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1
Introduction
The forward compatibility support of LTE was discussed late last year in RAN1 and RAN meetings. Forward compatibility in this context refers to the support of LTE Rel-8 and/or Rel-9 UEs in LTE-A networks. Although the LTE-A study is on-going, RAN1 has already identified some key techniques expected to help reaching the LTE-A requirements set forth in [1]. Considering the possibility to continuing evolving the LTE air-interface for many releases, it is important to think upfront on forward compatibility to maintain a technologically competitive advantage while providing the support of UEs of earlier releases. 

Two techniques have been identified to provide this forward compatibility, namely, the use of the currently defined MBSFN subframes (with 1 or 2 control symbols) or a generalization of the currently defined MBSFN subframes to include a control span of 0 symbols (a.k.a. blank subframes).

In LTE-A networks, the control region provided by MBSFN subframes would only be useful for the transmission of the DL-RS over the first and possibly second OFDM symbol in the subframe, and for issuing UL grants to Rel-8 UEs. Note that 2 OFDM symbols entail 14.28% of the subframe for normal CP numerology, and 16.66% of the subframe for the extended CP numerology. These figures turn into “overheads” for operating the LTE-A system in a non Rel-8 compatible manner on those subframes. 

In turn, blank subframes are subframes that contain no Rel-8 control symbols and can be implemented in the specification generalizing the MBSFN subframes (currently supporting 1 or 2 control symbols) to one configuration with a control region span of 0 OFDM symbols. The DL capacity increase relative to MBSFN subframes is 16.7% and 20% for normal and extended CP, respectively. Note that contiguous MBSFN subframes also cause additional TX/RX switching overhead.

In this document we discuss the possible options in support of forward compatibility, we then compare MBSFN vs. blank subframes. We continue with possible ways to introduce blank subframes in LTE Rel-9 and we finish this document with specification and requirements impact across (RAN1, RAN2 and RAN4) specifications, and conclusions. 

2
Forward Compatibility Support
The following two mechanism have been identified to provide forward compatibility in LTE

· MBSFN subframes

· Blank subframes 

Features of MBSFN subframes
· Subframes 0, 4, 5, and 9 (FDD) or 0, 1, 5, and 6 (TDD) cannot be configured as MBSFN subframes

· RRM measurements and Paging occasions based on the availability of these subframes

· Control span is 1 or 2 OFDM symbols depending on the antenna configuration in “MBSFN area”

· {1, 2} antenna ports -> 1 OFDM symbol for control region

· {4} antenna ports -> 2 OFDM symbol for control region

Features of the blank subframes proposal:

· RRM measurements based on cell-specific RS in subframes 0 and 5

· Support of a paging configuration with paging occasions in subframes 0 and 5 only

· Control region of zero OFDM symbols

3
MBSFN vs. blank subframes

3.1
ICIC on Control region

Inter-cell interference coordination or ICIC is a key technique to enhance the performance of future LTE revisions as it enables implementing adaptive and possibly dynamic time/frequency reuse to increase the effective geometry seen by UEs.  ICIC techniques for macro eNB deployments are currently being studied as part of the Coordinated Multi Point (CoMP) transmission/reception umbrella in LTE-A. ICIC techniques provide even larger gains in heterogeneous network deployments involving low-power pico eNBs, femto or home eNBs and relay nodes [2-8]. In these deployment scenarios, a UE is often connected to a serving cell with much lower received power as compared to an interfering cell, i.e., the UE sees a very negative geometry from its serving cell. ICIC is therefore crucial in this context, since the UE  cannot receive any data from its serving cell without cooperation from the interfering cell. Such cooperation can take the form of e.g., reduced transmit power or a non-interfering beam direction.

Such cooperation does not, however, extend to Rel 8 control channels (PCFICH, PDCCH, PHICH) or cell-specific reference signals (CRS). This is because LTE Rel 8 mandates the transmission of CRS and PCFICH/PHICH/PDCCH in every subframe and spanning the entire system bandwidth. Moreover, the transmit power of the CRS cannot be changed from subframe to subframe since UEs may use filtering across subframes to get an accurate channel estimate. As a result, an interfering cell is forced to transmit control channels during the first one (in the case of 2 Tx antennas) or two (in the case of 4 Tx antennas) OFDM symbols even in an MBSFN subframe, thereby causing interference to the serving cell. 

