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1
Introduction
In a previous contributions [1] [2][3], we provided initial details on the TDD based design for low latency operation. In this contribution, we provide further details on shortened-TTI TDD design and implementation.
2
Discussion
In this contribution, we provide further details for the slot-based sTTI structure and further discuss the following topics: 
- ACK feedback structure for slot-based TDD implementation
- Shortened TDD implementation using paired carriers

-  HARQ timeline aspects related to the special subframe

- Inclusion of additional transmit symbol within the special subframe
2.1  ACK feedback structure for slot-based TDD implementation 
In TDD implementation, subframes can be either configured as downlink subframes, uplink subframes, or special subframes, and their placement is determined by uplink-downlink configuration choice when using frame structure type 2. If we insert additional low latency users with smaller TTI durations within an existing TDD deployment, one way is to keep the shortened downlink TTIs within the legacy downlink subframes and the shortened uplink TTIs within the legacy uplink subframes so as to minimize any Tx to Rx interference between legacy and shortened TTI users.

To reduce overall latency, for a slot based-TTI structure all downlink and uplink subframes are split into two downlink and two uplink slots respectively. A simple example is shown in Figure 1 for uplink/downlink configuration 1 where both subframe and slot configurations are given. 

[image: image1.emf]D S U U D D S U U D

D D U U U U D D D D U U U U D D S

Subframe Allocation

Slot Allocation

0 1

2 3 4 5

6 7

8 9

0 1 2 3 4 5 6 7

8 9 10 11 12 13 14 15

16 17 18 19

S S S


Figure 1: Subframe and Slot Allocations for Uplink/Downlink Configuration 1

For this slot allocation structure for configuration 1, we can further examine the ACK turnaround from downlink slots to uplink slots for each of the 20 downlink slots. Using the n+4 HARQ turnaround timeline, we can draw the mapping from downlink slots to the closest uplink slot that is at least 4 slots apart as shown in Figure 2. One observation to note is that of the uplink slots with an ACK transmission, there are two slots #4 and #14 that must transmit ACKs for 3 downlink slots and there are four slots #5, #6, #15, and #16 that must transmit ACKs for only 1 downlink slot.
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Figure 2: Uneven loading of ACK feedback for Slot-based TDD configuration 1
This n+4 mapping rule leads to an imbalance in the loading of the ACKs transmitted per uplink slot. While it is possible to design a sPUCCH channel to accommodate various number of ACK transmissions per slot, it leads to poor sPUCCH design as the ACK payload has a payload imbalance by a factor of 3 for this case. To alleviate this situation, we propose that the ACKs be transmitted more evenly across the slots. For this case, we suggest that ACKs be evenly distributed across a subframe. While this increases the turnaround time for some slots, it results in a more uniform ACK structure and an improved sPUCCH channel design. A proposed ACK timeline for this configuration 1 is shown in Figure 3.
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Figure 3: Even loading of ACK feedback for Slot-based TDD configuration 1
For this case, slots #4, #5, #14, and #15 transmit ACKs for two downlink slots and slots #6 and #16 transmit ACKs for one downlink slot, resulting in a more even loading of ACK payloads across the uplink slots that are transmitting ACK payloads. Note that further ACK/NAK payload balancing is possible, e.g., by utilizing the 2nd slot of subframe 3 or subframe 8 for HARQ feedback, at the expense of additional HARQ feedback delay.
Proposal #1: In addition to the n+4 HARQ turnaround time, additional slot delays can be added to the HARQ timeline to improve balance HARQ-ACK loading.
2.2 Shortened TTI implementation for TDD using paired carriers
An additional method to improve the latency of the shortened TTI TDD implementation is to pair carriers together such that a downlink and uplink slot is accessible on at least one of the carriers in a particular slot. The two carriers would be backward compatible and would conform to one of the uplink/downlink configurations allowable for frame structure type 2. However, the frame timing of the carriers need not be the same, but can be shifted relative to each other such that slot timing is still preserved between the two carriers. If we take configuration 1 as an example, we make create a second carrier that is delayed by 3 slots as shown in Figure 4.
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Figure 4: Slot-based TDD configuration 1 and delayed version
For this configuration, it is an exact replica delayed by 3 slots, allowing a low latency to user to access both downlink-configured slots and uplink-configured slots in the any particular slot sTTI which, in turns, improves the HARQ turnaround time across all slots. The requirement for the paired carriers is that they each conform to one of the legacy TDD configurations so that legacy operation is possible individually on each carrier. However, there can be a relative offset of a fixed number of slots that allows a low latency user to jointly use both carriers and access both donwlink and uplink slots in the same sTTI. 
Proposal #2: A paired-carrier implementation can be considered to configure two TDD carriers to be used jointly by a user for low latency operation.
2.3 HARQ timeline aspects related to the special subframe
The special subframe contains the DwPTS, Guard Period, and UpPTS regions of transmission. The duration of the downlink and uplink portions of this subframe is configurable based on a chosen special subframe configuration. However, note that the DwPTS duration can exceed a slot duration. One way is to restrict that the DwPTS transmission so that it cannot be split into two HARQ transmissions. More naturally, the special subframe is split into two slot sTTIs as in the regular subframe case. Note that in this case, it is possible that for some special configurations, sPDSCH may not be supported in one of the two slots in the special subframe due to very short DL duration in the respective slot. 
Proposal #3: The special subframe is split to two slots similar to that of other subframes, where sPDSCH may not be supported in a slot if the duration is too short.
2.4 Inclusion of additional transmit symbols within the special subframe

