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1
Introduction
In this contribution, we provide some design details for downlink data channel for shortened TTI.

2
Discussion
In our previous contribution [1][2], we gave a description of our downlink sTTI design which included aspects of the sPDSCH channel description. In this contribution, we provide additional details on the sPDSCH channel with particular focus on the following issues: 
(1) sPDSCH allocation structure
· Block allocation of sTTI resources

· Interaction with legacy transmissions
(2) Transport Block Size Handling for 2 Symbol sTTI
(3) UERS Design for sTTI
(4) PDSCH Resource Mapping for Legacy LTE Overlaid by Low Latency Operation
2.1 sPDSCH allocation structure
As the TTI length reduces, there are specific challenges with the data channel design. The design should efficiently support multiple sTTI users accessing the sPDSCH simultaneously. Additionally specification of sPDSCH resources must be minimized to prevent large sPDCCH payload resulting in unacceptable control overhead. Allocation of sPDSCH resources into defined blocks of separate data regions wherein 1 or more users can access either 1, multiple, or all of the defined sTTI data blocks. Additionally, the sPDCCH control channel should be embedded within the block and positioned in the first symbol to allow for early decode. A high level diagram of this structure is shown in Figure 1.
There can be multiple blocks defined with varying size in frequency, and the blocks can be defined to span the whole system bandwidth or a portion of the bandwidth as shown. The block structure can be semi-statically defined via higher layer signalling. This allows for a baseline resource structure that (1) does not consume legacy PDCCH or sPDCCH resource overhead to define, (2) can allow for multiple UEs to access an sTTI resource at the same time, (3) can allow for a UE to be flexibly allocated a variable allocation of sPDSCH resources within the same TTI, and (4) can be modified and changed as needed by the eNB via higher layer signalling.
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Figure 1: Diagram of downlink sTTI Resource Allocation
The sTTI duration is fixed within a block. However, as previously discussed, multiple blocks that are configured with the same sTTI length can be jointly scheduled to a particular user in a given sTTI period, and this information is conveyed in the sPDCCH channel. Note that for slot sTTI, block based resource allocation may also be adopted, although the block size for slot sTTI and 2-symbol sTTI should generally be different. As an example, the resource allocation granularity for slot sTTI can be double that of legacy 1-ms TTI based scheduling (e.g., 2-RB based block scheduling).
Proposal #1: A block based sTTI design should be considered at least for the 2-symbol sTTI, allowing eNB to flexibly assign one or more UEs to one or more sTTI blocks.

The blocks comprises a set of RBs and can be defined using the existing downlink resource allocation schemes, particularly, the RBG based approaches which can allow for good coexistence with legacy 1ms PDSCH allocations. In many operational scenarios, sTTI users and legacy 1ms users can be FDM’ed efficiently without overlap. However, note that this block-based design does not preclude support of dynamic 1ms PDSCH allocations that can overlap with the sTTI block structure. In a given sTTI, a low latency user may be assigned sTTI blocks that may have been already assigned to a 1ms legacy PDSCH user. This operational scenario is shown in Figure 2.  
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Figure 2: Coexistence of shortened TTI and Legacy 1ms users
For this case, a transmission is made in the legacy PDCCH region that can indicate legacy 1ms PDSCH resources used within the subframe. A low latency user can receive this information at the start of the subframe, and if assigned a sTTI transmission during the subframe comprising a set of sTTI resource blocks, will rate-match around the legacy PDSCH allocation when receiving both the sPDCCH and sPDSCH channels. This methodology effectively handles these collision cases between legacy and low latency users, at the expense of additional PDCCH overhead.  To mitigate the overhead and in light of the fact that the scheduling of legacy 1-ms may be bursty and may persist for a certain duration, the legacy resource information that is sent on the PDCCH can be configured to be sent with a particular periodicity. The magnitude of the periodicity can be correlated to how dynamic the DL legacy PDSCH resource allocation is at the eNB. In addition, the sPDCCH and sPDSCH will also rate match around the common signals, CRS/PSS/SSS/PBCH, as well as other RBs that are reserved via RRC signaling, such as NB-IOT resource allocations. 
Proposal #2: To efficiently support simultaneous legacy and low latency transmissions, information indicating the legacy resource usage within the subframe can be a combination of a dynamic PDCCH transmission with a preconfigured periodicity and a semi-static configuration. The low latency users can use this to rate match around these used legacy resources.
2.2  Transport Block Size Handling for 2-symbol sTTI

For the case of 2-symbol sTTI, the allocation duration is now 7 time shorter on average relative to the 1 ms legacy transmission. Therefore using the legacy TBS block sizing as is would incorrectly assume that there are more RE’s that are available than there actually would be. Clearly, one alternative is to create a new transport block size table specifically for 2-symbol sTTI allocations which maps MCS and PRB size to a revised transport block size. A simpler alternative is to scale the PRB size such that one may access the existing transport block sizing table. Consideration of this proposed scaling can apply for both the uplink and the downlink. 
For the uplink, a comparison of the number of Res between a 1RB, 2symbol sTTI allocation contains and a 1RB, 1ms legacy transmission, shows that there are approximately 6 times the number of REs in the latter relative to the former. Likewise, for the downlink, if one considers a nominal DL configuration of a 1 symbol PDCCH control region and a 2-port CRS configuration, there are also approximately 6 times the number of REs for the legacy case.

