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1	Introduction
In this contribution paper, we illustrate the impact of puncturing legacy PDSCH by an intra-cell low latency communication as well as the impact of bursty interference due to an inter-cell low latency communication on PDSCH under various operating points, and discuss one approach to mitigate the corresponding impacts. 
2	Discussion
Due to their stringent delay requirements, low latency services may be scheduled at any time during a subframe. When serving by the same cell, it is thus expected that a low latency communication take precedence over the legacy LTE communication. Consequently, the serving cell has to stop transmitting PDSCH for the duration of the shortened TTI. In other words, some REs within the legacy allocated PRBs are punctured. 
For UEs with legacy PDSCH, in general, there are two cases:
· Case 1: a UE is not aware of the puncturing 
· When a user does not have any information regarding the presence of a low latency communication and the punctured symbols/REs indices, it sends incorrect and noisy log-likelihood ratio (LLR) values to the trubo decoder.
· Case 2: a UE is aware of the puncturing
· If a user is aware of the presence of low latency communication and the punctured symbol/REs indices, the received symbols over the punctured REs can be dropped (i.e., the LLRs for the impacted REs are set to zero). 
· A UE can gain knowledge about the indices of the punctured symbols/REs, e.g., via the PDCCH in the next subframe. 
· Note that in case of legacy 1-ms TTI PUSCH, the eNB has the knowledge of whether or not a legacy PUSCH is punctured by sPUSCH or sPUCCH or not.

In addition, it is possible that a downlink legacy PDSCH is hit by an inter-cell low latency communication over a subset of its OFDM symbols. If interference power is strong, it is clear that the impacted REs will be received in error. 
In both these scenarios, the negative impact of puncturing as well as bursty interference is more pronounced if the modulated symbols carrying the systematic bits are affected. Hence, it is essential to protect the systematic bits to the extent possible. 
In the downlink of a legacy LTE system, each transport block is potentially split into multiple code blocks (CBs), where each code block is independently encoded using the rate 1/3 turbo coder. The output of the encoder forms three subblocks; the first subblock consists of the systematic bits (), and the remaining two subblocks consist of parity 0 () and parity 1 () bits, respectively. Each of the three output streams of the turbo encoder is then permuted via a subblock interleaver. The parity subblocks are then interlaced. Finally, all three streams are concatenated and placed in a circular buffer. The rate matching (RM) algorithm selects a set of bits from within the circular buffer staring from a given point determined by the redundancy version (RV) ID, and performs symbol-selection in a circular manner in order to achieve the desired code rate. The output of all CBs’ RM blocks are sequentially concatenated and sent to the modulator. The modulation symbols are then mapped to the available REs in a frequency-first time-second fashion. Figure 1 illustrates the described procedure. 
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Figure 1: Per-CB encoding, circular buffering, and rate matching process.


As it is evident, in a legacy LTE system, the systematic bits of each individual CB are mapped to some consecutive REs. When both the legacy and low latency services are supported, this approach could be problematic. Depending on the shortened TTI length and the OFDM symbols used for a low latency communication, a fraction of the legacy systematic bits may be punctured. In a worst-case scenario, a CB is not decodable.
In order to enhance the legacy system performance, without modifying the structure shown in Figure 1, the legacy RE mapping scheme should be revisited. Specifically, instead of sequentially mapping the modulated symbols to consecutive REs as explained before, the modulated symbols can be mapped to a set of distributed REs. An example of this scheme is shown in Figure 2. When the interleaved RE mapping scheme is adopted, the systematic bits are better protected against puncturing. 
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Figure 2: An example of an interleaved RE mapping scheme.












The interleaved RE mapping scheme can be implemented in two different ways:
(1) Intra-CB Interleaving: The concatenated modulated symbols of all CBs can be distributed within the entire subframe. This scheme gains from diversity to the maximum possible extent. However, since each code block spans the entire subframe duration, this scheme increases the decoding timeline at the receiver side. 
(2) Inter-CB Interleaving: Each CB spans the same number of OFDM symbols as in the legacy approach. However, the modulated symbols are interleaved within the CB boundaries. Although the diversity gain of this approach is inferior to the previous one, it still enjoys the same early decoding benefits as the legacy scheme.

