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1 Introduction

WCDMA multi-point transmission features that benefit cell-edge users have a history dating back to uplink Soft/Softer handover & DL soft handover on Rel-99 DCHs and earlier proposals for DL fast cell switching. A recent addition to the family of multi-cell enabled performance enhancements is a concept proposed in [1]. 
Multi-cell transmissions have up to now been avoided for HSDPA due to the complexities of co-ordinating scheduling between basestations and reception of multiple downlink transmissions with potentially different timing and frequency offsets in terminals. However the potential for such techniques to enhance in particular cell edge performance suggests that in the Release 11 timeframe, some further study of multi-cell transmission techniques may be worthwhile.
This paper provides an initial overview of multi-cell transmission techniques and some design considerations in order to progress the discussion started in [1]. Three possibilities are considered; firstly a multi-cell scheme where transmissions to UEs in adjacent sectors are timed to avoid interference. That scheme, which we will call HS-DDTx for “discontinuous data transmissions” – may be implemented without or with few changes to the current standard. It therefore could serve as the baseline for evaluating other DL multi-cell concepts. 
Secondly, a “Multiflow” architecture as described in [1] is discussed.
Last we present another low-complexity concept in which adjacent sectors transmissions towards one UE are combined in semi-transparent fashion for the UE, coined “HS-SFN” for its resemblance to single frequency network operation. 
These concepts are applicable to single-carrier systems but suitable also to multi-carrier networks. As other multi-cell transmission concepts it will benefit of distributed-antenna systems, because more cell-edge users will be handled by one nodeB.
2 HS-DDTx

Data-discontinuous transmissions for HSDPA (HS-DDTx) reduces interference to the UE by not scheduling any data transmissions in the sectors which would act as its strongest interferers simultaneously with a HS-DSCH in the own sector. Strictly speaking, HS-DDTx is not a multi-cell transmission technique, however we are considering interference-avoidance inthe current discussion because it contains elements of multi-site DL transmission schemes, while at the same time in its simplest form can be implemented without modifications to the standard
. The performance of any new multi-site concept therefore should be compared to HS-DDTx as a baseline.

2.1 Round-robin sector scheduling

A very straightforward way of implementing data-transmission interference avoidance is to maintain independent schedulers for the sectors in a site, but allow the schedulers to schedule data in a sector-round-robin fashion. Then, scheduled UEs will not experience intra-site interference beyond that of the control channels that cannot be switched off. If the token passing is synchronized to some network-wide timer then the data-channel related interference avoidance is even extended to the whole network, Figure 1.
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Figure 1
This HS-DDTx approach is similar to a re-use 3 time-domain interference coordination scheme. Interference-avoidance in RR-sector scheduling is likely to be beneficial only to low-load scenarios. This simple approach is unlikely to offer system gains and could easily lead to losses, since each sector can only schedule users 1/3 of the time. However it acts as a starting point to consider other HS-DDTX schemes.
2.2 Combined intra-site scheduler 

Scheduler co-ordination between sites is difficult, however co-ordination within a Node B is much more straightforward. Consider that at the nodeB there is one scheduling entity that is scheduling all UEs of all sectors belonging to the same site at the same time. That combined- or common-site scheduler requires access to the UEs’ reported CQIs, and actual intra-site interference information. A straightforward scheduling algorithm that will consider the site-wide throughput may then look as follows:

1. compute proportional fair metrics considering all sectors transmitting and select UEs to be scheduled in each sector.
2. compute metrics under the assumption of sector 1 transmitting HS-PDSCH, but sector 2,3 pilot and control only, and select best UE
· This implies that the Node B must estimate the CQIs achievable by the UEs if sectors 2/3 DTX
3. Repeat step 2 for the other sectors (i.e. sector 2 with 1/3 transmitting pilot/control only and sector 3 likewise)
4. compute metrics assuming sectors 1,2 transmitting HS-PDSCH, but sector 3 only pilot/control
· selecting the best UE pairs can be done using exhaustive search, but a shorter heuristic approach can be to select the strongest UEs, or the ones farthest apart in the sectors

· and the same for the other sectors

5. from all the options on sector transmission choose the one which has the highest combined PF metric across all active sectors and schedule the appropriate UEs
Realistically inter-site synchronisation is unlikely to be available and thus interference coordination is limited to intra-site coordination.
Such a combined scheduler would under no circumstances cause a performance loss, since the sectors would continue to all transmit if that would yield the highest PF metric. However in low load scenarios, the scheduler may be able to re-schedule transmissions between sectors in order to enhance user experience by avoiding parallel transmission of data to UEs in neighbour sectors.