Therefore, in order to use the transport block sizing table, we should divide the number of PRBs used for the 2 symbol sTTI by 6 to formulate the NPRB value to be used in the transport block size table. Given that the 2 symbol sTTI PRB sizing is not always a multiple of 6, a floor function should be placed on the division to ensure that a sufficient code rate is achieved with the selected transport block size. Also, the minimum NPRB sizing should be no smaller than 1 PRB. So given NPRB_2sym_sTTI, the NPRB value that should be used to index into the transport block size table is given as:
NPRB  = max( (NPRB_2sym_sTTI / 6(, 1)
Note that for a 2-symbol sTTI, there are different data and reference signal configurations. For the case of 3 data symbols, it is proposed to maintain the equation above, so that the soft buffer sizing and/or HARQ timing does not require an increase. For the case of an sTTI with one data symbols and one DMRS symbol, an additional scale factor of ½ should be included so that the effective code rate is normalized between the 1 and 2 data symbol cases. This scaling is given by:

NPRB  = max( (NPRB_2sym_sTTI / 12(, 1)

Similarly for a slot based sTTI, the scaling will use a factor of 1/2:

NPRB  = max((NPRB_slot_sTTI / 2(, 1)

Proposal #3: For TBS sizing of the 2 symbol and 1 slot sTTIs the number of PRBs used to index the TBS block size table is determined by a floored scaling operation by a factor of 1/6 or 1/12 for the 2-symbol sTTI and a factor of ½ for the 1 slot sTTI case, on the allocation PRB size of the sTTI.

2.3  UERS Design for slot and 2-symbol sTTI

In addition to CRS based demodulation, both the slot and 2-symbol sTTI designs should support UERS transmission.  For the slot based design, the UERS pattern can be leveraged from the legacy design with 2 symbols of UERS transmission per slot.
For the 2-symbol sTTI design, we can reuse the legacy UERS pattern in symbol 5 and 6 or 12 and 13 to support up to 4 antenna ports. In order to coexist with legacy UERS based transmission from inter-cell interference point of view, the 2-symbol sTTI may want to avoid splitting symbol 5 and symbol 6 or symbol 12 and symbol 13. 

As shown in [2], with a 1-look DMRS pattern, a low latency LTE system is, in most cases, significantly underperformed by the legacy LTE. The reason for this is that a low latency system suffers considerably from its inferior channel estimation quality. To address this issue, a low latency user should be able to use the past DMRSs if a user is scheduled over multiple consecutive sTTIs. For example, a 1-slot low latency user scheduled over both slots of a subframe can use not only the DMRSs over symbols 12 and 13, but also the DMRSs in symbol 5 and 6 in order to improve the channel estimation quality of the second slot. Similarly, a 1-slot low latency user scheduled over the first slot of a subframe can use DMRSs over symbols 12 and 13 of the previous subframe. The same approach can be adopted when a 2-symbol sTTI is employed. 
In order to illustrate the benefits of this approach, let us assume that, regardless of the chosen TTI/sTTI length, a UE is allocated 25 PRBs. TM9 with QPSK modulation and code rate of 1/3 is considered. TBS is computed as a function of the number of PRBs and the selected MCS. The UE speed is 60kmph, and the ETU channel model is assumed. Further, we investigate how the BLER behaves as a function of SNR with and without PRB bundling. Figure 8 shows our results. 
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Figure 8: BLER vs. SNR for both the legacy and low latency systems employing a 2-look DMRS pattern. 25PRBs, TM9 (rank 2), QPSK (1/3), and UE speed of 60kmph are assumed.
As opposed to a low latency system with a one-look DMRS pattern [2], a 2-look DMRS channel estimation considerably improves the performance of a low latency system. In addition, increasing the number of PRBs participating in DMRS-based channel estimation from 1 to 2 improves system performance by about 1dB.
Proposal #4: In a low latency network, consider a 2-look DMRS channel estimation if a user is scheduled over multiple consecutive sTTIs.
When a 2-symbol sTTI is considered, the RS overhead with using UERS is higher than legacy as the UERS will appear in each OFDM symbol of the 2-symbol sTTI, instead of the 4 OFDM symbol in a subframe in the legacy case. To save UERS overhead, we can consider adding an explicit UERS trigger in the DCI such that the UERS is only transmitted when explicitly triggered. The REs will be used for data transmission when UERS is not explicitly triggered. This can help reducing the UERS overhead when the UE is scheduled back to back, while the UERS transmitted in the previous 2-symbol sTTI can still be used in the current sTTI as phase reference for demodulation.

