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1 Introduction

The following was agreed in RAN1 meeting #86 ‎[1]:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%

· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%
· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints 
· It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints.
In ‎[2], details of filtered OFDM (f-OFDM) were described. In this contribution, we provide an analysis of the processing delay of f-OFDM. We show that the processing delay of f-OFDM is low enough to support the extreme case of one-symbol URLLC while supporting Y=97% simultaneously.
2 Processing Delay of f-OFDM
The processing delay is defined as the time difference between when the TX starts transmission of the samples corresponding to a data packet until when the RX finishes decoding of the packet. Here, we are interested only in the additional processing delay incurred by the underlying waveform compared to LTE CP-OFDM as the baseline.
The processing delay of f-OFDM is the aggregation of two sources of delay: Pre-tail of the burst, and Post-tail of the burst, which are analyzed in the following:
· Pre-tail of the burst: The processing delay due to this portion of the signal is in fact the delay in transmission of the first actual data sample of f-OFDM, and cannot be compensated for by RX processing. This is the amount of time the RX needs to wait to receive the first data sample of f-OFDM. For regular f-OFDM, the duration of pre-tail of the signal burst is equal to half of the TX filter length.
· Post-tail of the burst: For regular f-OFDM, the duration of post-tail is equal to half of the TX filter length. This portion of the signal can be a source of processing delay only in conjunction with the RX filtering. In fact, the actual processing delay corresponding to this part is equal to min{Tpost-tail, 0.5×RX filter length}. For example, if no RX filtering is done, the post-tail of the burst does not cause any processing delay.
2.1 Burst-based Tail Truncation at TX
In order to reduce the processing delay, time-domain truncation can be done at TX side over the entire f-OFDM signal burst after filtering. Figure 1 shows the pre-tail and post-tail of f-OFDM signal before and after burst-based tail truncation. It should be noted that the burst-based tail truncation not only reduces the processing delay, but also reduces the time-domain overhead in TDD. 
Assuming that duration of the truncated post-tail is smaller than half of the RX filter length, the total additional processing delay of burst-based tail-truncated f-OFDM compared to LTE CP-OFDM is Tpre-tail +Tpost-tail. To show this, Figure 2 illustrates the RX filtering operation on the burst-based tail-truncated f-OFDM signal, as summarized below:

1. t1 = Tpre-tail + 0.5×RX filter length: At this time, RX can output the first filtered sample corresponding to the first sampling point of the first CP in the burst.
2. RX can continue outputting the filtered samples of the rest of data (and CP) samples in the burst one by one as it receives the burst samples.

3. t2 = Tpre-tail + Tpost-tail + TLTE CP-OFDM burst : At this time, RX receives the last sample of the post-tail of the burst-based tail-truncated f-OFDM signal. Thus, it can generate and output the filtered samples corresponding to the data samples remaining in its buffer simultaneously, as shown in the figure.
Therefore, by time t2, RX finishes the RX filtering of the signal, and hence, the additional delay of f-OFDM compared to LTE CP-OFDM is t2 – TLTE CP-OFDM burst = Tpre-tail + Tpost-tail.
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Figure 1: Burst tails of burst-based tail-truncated f-OFDM signal.
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Figure 2: RX filtering of burst-based tail-truncated f-OFDM signal.
2.2 Burst-based Truncation at RX
The above analysis implicitly assumes that the interfering subband signal in the case of mixed numerology or asynchronous transmission, if any, is received completely within the time duration of the target subband signal. This may not always be the case, i.e. in some scenarios part of the interfering signal might be received after the target signal. One example scenario is when a delay sensitive UE, e.g. URLLC UE, is scheduled in the middle of target TTI, while interfering subbands are also present in the same TTI. 
In these cases, RX may need to wait to receive some more samples of the interfering signal to pass them through the RX filter, which results in extra processing delay as illustrated in Figure 3 (a). To avoid this extra delay, RX can do burst-based truncation on the received signal, as illustrated in Figure 3 (b). This means that RX does not wait to receive the extra samples of the interfering signal, and instead, it finishes the RX filtering once it receives the last sample of the post-tail of the target subband f-OFDM signal. Therefore, with burst-based truncation at RX (in conjunction with burst-based tail truncation at TX), the total additional processing delay of f-OFDM compared to LTE CP-OFDM is Tpre-tail + Tpost-tail.
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Figure 3: RX burst-based truncation in the presence of interfering subband signal outside of target signal duration.
Observation 1: With burst-based tail truncation at TX and possible burst-based truncation at RX, the total additional processing delay of f-OFDM compared to LTE CP-OFDM is Tpre-tail +Tpost-tail. In a system with 10 MHz bandwidth and 15 kHz subcarrier spacing, this additional processing delay can be as short as 52 samples, i.e. 5% of an OFDM symbol duration without CP.
In the following, we provide evaluation results for the delay reduction techniques presented above:

