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Introduction
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.

In RAN1 #85 the following agreements was made toward the notion of self-contained subframes.
· NR design should strive at least to enable the possibility for
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Other mechanisms/configurations in addition to fast/short corresponding acknowledgement are needed
· For example to provide coverage or enable TD-LTE coexistence
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability

Additionally, another agreement went toward the notion of single interlace.
· NR design should strive to enable the possibility for
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

An illustration of how such design can impact frame structure was mentioned in [2] and frame structure DL data transmission and HARQ process is illustrated below in Figure 1. The purpose of this contribution is to understand the feasibility of such designs.


Figure 1. Control intervals of DL data bursts (timing advance shown)
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One of the basic requirements for the guard period in a TDD system is to allow time for RF hardware to switch its direction. Based on the state-of-the-art, it is believed that sub-10us is practical for RF switching in NR context. Another component that the guard period has to accommodate is the round-trip delay (RTD). UE may be required with a timing advance to account for propagation delay.
As an example, the minimum amount of time for UL-to-DL switching could be 6 microseconds. And if 1km cell edge should be supported, the RTD is about 6.67 microseconds. This means from the UE’s perspective, the UL-to-DL switch time would need be approximately (6+6.67) = 12.67 microseconds.
For frame structure specification, the guard period is typically defined as an integer number of symbols. So with timing advance this can be split nominally across the DL-to-UL switching, and UL-to-DL switching. If the overall guard period is one symbol (e.g., 35.677 microseconds), our example leaves about 23 microsecond for DL-to-UL switch time on the UE side. Hence, UE needs to turn-around DL data processing within roughly ~20us time for self-contained ACK feedback.
Rx processing
As understood in RAN1 #85 agreement, one critical timeline is from the end of DL data reception to the start of ACK/NACK transmission on UL control for HARQ.
Compared to a system which has relaxed HARQ deadlines and higher latency (for example, LTE FDD with 8 interlaces), it is envisioned that self-contained frame structure and associated low latency can be achieved with only modest increase in the UE modem processing requirements to achieve significantly lower latency and much better forward compatibility. In the following charts, the Y-axis represents the instantaneous workload for the DL data channel, and the X-axis corresponds to time instance. The buffering delay could be caused by DL control channel processing and/or channel estimation based on DL pilots.