To show the impact of this approach on system performance, we consider a user scheduled over three consecutive 2-symbol sTTIs spanned over 10 PRBs and symbols: (1) symbols 5 and 6, (2) symbols 7 and 8, and (3) symbols 9 and 10 with a fixed TBS and precoding matrix. Accounting for the presence of the DMRSs over symbols 5 and 6 and also CRSs over symbol 7, case (1) has the largest dimensional loss, while in case (3), all the available resources are allocated to user data transmission. Hence, case (3) gains from a lower coding rate as compared to the other two scenarios. However, as we move from case (1) to case (3), the estimated channel becomes stale. Therefore, it is not clear which of the three scenarios is superior from a performance point of view. The BLER results are presented in the following figure.
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Figure 9: BLER vs. SNR for a 2-symbol low latency user. TM9 (rank 2), QPSK (1/3), ETU, and UE speed of 60kpmh are assumed.
Proposal #5: For slot based sTTI transmission, the UERS pattern can be leveraged from the legacy design. For 2-symbol sTTI, the UERS pattern can be dynamically triggered on a per-sTTI basis. For this case, symbol pair 5 and 6 (or 12 and 13) should be in the same sTTI. In addition, consider re-using UERS transmitted in a previous TTI for current sTTI sPDSCH demodulation.
2.4 PDSCH Resource Mapping for Legacy LTE Overlaid by Low Latency Operation
Due to their stringent delay requirements, low latency services may be scheduled at any time during a subframe. It is thus expected that a low latency communication take precedence over the legacy LTE communication. Consequently, the serving cell may have to stop transmitting PDSCH for the duration of the shortened TTI. In other words, some REs within the legacy allocated PRBs are punctured. Alternatively, superposition coding may be considering to support PDSCH and sPDSCH simultaneously in the overlapped resources for improved efficiency, at the expense of increased complexity especially at the UE side. 

A user with a legacy PDSCH may operate under one of the two cases: (1) it is unaware of the puncturing, and (2) it is aware of the puncturing. In the second case, the knowledge of the punctured symbols’/REs’ indices can be used to improve system performance.
Nevertheless, due to the structure of the RE mapping scheme of the legacy LTE, modulated symbols from the rate matching algorithm of each individual code blocks (CBs) are sequentially mapped to the data REs in a frequency-first time-second fashion. As a result, the systematic symbols are place on consecutive symbols/REs. When punctured or interfered by a low latency transmission, a large number of systematic symbols can potentially be lost; this significantly degrades system performance. Instead, if the modulated symbols are mapped to a set of distributed REs, the systematic bits are better protected against PDSCH puncturing.  

In [3], we first investigate how the knowledge of the punctured symbols/REs can enhance system performance under the legacy RE mapping scheme. Then, we discuss an interleaved RE mapping scheme which, without changing the per-CB encoding, circular buffering, and rate matching process of the legacy LTE, distributes the modulated symbols such that a low latency transmission is unlikely to puncture or interfere a large fraction of the systematic bits.
Proposal #6: Study the impact of puncturing/interfering PDSCH by sPDSCH on system performance. Further, study alternative RE mapping schemes to mitigate the impacts. 

3
Conclusions 
In this contribution, we provided detailed information on the sPDSCH channel, including resource allocation, UERS implementation, TBS sizing, as well as interference aspects of low latency transmission on 1ms reception. The following proposals are given in this contribution:

Proposal #1: A block based sTTI design should be considered at least for the 2-symbol sTTI, allowing eNB to flexibly assign one or more UEs to one or more sTTI blocks.

Proposal #2: To efficiently support simultaneous legacy and low latency transmissions, information indicating the legacy resource usage within the subframe can be a combination of a dynamic PDCCH transmission with a preconfigured periodicity and a semi-static configuration. The low latency users can use this to rate match around these used legacy resources.
Proposal #3: For TBS sizing of the 2 symbol and 1 slot sTTIs the number of PRBs used to index the TBS block size table is determined by a floored scaling operation by a factor of 1/12 and ½, for the 2-symbol sTTI and 1 slot sTTI, respectively, on the allocation PRB size of the sTTI.
Proposal #4: In a low latency network, consider a 2-look DMRS channel estimation if a user is scheduled over multiple consecutive sTTIs.

Proposal #5: For slot based sTTI transmission, the UERS pattern can be leveraged from the legacy design. For 2-symbol sTTI, the UERS pattern can be dynamically triggered on a per-sTTI basis. For this case, symbol pair 5 and 6 (or 12 and 13) should be in the same sTTI. In addition, consider re-using UERS transmitted in a previous TTI for current sTTI sPDSCH demodulation.

Proposal #6: Study the impact of puncturing/interfering PDSCH by sPDSCH on system performance. Further, study alternative RE mapping schemes to mitigate the impacts. 
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