The Guard Period within the special subframe is inserted for all downlink to uplink transitions to control both intra-cell and inter-cell interference, to handle propagation delay, and the need for Tx/Rx and Rx/Tx switching. In Release 8, the Guard Period duration is configurable from one of ten special subframe configurations and is chosen to match the deployed cell size. 

An eNB can potentially decrease the effective Guard Period duration, by scheduling additional resources to near cell users either after the DwPTS or prior to the UpPTS without incurring any additional intra-cell or inter-cell interference. This structure is reflected in the diagram shown in Figure 5.

[image: image5.emf]L

e

g

a

c

y

 

D

w

P

T

S

L

e

g

a

c

y

 

U

p

P

T

S

Legacy GP

S

h

o

r

t

e

n

e

d

 

G

P

L

o

w

 

l

a

t

e

n

c

y

 

D

L

 

U

s

e

r

 

1

L

o

w

 

l

a

t

e

n

c

y

 

U

L

 

U

s

e

r

 

2

Legacy 1 ms 

Special Subframe


Figure 5: Inclusion of additional low latency downlink and uplink symbols within the legacy special subframe
To ensure the feasibility of this new structure, one must consider both intra-cell and inter-cell interference cases. For the intra-cell interference case, the new low latency downlink users that are appended after the legacy DwPTS must not be interfered by the uplink low latency users or legacy UpPTS legacy transmission. In addition, the eNB to eNB inter-cell interference must also be considered. Here the inclusion of a low latency DL users from Cell A should not interfere with Cell B’s reception of low latency UL users. However, note that these new low latency users that have been assigned within the legacy guard interval are near cell users with low TA values. Therefore, cell A can transmit at a lower power to the low latency users relative to its legacy DwPTS transmission. Likewise, for low latency users in cell B, an increase of power can be made relative to the legacy UpPTS transmission. This additional power ramping step on both the DL transmission as well as UL transmission can greatly mitigate any eNB to eNB interference seen. This is aspect of the power ramping is shown in Figure 6.

[image: image6.emf]L

e

g

a

c

y

 

D

w

P

T

S

L

e

g

a

c

y

 

U

p

P

T

S

S

h

o

r

t

e

n

e

d

 

G

P

L

o

w

 

l

a

t

e

n

c

y

 

D

L

 

U

s

e

r

 

2

L

o

w

 

l

a

t

e

n

c

y

 

U

L

 

U

s

e

r

 

3

L

o

w

 

l

a

t

e

n

c

y

 

D

L

 

U

s

e

r

 

1

L

o

w

 

l

a

t

e

n

c

y

 

U

L

 

U

s

e

r

 

4

Exemplary Power 

Density Level


Figure 6: eNB and UE power ramping within the legacy guard period to mitigate eNB to eNB intercell interference
Proposal #4: Additional low latency DL and UL symbols, with appropriate power management, can be inserted into the legacy guard period within the special subframe to increase the capacity within the special subframe.  
3
Conclusions 
Based on the discussion presented in the paper, we outlined specific implementation issues regarding a shortened TTI TDD based solution. In particular, we propose:
Proposal #1: In addition to the n+4 HARQ turnaround time, additional slot delays can be added to the HARQ timeline to improve balance HARQ-ACK loading.
Proposal #2: A paired-carrier implementation can be considered to configure two TDD carriers to be used jointly by a user for low latency operation.
Proposal #3: The special subframe is split to two slots similar to that of other subframes, where sPDSCH may not be supported in a slot if the duration is too short

Proposal #4: Additional low latency DL and UL symbols, with appropriate power management, can be inserted into the legacy guard period within the special subframe to increase the capacity within the special subframe.
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