Figure 2. Comparison of non-self-contained and self-contained timelines
Symbol-by-symbol processing
It is evident that to achieve peak-to-average loading in the same order of magnitude as non-self-contained subframes, for self-contained subframes it would be imperative to (i) minimize the buffering delay, and (ii) perform “on-the-fly”, or also known as, symbol-by-symbol processing of the data channel. To achieve (i), similar to LTE, the DL control channel containing the DL assignment should be positioned in the beginning of the subframe. 
Another important aspect is to “front load” the DMRS in the beginning of the subframe, such that DMRS based chanEst processing can be performed early in the subframe upon which the data processing is dependent
To achieve (ii), code blocks which are interleaved over frequency first would allow processing of the symbol as soon as it is received over-the-air. 
A fundamental sustainability threshold for UE modem processing throughput on the DL is one symbol processed per symbol time. While the detailed implementation timeline could be subject to actual implementation, in principle if each symbol (regardless of whether it is control, pilot, or data symbol) can be processed within a symbol time, the aforementioned sustainability threshold is achieved. 
Observation 1: A fundamental sustainability threshold for UE modem processing throughput on the downlink is one symbol processed per symbol time.
Rx pipelining and payload tapering/padding
Rx data processing pipeline will be considered with the presumption that “on-the-fly” / symbol-by-symbol processing is supported by the air-interface specification. For a data channel such as PDSCH, OFDM symbol processing typically includes three processing intensive stages: (1) RxFFT, (2) Demapping, (3) Decoding. Most of the processing complexity is driven by these stages. 
The most straight-forward pipelining scheme for above example is conceptually illustrated below:
[image: ]							[image: ]
Horizontal direction represents symbol time n, n+1, …, n+6. The color scheme differentiates the received data corresponding to different symbols going through stages of processing over time. It is evident that such pipelining scheme would require a 3-symbol gap from the end of the last data symbol to ACK/NACK feedback.
If the demapper and decoder stages can perform sub-symbol level pipelining, for example, code-block level granularity for pipelining, the “pipeline depth” can be compressed, and the ACK/NACK feedback could be pulled in by approximately one symbol. Basically, the demapper only needs to output sufficient number of LLRs to get the decoder start working, and then they can work in parallel on the same OFDM symbol; The time it takes to start the decoder is called the pipeline setup latency, assumed to be small. The actual latency is subject to design implementation as well as the type of channel code and interleaving scheme used. It is evident that with this optimization, the gap from the end of last data symbol to ACK/NACK feedback has been reduced to 2 symbols. Also note that, FFT processing could typically be processed with high speed with limited amount of HW resource, hence processing one symbol worth of data within one symbol of time duration is possible.
Obviously, if hardware is capable of processing at twice the throughput, 1-symbol gap would be feasible. This usually translates to more parallelism in hardware (i.e. larger area) or higher clock speed (i.e. at expense of power). Hardware duty cycle would be reduced, but it may be possible to mitigate with clever hardware re-use scheme. It is also possible to apply the “speed up” (i.e. processing at twice the throughput) momentarily towards the end of the data channel, to meet the deadline for ACK/NACK feedback, if hardware has the spare capability to do so. 
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If hardware is not capable of processing at twice the throughput, a transmitter (typically eNB) side solution is to reduce the instantaneous data rate towards the end of the data channel, resulting in less workload for some of the major processing stages, so that the receiver (typically UE) can still meet the ACK/NACK feedback deadline. This technique is referred to as “payload tapering”.
Observation 2: In a self-contained DL subframe, the amount of gap between the end of the data channel to the beginning of ACK/NACK heavily impacts modem processing pipeline architecture and the hardware capability requirement.
Observation 3: Even with symbol-by-symbol processing, the pipeline depth may span more than one symbol time. This in turn imposes a requirement for the amount of gap. Reducing the payload towards the end of the data channel is an effective way to decouple pipeline design and the amount of gap required.
Proposal 1: UE capability framework should be designed to be flexible to facilitate hardware-efficient support for self-contained subframe.
Scaled numerology for processing time budget optimization
Scaled numerology Control Channel Design
Control channel waveform and channelization design is important when transmission/reception processing timeline becomes tight as discussed above (e.g., to achieve single interlace self-contained HARQ turn-around for NR eMBB). 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. 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 eNB 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 eNB turn-around, and pave the way to low-latency services for 5G NR.
As discussed above, 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. 
Specifically, we now compare two options for the numerology used in the uplink control channel.
A) Use one uplink control symbol in the self-contained subframe. 
· Supporting a self-contained subframe with an efficient UE-turn around would potentially require either a longer-than-necessary guard (Figures 2a and 3a), or two symbols in the uplink to give the UE enough time to finish the downlink processing. In both cases, the overhead for the UL portion will be too high (3/14 = 21%, 3/7=43%).

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 2b and 3b. Using scaled numerology for the uplink control channel has the following advantages:
· The UE has more time to finish the downlink processing.
· The eNB 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 Section 4.
· Both OFDM and SC-FDM waveforms can be supported without additional complexity. 

In the illustration shown in Figure 2a and 2b, assuming a minimum overhead of one symbol downlink control, and one symbol demodulation pilot signals, using scaled numerology in the uplink  would free up an additional 11% more resources that could be used for downlink data (9 vs. 10 downlink symbols carrying data).
 






Figure 2a: One symbol in the uplink with a guard of two symbols    		Figure 2b: Two scaled numerology symbols in the uplink in a 14 symbol SF															a 14 symbol SF
Observation 1: A scaled numerology uplink control channel could provide a more efficient UE-turnaround and enable low latency services.
Proposal 1: NR should study the usage of scaled numerology for the uplink control channel by scaling up SCS (i.e., scaling down symbol duration).
[bookmark: _Ref450868574]Scaled numerology Control Performance Evaluation
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].
The numerology for the eMBB 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 eMMB control channel, the operating SINR point is typically lower, since the maximum spectral efficiency that the control channel supports is 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.