The absence of ICIC for control channels in macro deployments implies that the efficiency increase due to ICIC will not extend to control channels, and this may eventually limit system performance. In heterogeneous networks, however, the UE would simply be unable to operate in dominant interference scenarios since not having reliable control information makes it impossible to get any data, irrespective on whether or not ICIC is applied to the data region. In co-channel CSG deployments, this would result in outage scenarios (of macro-UEs not able to get reliable control from macro eNBs). In deployments containing high-power macro eNBs along with low-power pico eNBs, the UE would often be forced to connect to the macro eNB, and the network would not be able to obtain the desired cell-splitting benefits from the introduction of pico eNBs. Similar considerations would also apply in the case of relay nodes.

An alternative is to define new control channels which do not reside in the Rel 8 PDCCH region and which would, in fact, be subject to ICIC mechanisms. This would imply incurring the additional overhead of transmitting this new type of control channels on top of the existing control channels. The existing PDCCH region would need to be transmitted despite being useless as control on this region cannot be made reliable. Assuming that the new channels have similar overhead as compared to the existing ones, the additional overhead from this can be expected to be in the range of 7-22% (corresponding to 1-3 OFDM symbols).  
Another alternative would be to configure the system in a multi-carrier fashion and designate a “protected” carrier that would only be used by low-power nodes thereby providing reliable control for those nodes. The use of the data resources on all component carriers could be facilitated by the use of cross-carrier assignments emanating from the “protected carrier” and relying on some ICIC mechanism in the data region to coordinate resource utilization for that region among high and low power nodes. However, this solution requires system operation with more than one component carrier and makes it prohibitively inefficient to do any (component carrier configuration) adaptation for different scenarios (penetration of low power nodes, UE distribution across network, type of user traffic, etc).  

As discussed in the net section, the introduction of blank subframes would enable an efficient time-domain resource partitioning to adaptively provide the best split of resources among e.g. high/low power nodes and, or open/close access nodes. 

3.2
Resource partitioning / CoMP in het-net

As pointed out in the previous section, one constraint of MBSFN subframes is that the eNB is forced to transmit in the control region, thus disallowing the possibility of ICIC for PCFICH, PHICH and PDCCH. Another constraint of MBSFN subframes is that at most 6 subframes in every radio frame may be configured as MBSFN subframes, while subframes 0, 4, 5 and 9 are forced to be regular subframes. It is worth noting that it could be beneficial to allow a system configuration that allows to configure subframes 4 and 9 as MBSFN subframe (if not blank subframe). 

ICIC operation is further constrained in a non-MBSFN subframe as compared to an MBSFN subframe, since the interfering cell with 4 Tx antennas is forced to transmit CRS on 6 OFDM symbols in each subframe. CRS from one interfering cell occupies 1/3 of the subcarriers on these OFDM symbols, however the presence of multiple interfering cells would effectively mean that no ICIC is possible on these OFDM symbols. These OFDM symbols constitute about 43% of the resources in these subframes and are effectively unusable by a UE seeing strong interference conditions (for example, in heterogeneous networks).

The introduction of blank subframes would enable a clean split of resources where entire blocks of 1ms are split among different types of nodes. Although MBSFN subframes would allow ICIC mechanisms over the data region, only the introduction of a new type of control supporting ICIC would enable ICIC of control. This new type of control would need to be in addition to the “legacy” control region transmission that entails a 7 or 14% (wasted) overhead.
3.3
Relay support in LTE-A

