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1. Introduction

In RAN1 67, the agreement of ePDCCH is recapped as below:
· Both localized and distributed transmission of the enhanced control channel are supported

· At least for localized transmission, and for distributed transmission where CRS is not used for demodulation of the enhanced control channel, the demodulation of the enhanced control channel is based on DMRS transmitted in the PRB(s) used for transmission of the enhanced control channel

· Antenna ports 7-10 is/are used

· The scrambling sequence used is FFS

When multiple ePDCCHs are transmitted in one PRB pair and UERS ports 7-10 are used to demodulate those ePDCCHs, there are multiple options for associating one ePDCCH with its UERS. This contribution discusses two straightforward options. The main focus is the support of interference measurement. In addition, we compare their support to high efficiency ePDCCH transmission schemes such as 16QAM [1] or rank 2 transmissions [2].
2. Association between ePDCCH and UERS
Since UERS ports 7-10 are used to demodulate ePDCCHs in the same PRB pair, if we assume all the 24 REs of two UERS CDM groups are always used, there are two options for associating an ePDCCH with its UERS. 
Option 1: FDM/CDMed UERS for multiple DCIs
It is the most straightforward association. The resources in one PRB pair are first partitioned into 4 ePDCCH regions. Each of the ePDCCH regions carries a DCI to a (different) UE and is associated with one of the UERS ports {7, 8, 9, 10}. One such example is shown in Figure 1, where each ePDCCH region comprises three consecutive subcarriers. It should be noticed that the UERSs of DCI 1 and the UERSs of DCI 2 are superimposed on each other on the same 12 REs, although DCI 1 and DCI 2 themselves are on different REs and don’t interfere with each other. This causes some problem for interference measurement described in the next section. In addition, the UERSs of each ePDCCH region are spread over all 12 subcarriers through the ePDCCH region concentrates in three subcarriers. This large spreading reduces the channel estimation accuracy as seen in simulations.
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Fig. 1, option 1: FDM/CDMed UERS for multiple DCIs
Option 2: FDM/TDMed UERS for multiple DCIs
One PRB pair is still partitioned into 4 ePDCCH regions and all the 24 REs of the two UERS CDM groups are partitioned in a TDM/FDM manner. One such example is shown in Figure 2. In [3], we presented a TDM/FDM UERS pattern assuming 12 UERS in total. Compared to Option 1, the UERSs of the DCIs are no longer superimposed on each other. They are all on different REs. This enables accurate interference measurement described in the next section. In addition, the spread of the UERSs of each ePDCCH region is reduced to 6 subcarriers. This enhances the channel estimation accuracy as seen in simulations. Finally, the power amplifier efficiency is also improved. 
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Fig. 2, option 2: FDM/TDMed UERS for multiple DCIs
3. Discussions
In this section we compare the two UE-RS multiplexing options from different aspects. Although both are similar in the region partition, the superimposition of the UERSs makes a big difference in interference measurement that impacts the receiver performance. In addition, there are other differences in channel estimation accuracy, transmit power efficiency, and the support to other ePDCCH features. Table 1 summarizes the differences we see in those two options which is further discussed in the sub sections.
Table 1 Summary of comparison between FDM/CDMed UERS and FDM/TDMed UERS
	Aspects to compare
	FDM/CDMed
	FDM/TDMed

	Channel estimation accuracy ( Interference is addictive noise )
	Poorer accuracy in aggregation level 1/2
	0.7 dB gain in aggregation level 1 and 0.3dB gain in aggregation level 2. Same performance for aggregation level 4/8.