At the receiver side, the de-interleaving operation should be performed over the estimated symbols. 
The following section evaluates the performance of a legacy LTE system punctured/interfered by a low latency communication under the enhanced interleaved RE mapping scheme.      
3	Performance Evaluation under Puncturing
In this section, we first illustrate the impact of puncturing PDSCH by a 2-symbol low latency communication under various sTTI lengths and locations. We then evaluate the performance gain of intra-CB and inter-CB interleaving schemes. The simulation assumptions considered in this section are presented in Table 1.
 In Sections 3.1 and 3.2, we investigate the impact of PDSCH puncturing for a low latency unaware user and a low latency aware user, respectively. Section 3.3 evaluates the interleaving RE mapping scheme for both users. 

Table 1: System Parameters
	Carrier Frequency
	2GHz
	Channel Estimation
	Practical

	Allocated Bandwidth
	10MHz
	HARQ Retransmission
	Disabled

	Transmission Mode
	TM2
	PDCCH Region
	2 Symbols

	Channel Model
	ETU
	UE Speed
	3kmph

	RS Configuration
	2 CRS Ports
	MCS
	QPSK (1/3), 16QAM(1/3)



3.1 Impact of Puncturing PDSCH for a Low Latency Unaware User
First, we study the case when a user is unaware of the presence of a low latency communication and the punctured symbols/REs indices. We consider a legacy LTE system operating under QPSK (1/3) modulation. Four PRBs are allocated to a user. Based on the chosen MCS and the number of PRBs, TBS is 328 bits. The first two OFDM symbols are assigned to PDCCH. We also assume that the legacy PDSCH is punctured by a 2-symbol low latency transmission. In addition, we assume that the low latency transmission does not puncture the legacy CRSs over symbols 4, 7, and 11. The simulation results are presented in Figure 3. As shown in Figure 3, when a legacy user is unaware of puncturing, the impact of puncturing can be significant, e.g., ~5dB at 10% BLER in this particular case.  
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Figure 3: BLER vs. SNR for legacy 1-ms PDSCH of a low latency unaware user.

Observation 1: When a legacy user is unaware of the punctured symbols’/REs’ indices, impact of puncturing to legacy PDSCH by sTTI transmissions can be significant.

3.2 Impact of Puncturing PDSCH for a Low Latency Aware User 
Now we assume that the UE is aware of the puncturing. The legacy PDSCH is punctured by (1) a 2-symbol low latency transmission, and (2) two 2-symbol low latency transmissions. The results are shown in Figure 4. 
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Figure 4: BLER vs. SNR for legacy 1-ms PDSCH of a low latency aware user.
.
First, compared with Figure 3 where ~5dB performance loss is observed for a UE unaware of the puncturing, a UE aware of the same puncturing observes much less impact: at 10% BLER, the impact is roughly 1.2dB, a significant improvement from the UE-aware cases. This can be explained by the fact that the awareness by the UE makes it possible to zero-out the LLRs for impacted REs, and hence translates the impact in a manner towards dimensional loss, although, as to be shown next, there is a lot of room for improvement.
Observation 2: When a legacy user is aware of the punctured symbols’/REs’ indices, significant performance improvement is obtained compared with UEs unaware of puncturing.
Considering that 12 symbols are available for data transmission and the coding rate of 1/3, roughly speaking, the first 4 symbols carry the systematic bits, while the remaining 8 symbols are assigned to the parity bits. In the extreme case where the first four symbols are punctured by two consecutive 2-symbol low latency transmissions, system performance degrades by about 5dB as compared to the legacy LTE without puncturing. However, when the two low latency TTIs are located over symbols 2-3 and 7-8 or 2-3 and 10-11, a smaller fraction of the systemic bits are punctured. For the case where 4 symbols are punctured, we establish a lower bound on the BLER by assuming that the punctured symbols are not available; hence, with the same TBS as mentioned above, the effective coding rate is computed (considering that four symbols are not available for data transmission, the effective coding rate is 0.5.) As seen from the figure, when sTTIs are distributed across the subframe, system performance is close to the lower bound. Since the low latency traffic arrival cannot be controlled, this observation motivates us to modify the RE mapping scheme of legacy LTE such that the systematic bits can be better protected. Finally, when only two systematic symbols are punctured, the maximum performance loss as compared to the legacy LTE without puncturing is about 1.5dB. Note that puncturing symbols 4 and 5 is better than 2 and 3 since symbol 4 is a CRS symbol and contains a smaller number of data REs. 
Observation 3: The legacy sequential RE mapping scheme is inefficient in protecting the systematic bits when their corresponding symbols are punctured by a low latency communication.