2.2.1 NodeB knowledge of a UE’s DL interferers 
In order to implement the above scheduling algorithm, the Node B must be able to estimate the throughput that would result to a UE if its neighbour cell(s) would transmit pilot and control only. The Node B may with some degree of certainty deduce what will be the actual interference situation in the intra-site case from the CQI reports, knowledge of the sectors with which the UE is in softer handover and UL signal strength measurements. A better source of information for the nodeB on the relative strengths of interferers to a UE would thus be UE RSSI/RSCP measurement reports along with possible information about the UE’s relative location in the sector. The reports are available to the RNC, and a standards change would be required to make such reports available to the Node B.  Alternatively, UEs in the softer handover region could be required to report multiple CQIs considering the possibility of no DTX and also with DTX

2.2.2 CQI reporting impacts
In low load scenarios, the network may anyhow be DTXing the HS-PDSCH, and the re-scheduling of transmissions by the Node B would not add to an already fluctuating interference situation.

With HS-DDTX scheduling of any type, the CQI reports will be subject to periodic interference fluctuations due to the periodic activation/deactivation of HS-DSCH in neighbouring sectors, unlike without the RR-sector scheduling, in which DTX of HS-DSCH occurs when there is no user to schedule and is more likely to be randomised. Therefore, care needs to be taken at the nodeB how to interpret the CQI reports. Interpretation of the CQI reports may be further complicated if terminals perform some sort of averaging across TTIs.
2.3 Other considerations

We stress that interference avoidance as HS-DDTx is most applicable to low-load scenarios where there is the possibility to re-schedule transmissions. Low-load scenarios are also where [1] showed the biggest gains. 

In above examples we showed TTI-aligned sectors. However HS-DDTx can be also applied to asynchronous networks. Then it may be possible to avoid the interference for only part of a TTI, with only part of the gain.
In the light of energy savings it may be also worthwhile noting that for similar channel gains avoided interference always means less used transmission power.
3 Multiflow

The concept paper [1] introduced a scheme that allows the network to maintain independent data flows between several cells and one UE, using the cells’ native scrambling codes. The UE is capable of receiving HS-PDSCH from each of several cells and may be scheduled from the cells simultaneously. Thus, when the network is not fully loaded, spatial trunking gain may be obtained by utilising cells which have spare capacity to increase the aggregate data flow.
The network splits the data at the nodeB or RNC into several flows, and while the common data source for those flows means that the flows will be transmitted at roughly the same time, the involved cells have maximal freedom in scheduling the data. In fact, the cells may act completely independently and may be ignorant of each other. 

In order to gain from multiflow, terminals must be capable of receiving HS-DSCH from multiple cells. Thus multiflow is likely to show benefit for cell edge users rather than users nearer to their own cell centre.

We consider 2 subcases of multiflow; inter-site multiflow, in which a UE can be scheduled from cells belonging to different Node Bs and intra-site multiflow, in which a UE can only be scheduled from cells belonging to the same Node B. Intersite multiflow appears to be an attractive option for implementing some degree of multisite transmission. However several aspects should be considered further, as detailed below.
3.1 Synchronisation aspects
Currently, dual carrier transmissions are sent from the same Node B and the UE may assume that the two carriers are time and frequency synchronised, and that any Doppler shift is equal on the two carriers. Inter-site multiflow deployment implies that different cells may have a frequency or time desynchronisation. Then, a multi-flow capable UE should have independent frequency correction circuits, or the network has sufficient frequency synchronization and cooperative transmissions are enabled only for stationary users, a reasonable assumption. This is not the case for intrasite multiflow, in which the cells can be time/frequency synchronised. For networks featuring remote radio equipment (RRE) with spatially separated antennas different cells may be synchronized in time and frequency by virtue of an OBSAI/RP3-01 or CPRI interface. Those cells thus can be considered intra-site from the network perspective, but their performance will be closer to that of inter-site.
An additional complexity that applies to intersite multiflow and to RRE deployments is that spatially separated transmitters may lead to a need to correct for different Doppler shift in the UE, a functionality that is apriori not necessary in a DC-UE receiver. 

UL signalling of ACK and CQI works well in intra-site scenarios, or synchronized networks. For non-synchronized TTIs or inter-site operation one may also consider sector-independent ACK/CQI signalling to be carried on a different channel under the UE’s same scrambling. The drawback of worse peak transmission power could be mitigated by intelligent scheduling or adapted UL signalling timing requirements.