	Interference Covariance Matrix measurement ( Neighbouring cell is sending PDSCH)
	Interference is measured on post OCC-2 despreaded signal in order to remove intra-cell interference on UERS
	Interference is measured on each UERS RE directly. 1dB better in aggregation level 1

	Interference Covariance Matrix measurement ( Neighbouring cell is sending ePDCCH)
	Interference is measured on post OCC-2 despreaded signal in order to remove intra-cell interference on UERS. But inter-cell interference still mismatches with data RE
	Interference is measured on each UERS RE directly. There is no mismatch

	RF power efficiency
	Poorer because the total RE power and UERS to data RE power ratio can’t be kept at the same time when different number of DCIs are actually transmitted in one PRB pair. And OCC-2 can further create power imbalance among different UERS REs
	Better because UERS power is constant regardless how many DCIs are transmitted

	Extensibility to support rank 2 transmission
	Poorer because OCC-4 has to be used in order to create additional UERS to decode the additional layer. OCC-4 degrades channel estimation performance for medium-high speed.
	Better because OCC-2 can be used to create the second UERS port for one DCI. 2dB gain in 30km/h

	Compatibility with intra-PRB ICIC for ePDCCH [7]
	Though two eCCEs are orthogonal from neighbouring cells, the UERS those two CCEs are associated with can still be fully overlapped.
	If two eCCs are orthogonal from neighbouring cells, the UERS those two CCEs are associated with are not overlapped.


3.1 Interference Measurement
The interference needs to be measured for constructing the MMSE receiver (or MMSE-IRC receiver) specified by RAN4 testing [6]. The covariance matrix of the interference plus noise is computed from these measurements. The measurements are typically conducted on the reference signals (RSs). It is desirable that the RSs experience the same interferences as its corresponding data REs such that the constructed MMSE receiver based on the RS measurements is applicable to the data REs. Otherwise, if the RSs and data REs experience different interferences, the MMSE filter computed from the RSs doesn’t work well for detecting the data. We scrutinize the two options for supporting interference measurement. We find that only Option 2 provides full support in all cases and Option 1 only works in part of the cases or different interference measurement algorithms need to be implemented for ePDCCH other than PDSCH. 
If interference covariance matrix is measured from CRS, both options work fine. However, if CRS is unavailable or has very low density in new carrier type (NCT) [8], UERSs are used for measuring the interference. [9] describes how interference is measured from each of the UERS RE in order to decode PDSCH. In this case, Option 1 can fail and Option 2 works fine consistently. Details are next. Using the example in the previous section, the received signal at the i-th UERS RE for detecting DCI 1 can be modelled as:
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 is the desired UERS for detecting the desired DCI, e.g. DCI 1;[image: image8.png]


 is the co-scheduled UERS signal from the same cell for an interfering DCI, e.g. DCI 2; [image: image10.png]


 is the inter-cell interference; and [image: image12.png]n € N(0,6°I)



 is the additive noise. The covariance matrix for computing the MMSE (or MMSE-IRC) filter is computed as:
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where [image: image18.png]H,P,



 is the estimated beamformed channel of the i-th UERS RE. We now consider the case that both DCI 1 and DCI 2 are sent and compare Option 1 and Option 2. For Option 1, because the CDM UERS sequences for DCI 1 and DCI 2 are on top of each other, the interference term [image: image20.png]H,P;s,;



 is not zero in Eq. (1) and this interference is included in the covariance matrix R via Eq. (2). However, the DCI 1 data REs actually don’t experience the interference from DCI 2 data REs because they are totally on different subcarriers. This mismatch makes the receiver nulling the direction of DCI 2 UERS unnecessarily such that the receiver has a higher chance in amplifying the inter-cell interference. In contrast, the intra-cell interference term [image: image22.png]H,P;s,;