One of the most economically viable relay solutions for LTE-A is the in-band half-duplex relay, which switches between Tx and Rx for access and backhaul links on each frequency band. MBSFN subframes enable the relay half-duplex DL operation, where a relay transmits CRS and UL grants on the first and possibly the 2nd OFDM symbols on DL then switches to receive the donor cell transmission for the rest of the subframe. Note that 2 OFDM symbols entail 14.28% of the subframe for normal CP numerology, and 16.66% of the subframe for the extended CP numerology.
On the other hand blank subframes enable a relay node to use all 14 OFDM symbols in a subframe when receiving data from the donor cell. Besides the overhead advantage, the blank subframes also enable a relay node to reuse LTE Rel 8/9 frame structure for backhaul communications. By reusing LTE Rel 8/9 for backhaul link, relay specification could be substantially simplified and relay cost could potentially be substantially reduced.
Current MBSFN configuration also restricts subframes 0, 4, 5 and 9 to be non-MBSFN subframes. This restriction implies that a relay node could use at most 6 out of 10 DL subframes for backhaul communications. Reduction of mandatory non-MBSFN/blank subframes could allow further performance improvement of LTE-A relays.
4
How to introduce blank subframes in Rel-9

Blank subframes could be introduced in Rel-9 in two possible ways:

· Non-backwards compatible way

· Rel-8 UEs are barred from accessing a carrier in a cell with blank subframes configured

· Impact on performance for Rel-9 UEs is the same as that study at the end of 2008 with the original blank subframe proposal for Rel-8

· Backwards compatible way

· Rel-8 would not be able to differentiate between MBSFN and blank subframes

· Rel-8 UEs are supported with some degradation in a system using blank subframes

· It should be further studied whether this option is viable and requires input from multiple vendors as it depends on UE implementation

In the case of blank subframes, since CRS would not be present in the first/second OFDM symbol of MBSFN subframes, the following list summarizes the areas where some performance impact from the introduction of blank subframes could be seen

· RRM measurements

· Demodulation of control (PCFICH/PHICH/PDCCH) and data (PDSCH)

Sections 5.3 and 5.4 summarize the performance impact on RRM measurements and demodulation, respectively for Rel-9 UEs (aware of the use of actual blank subframes as opposed to MBSFN subframes). The demodulation and RRM performance impact on Rel-8 UEs (not aware of the actual use of blank subframes as opposed to MBSFN subframes) is implementation dependent and therefore would need further study.

4.1 
Non-backwards compatible blank subframes
One possible introduction of blank subframe in Rel-9 is to include this feature in a non-backwards compatible way in the sense that Rel-8 UEs are barred from the use of a carrier in a cell that uses blank subframes. 

This operation 

· Entails very limited performance impact on RRM and demodulation performance as shown in section 5.3 and  5.4 on Rel-9 UEs

· For Rel-8 UEs, the carrier using blank subframes would be “non-backward compatible” for use by Rel-8 UEs

· Allows full introduction of the blank subframe feature, i.e., only subframes 0 and 5 need to be configured as regular subframes (all other subframes can be configured as MBSFN subframes), and there is an MBSFN subframe configuration with 0 symbols control span

4.2
Backwards compatible blank subframes

Another possibility to implement blank subframes in Rel-9 is to support Rel-8 UE operation with a performance degradation. The feasibility of this approach is FFS and requires further study. 

The performance impacts on:

· RRM measurements is “biasing away” Rel-8 UEs from handing over into cells using blank subframes

· The RRM measurements in cells using blank subframes would be pessimistic (since some of the REs that Rel-8 UEs believe are regular CRS transmissions would correspond to something other than CRS)

· In general, this natural bias is beneficial since UEs not prepared for reception of transmissions with blank subframes would require higher strength than UEs that are prepared (aware) to receive blank subframes 

· Demodulation performance: impact depends on channel estimation algorithm at the UE receiver

· Subframe based channel estimation algorithms would have no performance impact from the introduction of blank subframes

· Note that this is the type of channel estimations in TDD and FDD/HD UEs

· Multi-subframe based channel estimation algorithms will impact

· Control (PCFICH/PHICH/PDCCH) demodulation performance

· PDCCH has power and rate control by virtue of multiple CCE aggregation levels

· Performance impact on PHICH (BPSK) and PCFICH (QPSK) is expected to be small

· Data (PDSCH) demodulation performance

· Impact of higher order modulation with high code rate expected to be much more severe than QPSK with medium/low code rates

· Overall, the impact depends on the exact channel estimation algorithm, blank subframe configuration, modulation order of data channel, code rate, etc. Therefore, a study for this degradation in RAN4 would be required.