3.3 Evaluation of the Interleaved RE Mapping 
To investigate the interleaved RE mapping discussed earlier, we start with the case when the UE is unaware of the puncturing. As shown in Figure 5, even when a legacy user is unaware of puncturing, the interleaved RE mapping scheme provides about 0.5dB enhancement 
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Figure 5: BLER vs. SNR with both legacy and the interleaved RE mapping schemes for a low latency unaware user.

Observation 4: Even when a legacy user is unaware of the punctured symbols’/REs’ indices, the interleaved RE mapping scheme is superior to the legacy approach.
Next, we evaluate the performance of the interleaved RE mapping scheme for a given user scheduled with 1 CB; hence, both intra-CB and inter-CB schemes are identical. Figure 6 and Figure 7 present the simulation results for the case where symbols 2-5 and 2-3 are punctured, respectively.
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Figure 6: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the systematic bits are punctured.
 [image: ]
Figure 7: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the systematic bits are punctured.

As observed from Figure 6, an LTE system with interleaved RE mapping outperforms a comparable LTE system with the sequential RE mapping by more than 2.5dB at BLER of 10%. Further, under the enhanced interleaving scheme, system performance is within 0.2dB of the lower bound. When only the first 2 symbols are punctured, since a large fraction of systematic bits are untouched, the enhanced interleaving scheme outperforms the legacy approach by only about 0.1dB at BLER of 10% as shown in Figure 7.    
Observation 5: When the systematic symbols (under the legacy RE mapping) are punctured, the interleaved RE mapping scheme can bring significant performance improvement.  
So far, we have assumed that some of the systematic symbols are punctured. However, it is important to understand how the interleaved RE mapping scheme impacts system performance when only parity symbols (under the legacy sequential RE mapping) are punctured. The results are shown in Figure 8.
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Figure 8: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the parity bits are punctured.
When symbols 10-11 or 10-13 are used for low latency communications, under the sequential RE mapping scheme of a legacy LTE system, only parity bits are punctured. When the enhanced interleaving scheme is adopted, some of the systematic bits are also punctured. However, as shown in Figure 8, even if 4 symbols are punctured by low latency transmissions, the performance loss caused by the interleaved RE mapping is only about 0.2dB at BLER of 10%.
Observation 6: When the parity symbols (under the legacy RE mapping) are punctured, the loss caused by the interleaved RE mapping scheme is negligible.  
Next, we consider a downlink transmission with 2 CBs, and compare the intra-CB and inter-CB interleaved RE mapper with that of the legacy LTE from a link-level performance point of view. In this regard, we consider a user scheduled with 16QAM (1/3) over 40 PRBs. The downlink TBS is 7016 bits. The results are shown in Figure 9 and 10.
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Figure 9: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the parity bits of the 2nd CB are impacted.
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Figure 10: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the systematic bits of the 1st CB are impacted.