 is zero for Option 2 because the UERSs for DCI 1 and DCI 2 are separated in frequency and time, i.e. on different REs. Therefore, the covariance matrix is computed correctly matching the interference situation of the DCI data REs. 
One way to overcome this intra-cell interference mismatch in the FDM/CDMed UERS is to firstly use OCC-2 de-spreading on all 12 UERS REs and observe the interference from 6 de-spreaded URRS. However, this method still can’t solve the inter-cell interference mismatch if the neighbouring cell is transmitting ePDCCH in the same PRB pair.
We compare both UERS options using realistic interference covamatrix matrix measurements and intra-cell interference has been removed for both methods assuming neighbouring cell is transmitting PDSCH. One dominant interferer is assumed in the simulation with interference to noise ratio of 6dB. 
Observation 1: FDM/TDM UERS is better than FDM/TDM for 1dB using aggregation level one to carry 26 bits DCI when realistic interference covariance matrix is measured from UERS and neighbouring cell is transmitting PDSCH
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Fig. 3, Performance comparison on MMSE receiver for the two options assuming interference covariance matrix is measured on UERS (AGL1 and DCI size = 26 bits).
3.2 Channel Estimation 
For frequency selective channel, channel response varies dramatically across frequency.  It is desirable that the UERS of each DCI concentrate around the DCI REs such that the channel estimation benefits from the high frequency correlation. Seen from Fig. 1, the UERS of each DCI is spread across the whole frequency band of the four DCIs rather than the subband of its DCI. In contrast, seen from Fig. 2, the UERS of each DCI is only spread across two DCI subbands rather than four DCIs subbands. Therefore, the UERS of Option 2 is closer around its DCI and should provide better channel estimation than Option 1 especially for low aggregation level. In Figure 4, we compare the performance of the two options using aggregation level 1 and 2. In the simulation, we assume 4 CCEs in each PRB pair. A mapping between UERS and CCE is assumed known to the UE such that multiple CCEs can be bundled together for channel estimation for higher aggregation level. As expected, FDM/TDM outperforms FDM/CDM especially for AGL 1; for AGL 2, the performance gap is smaller than AGL 1 since UERS is transmitted with full power in FDM/CDM and the gap is mainly due to different pilot patterns. For the other AGLs the two options should have the same performance.  The difference in the UERS pattern accounts for the performance gap shown in Fig. 4 assuming diagonal interference covariance matrix constructed from known SINR.  The performance gap is expected to be even larger for higher spatial dimension or realistic interference covariance matrix measured from UERS.
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Fig. 4, Performance comparison on channel estimation for the two options (AGL 1&2 and 49 bits DCI).
On the other hand, the channel estimation complexity in FDM/TDM UERS pattern is lower than that of FDM/CDM UERS pattern because of two reasons. Firstly, the total number of UERS subcarriers in FDM/TDM pattern is half of the total number of UERS subcarriers in FDM/CDM pattern for aggregation level one CCE. Secondly, after aggregation level one CCE is tested, UE doesn’t have to estimate the channel again for higher aggregation level CCE in the FDM/TDM UERS pattern. But for the FDM/CDM pattern, UE has to redo the channel estimation.
Observation 2: FDM/TDM UERS enables better channel estimation than FDM/CDM UERS.
3.3 RF Transmit Power Efficiency
For option 2, since the UERS of each DCI is not superimposed on any UERS of any other DCI, the power of the used UERS RE remains the same regardless of the number of DCIs. For the same reason, the UERS to ePDCCH EPRE ratio also doesn’t change with the number of DCIs. For option 1, the efficiency of the transmission power is degraded. Since the UERSs of two DCIs can overlap on the same RE, the total power of UERS REs doubles as the number of DCIs doubles. This leads to inefficient power usage. The reason is as follows. The UERS REs concentrate on symbols 5 and 6. Once the number of DCIs doubles, the power of symbol 5 or 6 is greater than the one of any other symbol. Therefore, if more than one DCI are sent, the power of symbols other than 5 and 6 has to be below the maximum power that is used by symbol 5 and 6. However, from performance viewpoint, the total of each symbol should remain constant for maximizing the signal strength. 