Note that CQI estimation at the UE does not get impacted from the introduction of blank subframes since MBSFN subframes are not considered as “valid subframes” for CQI measurements in current specifications [9].  

As discussed in section 5.2, the introduction of blank subframes in a backwards compatible way from the higher layer perspective cannot be complete. Subframe 9 is the first subframe that would need to be used for the transmission of paging messages for Rel-8 UEs. In that sense, subframes 0, 5 and 9 could not be blank.

5
Specification and requirements impact

5.1
PHY layer specification impact (RAN1)

As discussed in RAN1#55 in November 2008, the specification impact from the introduction of blank subframes is limited to the extension of the definition of MBSFN subframes to include 0 OFDM symbols for control region, in addition to the currently defined {1, 2} OFDM symbols. 

It is our view that there is no need to specify UL blank subframes in connection to DL blank subframes. Blank UL subframes are helpful specifically in the case of relays, since the relay cannot listen to the UE on subframes on which it is transmitting to the donor eNB on the backhaul link. However, UL blank subframes will not be useful for many other forward compatibility applications. As a result, it is desirable not to specify any special UL behavior so as to support a variety of forward compatibility applications. 

It should also be noted that blank UL subframes are only an optimization even in the case of the relay application. In particular, UE PUSCH transmission is directly under the eNB scheduler control. The eNB can create blank “data” subframes on the UL through appropriate PDCCH signaling. Similarly, PUCCH transmissions from the UE are also under the control of the eNB; however in this case it may be not always be possible to prevent overlap between these transmissions and relay UL transmissions since PUCCH transmissions are configured on a long-term basis. 

The case in which the eNB is not able to avoid occasional collisions between PUCCH transmissions and relay UL transmissions will result in some wasteful PUCCH transmissions by the UE. Note firstly that PUCCH transmissions constitute only a small portion of total UL transmissions. Secondly, the interference caused by these transmissions will be no worse than the case where the eNB would in fact be listening to the UE (for example, if the eNB were a pico eNB instead of a relay node). Also, occasional missed PUCCH transmissions are not critical in the sense that they do not result in packet loss.

Overall, we conclude that it is preferable not to specify UL behavior for blank subframes since:

· Such behavior is specific to relay nodes, whereas the blank subframe proposal is designed to provide more general forward compatibility.

· The eNB already has sufficient flexibility to configure UL subframes with “almost” no UE transmission. In particular, the eNB can arrange for the UE not to transmit PUSCH simply through appropriate scheduling decisions. 

· In case there is some residual PUCCH transmission by the UE on these subframes, the interference effect is no worse than the case in which the eNB is in fact listening to the UE (for example, if the eNB is a pico eNB instead of a relay node). Also, occasional missed PUCCH transmissions are not critical in the sense that they do not result in packet loss.
A draft RAN1 CR was technically endorsed in [15].

5.2
Higher layer impact from introduction of blank subframes (RAN2)

The MAC impact is limited to the UE behaviour for PHICH reception during a blank subframe and could be defined as currently done for PHICH reception during a measurement gap.

The L3 signalling formats already allow for designation of certain subframes for non-backward-compatible uses.  This subframe allocation (signalled in the system information) was originally conceived for MBSFN but is now understood to encompass other possible reservations.

The existing signalling serves only to exclude Rel-8 UEs from the concerned subframes.  In order to use them for any particular purpose, additional signalling will be required; in the case of using the subframe reservation for blank subframes, it would be necessary to indicate which of the subframes were actually blank, as opposed to other possible uses such as MBSFN transmissions.  Signalling formats for this information were already discussed at RAN2#65 and should present no particular difficulties.

The Rel-8 signalling for subframe reservation excludes subframes 0, 4, 5, and 9.  Subframes 0 and 5 are required for the transmission of system information (the MasterInformationBlock and SystemInformationBlockType1 messages, respectively), and replacing either of these with a blank subframe would be backward-incompatible towards Rel-8 UEs and require significant changes in UE behaviour going forward.  Subframes 4 and 9, however, could be considered for blanking.  In Rel-8, any of subframes 0, 4, 5, and 9 may be used to carry paging, and if the paging were limited to subframes 0 and 5, subframes 4 and 9 would become available.