As seen from both figures, and as expected, the inter-CB interleaved mapping achieves higher diversity as compared to the other two considered approaches. Hence, in all considered scenarios, the inter-CB approach is superior. However, as mentioned before, this scheme increases the decoding timeline at the receiver side. 
In Figure 9, the parity bits of the 2nd CB are punctured under the legacy mapping scheme. When a low latency communication spans symbols 10-11, some systematic bits are impacted under the intra-CB RE mapping scheme. In addition, this approach does not benefit from diversity as much as the inter-CB interleaving scheme. Therefore, it causes performance loss. However, the performance loss as compared to the other two approaches is minimal. When the last four symbols are punctured, the downlink codeword is not decodable under both intra-CB and legacy schemes. The inter-CB interleaved RE mapping, however, performs well. As a matter of fact, its performance is only 0.5dB away from the legacy performance with 2 punctured symbols.   
Figure 10 shows system performance when the first two systematic symbols of the 1st CB are punctured. As seen from the figure, the intra-CB interleaved RE mapper enhances performance by 3dB as compared to the legacy approach. The intra-CB scheme provides additional 0.5dB performance improvement. In addition, the inter-CB and intra-CB interleaved mapping schemes are, respectively, within 1.5dB and 2dB from the theoretical lower bound.    
Finally, we consider a scenario where a 2-symbol low latency communication impacts both CBs, i.e., it punctures a fraction of REs in both CBs. Figure 11 compares the legacy sequential RE mapping as compared to the intra-CB scheme. With the considered system parameters, symbol 8 is shared between both CBs. As a result, two cases are considered: (1) symbol 7-8 are punctured, and (2) symbols 8-9 are punctured.
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Figure 11: BLER vs. SNR with both legacy and the intra-CB interleaved RE mapping schemes. Both CBs are impacted.

Under case (1), 400 parity symbols of the 1st CB are punctured under the sequential legacy mapper. Hence, symbol interleaving can degrade system performance. Also, 400 systematic symbols of the 2nd CB are punctured under the legacy approach. For the 2nd CB, the intra-CB interleaved mapping scheme is helpful. Overall, as seen in Figure 11, it seems that these two competing effects cancel out; the performance of the sequential and interleaved RE mapping schemes are identical.
Under case (2), only 80 parity symbols of the 1st CB are punctured under the legacy approach. Interleaving may marginally degrade system performance. On the other hand, 880 systematic symbols of the 2nd CB are punctured using the legacy approach. In this case, interleaving can considerably improve performance. As shown in Figure 11, as compared to the legacy approach, intra-CB interleaved mapping provides significant system performance ( > 4dB at BLER of 10%.)
Observation 7: When multiple CBs are transmitted, the interleaved RE mapping schemes provide significant enhancements as compared to the sequential RE mapping of the legacy LTE.
Some more discussions/evaluations are provided in Appendix I. 