Figure 4 and Figure 5 show the PSD of burst-based tail-truncated f-OFDM (with PA) with different truncated tail lengths in the extreme scenario of burst length equal to one symbol (i.e. symbol-based tail truncation) for case 1a (DL wideband) and case 1b (UL narrowband), respectively. In the wideband case, it is seen that, although the transition band of f-OFDM is slightly affected by the symbol-based tail truncation, the guard band is not affected by any of the truncation lengths, since they all satisfy the spectrum mask. Also, the emission floor and thus the ACLR are not affected by symbol-based tail truncation. In the narrowband case, it is observed that the transition band is not affected by any of the truncation tail lengths and the impact on emission floor is negligible. 
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Figure 4: PSD performance of symbol-based tail truncation for case 1a (DL wideband).
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Figure 5: PSD performance of symbol-based tail truncation for case 1b (UL narrowband).
Observation 2: In the wideband case with PA, symbol-based tail truncation of f-OFDM at TX has a minor augmentation impact on the transition band of PSD, and no impact on its emission floor. The guard band overhead and ACLR are not affected by the truncation, and the spectral utilization of 97% is still supported even with symbol-based tail truncation of f-OFDM.
Observation 3: In the narrowband case with PA, symbol-based tail truncation of f-OFDM at TX has no impact on the transition band of PSD and negligible impact on its emission floor. 
We further evaluate the BLER performance of f-OFDM in the extreme case of symbol-based truncation for case 1a in Figure 6, and for case 2 in Figure 7. It can be seen that symbol-based truncation with different truncation lengths has no impact on the BLER performance of f-OFDM in both case 1a and case 2 for a wide range of MCSs.
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Figure 6: BLER performance of symbol-based truncation at TX for case 1a.
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Figure 7: BLER performance of symbol-based truncation at both TX and RX for case 2.
Observation 4: In case 1a (DL with single numerology), symbol-based tail truncation of f-OFDM at TX has no impact on its BLER performance. 

Observation 5: In case 2 (DL with mixed numerologies), symbol-based tail truncation of f-OFDM at TX together with symbol-based truncation at RX has no impact on its BLER performance. 

Note: All the above evaluation results are provided for the extreme case of symbol-based truncation. Although this extreme case could represent highly delay sensitive applications, e.g. URLLC, in other scenarios, the burst length is typically larger than one symbol, for which the impact of burst-based truncation on f-OFDM signal is even much lower.
Observation 6: With symbol-based tail truncation, the processing delay of f-OFDM is low enough to support the extreme case of one-symbol URLLC while supporting the spectral utilization of 97% simultaneously.
3 Conclusions
In this contribution, an analysis of the processing delay of f-OFDM was provided and the following observations were made:

Observation 1: With burst-based tail truncation at TX and possible burst-based truncation at RX, the total additional processing delay of f-OFDM compared to LTE CP-OFDM is Tpre-tail +Tpost-tail. In a system with 10 MHz bandwidth and 15 kHz subcarrier spacing, this additional processing delay can be as short as 52 samples, i.e. 5% of an OFDM symbol duration without CP.
Observation 2: In the wideband case with PA, symbol-based tail truncation of f-OFDM at TX has a minor augmentation impact on the transition band of PSD, and no impact on its emission floor. The guard band overhead and ACLR are not affected by the truncation, and the spectral utilization of 97% is still supported even with symbol-based tail truncation of f-OFDM.

Observation 3: In the narrowband case with PA, symbol-based tail truncation of f-OFDM at TX has no impact on the transition band of PSD and negligible impact on its emission floor. 

Observation 4: In case 1a (DL with single numerology), symbol-based tail truncation of f-OFDM at TX has no impact on its BLER performance. 

Observation 5: In case 2 (DL with mixed numerologies), symbol-based tail truncation of f-OFDM at TX together with symbol-based truncation at RX has no impact on its BLER performance. 

Observation 6: With symbol-based tail truncation, the processing delay of f-OFDM is low enough to support the extreme case of one-symbol URLLC while supporting the spectral utilization of 97% simultaneously.
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(b) RX filtering with RX burst-based truncation in the presence of interfering subband.
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