	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 eNB’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 4: Two scaled numerology symbols carrying ACK/NAK 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.
Observation 5: Scaled numerology facilitates better pipelined processing and offers significant timeline advantage, which is especially crucial for self-contained UL centric subframe.
Proposal 2: Scaled numerology for the uplink and downlink control channel should be supported for downlink centric self-contained subframe types.
Scaled numerology data symbol for faster Rx processing 
One last idea to increase Rx processing is to exploit the scalable numerology, and e.g, double the nominal SCS. This has the advantage that the symbol duration is halved. In other words, two doubled SCS symbols can fit within the same amount of time for a single symbol with the original SCS. Also, for each doubled SCS symbol, the FFT size would be halved. This also allows processing to start earlier in time and helps improve pipelining due to doubled number of symbols that fit within the same amount of time. In the following figure, a high level conceptual timeline for the pipeline is shown, assuming that control channel processing also consists of three major stages, namely, FFT, demodulation, and decoding. Demodulation and decoding is shown to be pipelined in fine granularity (for example, in the codeword level). 



For channels (e.g., control) where the spectral efficiency requirements are lower, this can be a valuable technique to reducing the processing timeline.
[bookmark: _Ref378529477]Subframe Timeline Discussion
Immediate ACK after DL reception
Given the discussions from the previous section, it is clear that the Rx processing and Tx Processing techniques can be applied to reduce this latency on the order of 1 OFDM symbol (and on the order of 10s of us). For demodulation of DL traffic, it may not necessarily be the case that doubling the SCS is available without loss in link efficiency.
Single interlace operation
Both of the cases above mainly pertained to UE processing timeline enhancements, but these could similarly be applied to the basestation side as well. The only other remaining timeline optimization is the speedup of the scheduling, or possible simplification of scheduling optimization, which can possible allow for single interlace operation. Such optimization are outside the scope of this contribution. 
Overall we have the observation that for self-contained uplink and downlink subframes, the following may be feasible in NR depending on the design of the physical layer channels.
Observation 6: Self-contained subframe operation may be feasible with gaps on the order of ~1 OFDM symbol, and equivalently with X and Y on the order of 10s of us.
Proposal 3: Downlink control and data channels should be designed with flexibility to support single-interlace transmission to allow time-critical processing on the eNB side for immediate ACK processing and potential retransmission.
Conclusions
In summary, we propose: 
Observation 1: A fundamental sustainability threshold for UE modem processing throughput on the downlink is one symbol processed per symbol time.
Observation 2: In a self-contained DL subframe, the amount of gap between the end of the data channel to the beginning of ACK/NACK heavily impacts modem processing pipeline architecture and the hardware capability requirement.
Observation 3: Even with symbol-by-symbol processing, the pipeline depth may span more than one symbol time. This in turn imposes a requirement for the amount of gap. Reducing the payload towards the end of the data channel is an effective way to decouple pipeline design and the amount of gap required.
Proposal 1: UE capability framework should be designed to be flexible to facilitate hardware-efficient support for self-contained subframe.
Observation 4: Two scaled numerology symbols carrying ACK/NAK 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.
Observation 5: Scaled numerology facilitates better pipelined processing and offers significant timeline advantage, which is especially crucial for self-contained UL centric subframe.
Proposal 2: Scaled numerology for the uplink and downlink control channel should be supported for downlink centric self-contained subframe types.
Observation 6: Self-contained subframe operation may be feasible with gaps on the order of ~1 OFDM symbol, and equivalently with X and Y on the order of 10s of us.
Proposal 3: Downlink control and data channels should be designed with flexibility to support single-interlace transmission to allow time-critical processing on the eNB side for immediate ACK processing and potential retransmission.
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