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1. Introduction

For the continuation of discussion in the last meeting, we have investigated on impact of E-PDCCH multiplexing structure on UE implementation. Two alternatives of E-PDCCH multiplexing structure will be compared in section 2 in terms of buffering requirement, PDSCH decoding time and so on. And further refinement of our proposal will be provided in the section 2.
2. Placement of DL assignment

(1) Two alternatives according to DL assignment placement for E-PDCCH
One alternative of potential multiplexing structure to be considered is that downlink assignment (or DL grant) transmission should be finished in the first slot; the other is that downlink assignment can be placed in the second slot as well. 
· Alternative #1: 

· DL assignment transmission should be terminated in the first slot (see Figure 1)
· Alternative #2: 

· DL assignment transmission can be terminated in the second slot (see Figure 2)
Figure 1 shows the alternative #1 in which the DL grant transmission will occur only in the first slot (or the first part of subframe) and then blind decoding process for DL grant can be started in the end of the first slot. After blind decoding, UE can promptly start demodulation processing right after reception of PDSCH to be assigned for the UE. Figure 2 shows the alternative #2 in which DL grant can be transmitted in the second slot and so the blind decoding process cannot be started until DL grant in the second slot is completely received.
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Figure 1: Placement of DL assignment (Alternative#1)
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Figure 2: Placement of DL assignment (Altenative#2)

(2) Impact on UE implementation
Buffering Requirement (i.e. Required Minimum Buffer Size)
For comparison of required buffer size, it was given in Figure 3 a simple block diagram for general receiver processing in the perspective of buffer design in UE implementation. There can be two buffers; one is Received Signal Buffer (RSB) to which UE stores all the received raw OFDM symbols and the other is PDSCH Decoding Buffer (DB) to which UE stores modulated and coded symbols provided by RSB in order to input Turbo decoder to get un-coded data finally. 
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Figure 3: Received Signal Buffer and PDSCH Decoding Buffer
Since Received Signal Buffer size is not unlimited, the buffered stuff should be flushed on the basis of pre-defined rule so that it cannot be overflowed. Considering cost-effective buffer design, the timely buffer flushing (erasing unnecessary or demodulated buffered data) is very important. One implementation would be that after finishing demodulation processing of PDSCH in a subframe the corresponding OFDM symbol samples stored in RSB is automatically flushed to save next OFDM symbols received one after the other. This operation enables the limited size of RSB so as to accommodate continuously incoming OFDM symbols. To implement RSB cost-effectively, it is desirable that the buffer size should be minimized. In that sense Required Minimum Buffer Size (RMBS) in each alternative will be analyzed in Figure 4 and Figure 5 respectively.
In order to identify Required Minimum Buffer Size of both alternatives, the following assumptions are applied to both Figure 4 (Alt. #1) and Figure 5 (Alt. #2). We note that those assumptions are for the illustration purpose only.
· E-PDCCH blind decoding time (
[image: image4.wmf]BD

ePDCCH

_

t

) is 0.5ms 
· Channel estimation time (
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) is two OFDM symbol time

· Received Signal Buffer stores only the received OFDM signal. Hence no initial buffered data is assumed.

· Received Signal Buffer is flushed immediately after sending the demodulated samples (output samples of RSB) to PDSCH Decoding Buffer.

· Instantaneous buffering amount means the total amount of buffered data in Received Signal Buffer.

· The marginal buffer space of RSB is not considered for the sake of simplicity of comparison of both alternatives.
· (DL grant) in Figure 5 means the possibility of DL grant transmission in the first slot as well as in the second slot.
· PRB bundling (i.e. PRB based channel estimation) is considered
In Figure 4, Received Signal Buffer in the beginning of the subframe #n starts to be filled with the sampled instantaneous received OFDM symbol and so buffered data will be increased monotonously until RSB is flushed right after finishing channel estimation process in the beginning of the subframe #n+1. After that, the left-over buffered data is very small which is equivalent to the amount of one or two OFDM symbols (i.e.
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) of the subframe #n+1. This procedure is repeated until no signal is received. This kind of timely flushing of buffered data enables amount of buffered to be kept under the level of Required Minimum Buffer Size (see the dotted blue line in Figure 4).

In Figure 4 the same interpretation can be applied. However since the DL grant in the second slot leads to decoding delay, the amount of buffered data will be steadily increased up to the level of Required Minimum Buffer Size (see the dotted red line in Figure 5). 
Comparing two Required Minimum Buffer Sizes obtained from both Figures, RMBS of Alt. #2 is about 50% larger than that of Alt. #1 with the above assumptions. What we should figure out from that observation is that the about 50% increase of RMBS will be very large impact on the cost because RMBS is basically very large size of buffer (compared to PDSCH decoding buffer and so on) so that can accommodate a lot of raw OFDM symbols with finer resolution of A-D converting. Moreover as blind decoding time increases, the gap is expected to be larger especially when carrier aggregation with increased BD complexity is applied. On the contrary very high performance UE with high power consumption may minimize the gap by flushing the stored data as fast as possible.
Another point is about PRB bundling which uses PRB based channel estimation and then channel estimation process should be performed after the E-PDCCH blind decoding because UE should know its own RB assignment information in advance before channel estimation. In such case RMBS will be increased to some extent according to additionally increasing buffering amount in channel estimation time duration.
Observation: Required Minimum Buffer Size of Alt. #2 is about 50% larger than that of Alt. #1.
Proposal: Alt. #1 should be baseline unless Alt. #2 is justified by significant gain (i.e. DL assignment transmission should be terminated in the first slot).
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Figure 4: Required Minimum Buffer Size for Alt. #1
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Figure 5: Required Minimum Buffer Size for Alt. #2

