Scaled numerology family based on the normal CP numerology
Table 2 presents the SINR floor due to the ISI for each of the numerologies summarized in Table 1 for a TDL-C channel with RMS delay spread of 10nsec, 30nsec, 100nsec, 300nsec, and 1000nsec. 
	
	15kHz
	30kHz
	60kHz
	120kHz

	TDL-C 10ns
	Inf
	Inf
	Inf
	Inf

	TDL-C 30ns
	Inf
	Inf
	Inf
	Inf

	TDL-C 100ns
	Inf
	Inf
	Inf
	36.52

	TDL-C 300ns
	Inf
	48.71
	27.48
	20.72

	TDL-C 1000ns
	30.70
	22.25
	17.10
	12.19


Table 2. SINR Floor (dB) due to ISI for different numerologies shown in Table 1

Even though in some of the scenarios shown in Table 2, the SINR floor due to the excess delay spread beyond the CP could affect the performance at high geometries, for the control channel, such a performance degradation is not expected, since it is designed for low and medium SINR operating points. Specifically, as it shown in Figures 6 and 7, the effective SINR, after taking into account the geometry and the SINR floor, of the numerology with the 30 KHz SCS in a TDL-C channel with RMS delay spread of 300 nsec, shows a degradation for geometries higher than 22 dB, which are typically higher than the operating point of the control channel. In other words, even if the geometry is larger than 22 dB, and the SINR of the control channel starts to experience a SINR ceiling, its performance is not expected to be affected significantly.
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Figure 7: Effective SINR after taking into account the ISI due to excessive DS beyond CP for a TDL-C 1000 nsec
Figure 6: Effective SINR after taking into account the ISI due to excessive DS beyond CP for a TDL-C 300 nsec



We now present link-level numerical results that compare the probability of ACK/NAK error in a TDL-C channel with 300 and 1000 nsec RMS delay spread for both options discussed above and shown in Figures 8 and 9. Note that for the channels with 300 nsec and 1000 nsec RMS delay spread, the one-symbol uplink uses 30 KHz SCS and 15 KHz SCS respectively, since this is the SCS from the scaled numerology family that would lead to a good performance in the downlink. The scaled numerology symbols use 30 KHz and 60 KHz SCS respectively in the channels with 300 nsec and 1000 nsec RMS delay spread.
	Profile
	15 KHz
	30 KHz
	60 KHz

	Tones spacing (kHz)
	15
	30
	60

	FFTSize
	2048
	1024
	512

	CP (us)
	4.6875
	2.3437
	1.1719

	Number gNB’s  antennas
	4

	Number UE’s antennas
	1

	Subframe duration
	500 usec

	Channel Model
	TDL-C (DS: 300 and 1000 ns)

	Doppler
	5 Hz


Table 3: Main link-level simulation parameters for comparing the one symbol vs. scaled numerology uplink ACK/NAK performance
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Figure 8: TDL-C 300 nsec RMS DS 							Figure 9: TDL-C 1000 nsec RMS DS
Observation 2: Two scaled numerology symbols carrying ACK/NAK (or could be SR bit for UL channel) is not expected to experience a performance loss compared to the one symbol ACK/NAK option in many deployment scenarios of interest due to the low operating SINR point of the uplink control channel.
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Scaled numerology for control has several benefits related to hardware complexity. Specifically, supporting a power of two scaling entails simplifications to the FFT operation, since whenever the subcarrier spacing doubles the FFT size halves. Having to perform two smaller FFT/IFFT operations allows for certain processing to start earlier in time instead of waiting until the full non-scaled OFDM symbol to be received/formed, which substantially improves UE/gNB pipelining.
Conclusions
In summary, we observe: 
Observation 1: A scaled numerology uplink control channel could provide a more efficient UE-turnaround and enable URLLC service.
Observation 2: Two scaled numerology symbols carrying ACK/NAK (or could be SR bit for UL channel) is not expected to experience a performance loss compared to the one symbol ACK/NAK option in many deployment scenarios of interest due to the low operating SINR point of the uplink control channel.
We propose:
Proposal 1: NR should adopt the usage of scaled numerology for the uplink control channel by scaling up SCS (i.e., scaling down symbol duration) at least for URLLC.
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