However, blank subframes in locations 4 and 9 could not be backward compatible, since in Rel-8 these two subframes are always used first for paging—the possible sets of paging subframes (listed in TS 36.304) are { 9 }, { 4, 9 }, and { 0, 4, 5, 9 }.  A new subframe pattern such as { 0, 5 } could be added from Rel-9, but there would be no mechanism to inform Rel-8 UEs of this pattern, leaving some or all of them unable to receive paging.

5.3
RRM measurements (RAN4)

This section focuses on the non-backwards compatible introduction of blank subframes. The effect on RRM measurements performance with the backwards compatible introduction of blank subframes depends on actual UE implementation and therefore requires input from multiple companies. 

In Rel-8 LTE (FDD), the common RS in the central 1.08MHz of subframes 0, 4, 5, and 9 which are guaranteed to be non-MBSFN and the first OFDM symbol in each of the other subframes may be used for RSRP and RSRQ measurements. With the introduction of blank subframes, it is possible that all subframes other subframes 0 and 5 are blank subframes. Thus RSRP and RSRQ can only rely on subframes 0 and 5, which could result in some performance loss. However, the performance loss was shown to be small in a wide range of scenarios: intra-frequency measurements without DRX [10], intra-frequency measurements with DRX [11] and inter-freq measurements [12].  For example, Table 1 shows the loss in potential increase in inter-frequency RSRP/RSRQ measurement error for different channels.

	Channel model
	Doppler (Hz)
	Geometry (dB)
	Increase in uncertainty at 5%-ile level (dB)
	Increase in uncertainty at 95%-ile level (dB)

	AWGN
	0
	-6
	 0.2
	0.2

	EPA
	5
	-6
	0.4
	0.1

	ETU
	5
	-6
	0.4
	0.2

	ETU
	70
	-6
	0.3
	0.2


Table 1: Increase in Uncertainty for RSRP/RSRQ Measurement Error

The losses are less than 0.5 dB which is not significant compared to other estimation errors and uncertainties. Note that the above results could be improved even further with the use of L3 filtering. Similar measurement errors were reported in [13] and [14], where it was shown that using only 1 subframe for RSRP measurements does not cause a significant loss compared to using 5 subframes.  These results can be intuitively understood by the fact that the cell-specific common RS in subframe 0 or 5 alone provides sufficient processing gain for RSRP/RSRQ measurements, and there is limited room for improvement due to the use of more RS signals. Thus the backward-compatible introduction of blank subframes is expected to have virtually no impact on RRM measurements.  
5.4
Demodulation requirements (RAN4)
This section focuses on the demodulation performance impact on Rel-9 UEs aware of blank subframes. For more details on the simulation assumptions, please refer to [16]. 
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Figure 1   FRC Throughput with and without blanking, 1x2 SIMO, QPSK 1/3 (Scenario 1.2)
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Figure 2   FRC Throughput with and without blanking, 1x2 SIMO, 16QAM 1/2 (Scenario 1.5)
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Figure 3  FER with and without blanking, 1x2 SIMO, QPSK 1/3 (Scenario 1.2)
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Figure 4  FER with and without blanking, 1x2 SIMO, 16QAM 1/2 (Scenario 1.5)

6
Conclusion

Based on the discussed benefits and on the limited standardization impact we propose: 

· Specifying blank subframes as part of Rel-9

· with support of LTE Rel-9 and beyond UEs [non-backwards compatible]
· support of LTE Rel-8 UEs in systems with blank subframes configured needs further investigation (RAN4) [backwards compatible]
· Blank subframe proposal consists of

· Allowing configuration of subframes 4 and 9 as MBSFN subframes (FDD)

· Special MBSFN subframe configuration with 0 OFDM symbols control region

· Only configured for DL, no need to handle UL subframes in any special way
We propose capturing this decision into an LS to RAN to instruct other WGs to do their respective work. 
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