Impact of increasing PDSCH decoding capability on implementation complexity
Moving on to the PDSCH Decoding Buffer issue, we can figure out that a large amount of PDSCH data leads to increasing PDSCH decoding time (at turbo decoder) in direct portion which can make it difficult to deliver HARQ-ACK/NACK in time since in general HARQ RTT consists of propagation delay, UE processing, decoding and demodulation time. Especially in Carrier Aggregation multiple PDSCHs over several carriers causes to increase PDSCH decoding latency. However turbo decoding should be finished in a subframe time no matter what the cost because next PDSCH is waiting for decoding (otherwise it causes buffer overflow). In that sense Alt. #2 needs faster processing such as introduction of parallel turbo decoding structure in order to finish PDSCH decoding within TTI at all costs which finally results in more power consumption. 
Meanwhile timing advance should be taken into account design of HARQ-RTT. Large timing advance make it difficult to secure UE processing/decoding time (see Figure 7). Therefore enough marginal time when designing HARQ-RTT should also be secured so as to accomplish HARQ-ACK/NACK transmission in time (e.g. ACK/NACK transmission at the (n+4)-th subframe). 
Considering those points, Alt. #1 is beneficial to supporting the large amount of PDSCH, e.g. multiple PDSCHs in CA case and large timing advance.
Observation: Alt. #2 needs faster processing such as introduction of parallel turbo decoding structure in order to finish PDSCH decoding within TTI at all costs which finally leads to more power consumption.

Support of two implementation approaches

In UE implementation perspective, if Alt. #1 is adopted, the channel estimation for E-PDCCH demodulation can be performed using either DM RS only in the first slot or DM RS in both slots by the UE implementation choice. The first will be chosen if the UE has limited processing power while the latter will be a better selection if the delayed E-PDCCH decoding does not matter to the UE. Furthermore, the DM RS used for E-PDCCH demodulation can be chosen in consideration of the communication environment. An example of such implementation is that UE uses DM RS in both slots when the timing advance value is small but it uses DM RS only in the first slot when a large timing advance value is set. However it is obvious that Alt. #2 is not able to support such flexibility in UE implementation. Consequently Alt. #1 allows more UE implementation options depending on manufacturer’s preference.
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Figure 7: Reduced UE processing time due to large timing advance

Observation: Alt. #1 allows more options of UE implementation depending on manufacturer’s preference.
(3) Performance aspects

The above discussions are focused on the UE implementation perspective, but it is our observation that Alt. #1 has potential to provide more efficient E-PDCCH transmissions although the actual performance will be dependent of the detailed channel design. First, from the frequency diversity viewpoint, limiting the E-PDCCH transmission in the time domain means that a given amount of E-PDCCH should span over a larger number of PRBs, which can be beneficial in exploiting the frequency diversity gain. Second, from the frequency selective transmission viewpoint, using a limited number of OFDM symbols for E-PDCCH transmission means that one PRB pair needs to accommodate a smaller number of E-PDCCHs targeting different UEs, so it becomes easier to perform the frequency selective scheduling for E-PDCCH, i.e., the eNB can easily find a set of UEs which commonly prefer a certain PRB pair used for the E-PDCCH transmission of those UEs.
Observation: Alt. #1 has potential to provide more efficient E-PDCCH transmissions in terms of frequency diversity and frequency selective transmission.
3. Usage of the second slot of E-PDCCH RB pairs

The second slot of E-PDCCH PRB pair in which DL grant is transmitted in the first slot can be utilized by means of PDSCH mapping or other DCI mapping.
In PDSCH mapping case, E-PDCCH mapping to the first slot can be implemented by PDSCH rate-matching on the same PRB pair as specified in R-PDCCH mapping in Rel-10. However since E-PDCCH for UE can be implemented differently from the existing R-PDCCH for relay, further investigation may be needed. 

Meanwhile UL grant is transmitted in the second slot in Rel-10 relay specification, but not allowed to transmit it in the first slot. It is possible to keep this principle in E-PDCCH design but some modification can be done for more efficient operation. 
Observation: The second slot of E-PDCCH PRB pair where DL grant is transmitted in the first slot can be used for PDSCH or other DCI format transmission.
4. Conclusion

We have investigated two alternatives according to E-PDCCH DL assignment placement methods. It was observed that Alt. #1 has more potential benefits for design and performance aspects in terms of buffer requirement, low-cost implementation, less power consumption, more UE implementation options, performance aspects and usage of the second slot. So we conclude that Alt. #1 should be baseline since there’s no reason to use Alt. #2 if it is not justified by significant gain.
· Observation #1: Required Minimum Buffer Size of Alt. #2 is about 50% larger than that of Alt. #1.
· Observation #2: Alt. #2 requires faster processing such as introduction of parallel turbo decoding structure in order to finish PDSCH decoding within 1ms at all costs which leads to more power consumption.
· Observation #3: Alt. #1 allows more options of UE implementation depending on manufacturer’s preference.
· Observation #4: Alt. #1 has potential to provide more efficient E-PDCCH transmissions in terms of frequency diversity and frequency selective transmission
· Observation #5: The second slot of E-PDCCH PRB pair where DL grant is transmitted in the first slot can be used for PDSCH or other DCI format transmission.
· Proposal #1: 
· Alt. #1 should be baseline unless Alt. #2 is justified by significant gain 

· DL assignment transmission should be terminated in the first slot.
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