4	Performance Evaluation under Bursty Interference
In this section, we evaluate the performance gain brought by the interleaved RE mapping scheme when a PDSCH is hit by an inter-cell low latency transmission. The system parameters are the same as those of the preceding section. Further, we consider a practical bursty interference estimation scheme at the receiver. Also, only the intra-CB interleaved RE mapping scheme is assumed.
In this section, we consider two CBs per subframe. First, we assume that a 2-symbol interferer hits (1) symbols 7-8 of a subframe, and (2) symbols 8-9 of a subframe. The results are shown in the figure below. 
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Figure 12: BLER vs. SNR with both legacy and the intra-CB interleaved RE mapping schemes. Both CBs are impacted.
When symbol 7 is hit, channel estimation quality is pretty poor. This negatively impacts interference estimation and LLR computation under both schemes. As a result, there is not much performance gap between the two schemes. However, in the second case, since a large fraction of the systemic bits of the second CB are impacted, the interleaved RE mapping scheme brings a significant performance enhancement. As an example, at BLER of 10%, this approach outperforms the legacy approach by about 4dB.
Next, we consider that the legacy PDSCH is interfered by two 2-symbol low latency transmissions. The following three cases are assumed: (1) symbols 2-3 and 8-9 are affected, (2) symbols 2-3 and 12-13 are affected, and (3) symbols 5-6 and 12-13 are impacted. The results are shown in the following three figures.
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Figure 13: BLER vs. SNR with both legacy and the intra-CB interleaved RE mapping schemes. The systematic bits of both CBs are affected.
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Figure 14: BLER vs. SNR with both legacy and the intra-CB interleaved RE mapping schemes. The systematic bits of the 1st CB and parities of the 2nd CB are impacted.
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Figure 15: BLER vs. SNR with both legacy and the intra-CB interleaved RE mapping schemes. The parity bits of both CBs are impacted.
In the first case, only the systematic bits of the two CBs are impacted. As a result, since under the interleaved scheme the systematic bits are better protected, this scheme improves system performance considerably. In particular, as shown in Figure 13, at BLER of 10%, the performance is enhanced by about 5dB. In the second case, the systematic bits of the first CB are hit, while only the parity bits of the second CB are impacted. As expected, as compared to the first scenario, the performance gain of interleaved scheme is smaller. However, at BLER of 10% from Figure 14, the gain is still about 3dB. Finally, in the third scenario, only the parity bits of the two CBs are affected. As shown in the figure, in this case, the interleaved RE mapping scheme introduces a performance penalty. However, this penalty is negligible. As an example, at BLER of 10% the performance gap between the legacy and interleaved scheme is only about 0.25dB.

5	Conclusions 
This contribution paper illustrates the impact of puncturing legacy PDSCH by an intra-cell low latency communication as well as the impact of bursty interference caused by an inter-cell low latency communication on the legacy PDSCH under various conditions. We observe that due to the sequential RE mapping of the legacy LTE, a large number of systematic bits of each CB are potentially prone to puncturing or strong interference. To address this issue, we studied an intra-CB and inter-CB interleaved RE mapping schemes which better protect the systematic bits. 
Considering both the user-aware and user-unaware (of the low latency communications) scenarios, and under various operating points, when systematic symbols under the legacy RE mapping scheme are punctured, the interleaved RE mapping schemes significantly outperform the legacy approach. When parity symbols under the legacy RE mapping are punctured, the performance loss caused by symbol interleaving is negligible. The same conclusions hold true when PDSCH is hit by an inter-cell low latency communication.
Further, as shown under puncturing, the inter-CB interleaving scheme is superior to the intra-CB interleaving approach since it provides higher diversity gains. However, since the intra-CB interleaved RE mapping only permutes the modulated symbols within each CB’s boundaries, it benefits from the early decoding as the legacy LTE.  
Based on these observations, we thus propose:
Proposal: Investigate the impacts of puncturing and bursty interference due to sTTI transmission, and further study the ways that these impacts can be mitigated.
Appendix I 
In this section, we compare the performance of the intra-CB interleaved RE mapping scheme with that of the legacy sequential mapping scheme assuming 2 CBs and under three different scenarios: (1) two systematic symbols within each CB are punctured, (2) two systematic symbols of the 1st CB and two parity symbols of the 2nd CB are punctured, and (3) two parity symbols of each CB are punctured. The results are shown in Figure 12-14, respectively. 
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Figure 16: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the systematic bits of both CBs are impacted.
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Figure 17: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the systematic bits of the 1st CB and parity bits of the 2nd CB are impacted.

[image: ]
Figure 18: BLER vs. SNR with both legacy and the interleaved RE mapping schemes. Using the legacy RE mapper, the parity bits of both CBs are impacted.

As seen from the figures, under scenario (1) and (2), the intra-CB interleaved RE mapping scheme provides, respectively, 6dB and 3dB performance enhancement as compared to the legacy RE mapping scheme. When only the parity symbols of the two CBs are impacted, as explained before, interleaving causes performance loss. However, as compared to the legacy approach, the performance loss is negligible.  
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