 Observation 3: FDM/TDM UERS has a higher power efficiency than FDM/CDM UERS for sending multiple DCIs.
3.4 Rank 2 Transmission 
Compared to rank-1 HOM, rank-2 QPSK ePDCCH can achieve the same peak rate. Namely, same ePDCCH coding rate can be achieved with the same amount of ePDCCH REs. However, rank-2 QPSK ePDCCH transmission differs from rank-1 HOM in two ways:
1) UE doesn’t need to know UERS ePDCCH EPRE ratio before decoding rank-2 QPSK transmission;
2) Rank-2 transmission requires two decoding pilots.
In order to meet the requirement of rank-2 demodulation for option 1, the total UERS ports need to extend from {7, 8, 9, 10} to either include UERS ports 11-14 or scrambling ID 1. In the latter case, the orthogonality among UERS ports may not remain. Since each rank-2 DCI is associated with two pilots, the inter-UERS interference and power degradation in the UERS could significantly degrade the performance due to channel estimation error.
For option 2, CDM with OCC length 2 can be applied on each UERS subset to create two orthogonal pilots for rank-2 demodulation. Thus both inter-UE and intra-UE pilot orthogonality remain. 
Fig. 3 shows the performance comparison between the two options. For option 1, we assume UE1 uses UERS ports {7, 11} for rank-2 ePDCCH transmission. UE2 uses UERS ports {8, 13} for rank-2 ePDCCH transmission. OCC-4 despreading is used by UE1; For option 2, we assume UE1 uses both OCC-2 codes for ePDCCH rank 2 transmission. The performance of UE1 is shown in Fig. 3. We observe that UERS power deduction due to CDM and inter-UE interference degrade the performance of option 1 by two dB.
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Fig.5, Performance comparison on rank-2 for the two options (AGL1 and DCI 26bits; interference covariance matrix constructed from known SINR).
Observation 4: FDM/TDM UERS has less interference among UERSs than FDM/CDM UERS for supporting rank-2 transmissions.
3.5 Enabling of intra-PRB ICIC
In [6] we showed that CCE level ICIC is much more resource efficient than PRB level ICIC. The FDM/TDM UERS is more compatible to CCE level ICIC than FDM/CDM UERS because the FDM/TDM UERSs are concentrated in the target CCE and its adjacent CCE while the FDM/CDM UERSs spread across all the four CCEs. In contrast, even though two neighbouring cells are transmitting ePDCCH using different CCEs, the UERS for those two different CCEs can still be overlapping for FDM/CDM UERS.
Observation 5: FDM/TDM UERS enables better implementation of ePDCCH ICIC inside one PRB pair
4. Conclusion
In this contribution, we discussed two UERS multiplexing options for sending multiple DCIs in one PRB pair assuming each DCI is associated with its own UERS. Both FDM/CDMed UERS and FDM/TDMed UERS can work if interference covariance matrix is measured from CRS. But for new carrier type if UE can only measure interference covariance matrix from UERS, only FDM/TDMed option can work for all aggregation levels or UE needs to implement different interference measurement algorithms for ePDCCH than PDSCH. Additionally, compared to FDM/CDMed UERS, FDM/TDMed UERS has a better power efficiency and support high rank transmission better than FDM/CDMed UERS, etc. In order to improve the spectrum efficiency of ePDCCH, a smaller CCE size with either 16QAM or rank 2 transmissions is desired. Thus we propose following:
Proposal: RAN1 should further compare between FDM/CDMed and FDM/TDMed UERS for sending multiple DCIs in the same PRB pair assuming realistic interference covariance matrix measurement in terms of power efficiency, spectrum efficiency, channel estimation performance, complexity, and support of intra-PRB ICIC.
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6. Appendix
Table 2 Simulation Parameters

	Parameter
	Value

	System bandwidth
	10 MHz

	Antenna configuration
	xx->+, half lambda

	Channel model
	SCM-E/Low AS/3kmph/30kmph

	CSI Feedback
	PUSCH 3-1 with frequency scheduling

	MCS
	QPSK/rank 1/rank 2

	DCI size
	49 bits or 26 bits carried by AGL 1 or AGL 2

	Channel estimation
	2D-MMSE

	Receiver
	MMSE: interference covariance matrix is constructed from known SINR as diagonal matrix
MMSE-IRC: interference covariance matrix is measured from UERS in a realistic manner

	Modelling of noise/interference
	For MMSE receiver, AWGN

For MMSE-IRC, inter-cell interference from PDSCH transmission

	Reference signal
	4 CSI-RS ports / 4 UERS ports/ 2 CRS ports

	UERS power
	FDM/CDM option: 0.5 for aggregation level 1, 1 for aggregation level 2
FDM/TDM option: 1
Rank 2 for both options: equal split among two layers
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