3.2 Architecture aspects

Modifications to the MAC-e[hs] scheduler for intra-site multiflow appear not necessary when there is one entity scheduling users belonging to the site. For inter-site multiflow splitting will need to occur further back in the network; probably at the RNC.  Data splitting, in particular at the RNC may increase the buffers required in the UE due to increased delay jitter between packets following different routes to the terminal.
3.3 Scheduling coordination

An important advantage of multiflow is its ability to operate in an inter-site setting due to its lack of coordination requirements. Nevertheless adding some degree of non-binding coordination may improve performance. When the two nearest cells make multiflow transmissions, then the transmissions provide interference towards each other. In some circumstances, it may be better to avoid transmission at the same instant in order to increase the SINR on the other stream. A joint scheduling approach such as that outlined in section ‎2.2 could effectively combine HS-DDTX and multiflow to capture such instances. 

Therefore, for multiflow UEs without interference rejection, one may want to de-sync transmissions to the UE in low load. For multiflow UEs with interference rejection receivers, one may want to synchronize transmissions to that UE. 

For intra-site multiflow the scheduling coordination can be implemented by a combined site-scheduler which is aware of the effects of interference for simultaneous transmissions, and the site-global achievable data rates. For inter-site multiflow scheduling coordination however most likely require some Node B-nodeB signalling or UE feedback. 

3.4 Mobility for multiflow UEs

When a multiflow UE moves out of the range of one of the sectors that it was receiving from, the packets that are still in the sector’s queues are lost. The packets’ retransmission needs to be initiated depending on where the data flow has been split (MAC-hs or PDCP). The retransmissions may be triggered in the traditional way, by waiting for a time out/RLC retransmission, or pro-actively if the loss of the link is detected earlier. A new message may be devised here.

As noted in [1] the UE is constantly updating the list of its strongest potential sectors. Then, a UE may also want to signal the event where one link becomes sufficiently better than another to warrant a switch in flows. The UE could follow here standard HO procedures. 

3.5 Multiflow for single carrier UEs

[1] suggested that dual carrier UEs are the most likely candidate for that feature, due to the ready availability of the extra RF receive chain. Conceptually however it is not necessary to restrict multiflow to DC UEs, but also single RF carrier UEs could receive the transmissions of two sectors using the same carrier, and implement parallel demodulation and decoding. The largest obstacle in multiflow is in implementing asynchronous parallel decoding, and independent frequency correction. Thus an intra-site only multiflow may be more suited to operation with single carrier UEs.
In the case of single carrier HSDPA multiflow enabled UE, the combined data rates of the flows must not exceed the total decoding capacity of the UE. Since the UE will be close to the cell edge, even the combined rate of the data flows can be expected to be lower than the maximal DL data rate for a single-carrier system. For lower category UEs where the combined data rate is exceeding its decoding capacity, one may resort to rate-limiting tools. For instance, the UE may signal to the BS scheduler or data-splitting entity its readiness to receive new data. Of course, the chip rate processing would need to be duplicated for both flows.
4 HS-SFN
Single-frequency networks (SFN) are known from MBMS (LTE as well as WCDMA), or DVB-T. In CDMA systems they can be implemented by using the same carrier frequency but also the same scrambling code in different sectors.

In this section we show how an “SFN” could be established for HSDPA, on a TTI-to-TTI basis for specific UEs. As the concept is specific to HSDPA, we will abbreviate it as HS-SFN. The aim of an HS-SFN is to combine the transmit power of two sectors, and at the same time remove the strongest interference for a particular UE in a particular TTI..

Consider two neighbouring cells, belonging to the same nodeB. Assume that both cells have at least one carrier frequency in common, and are separating their sectors by the use of two scrambling codes SCA and SCB. For a given TTI1 cell B shall assist cell A in a transmission to UE1, see Figure 2.
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Figure 2
Cell B will transmit exactly the same data at the same timing using the same scrambling as cell A, so that the signals by cell A and cell B can combine over the air at the UE. The potential gains for the UE or for the network performance stem from the
· additional receive power

· additional spatial diversity

· reduced inference
The requirements for such a concept to work are

1. TTI-synchronization between the assistive transmissions, transmission on the same carrier frequency
2. UE capability to handle reception of assisted transmissions

The first requirement is one residing in the network. To achieve TTI-alignment for the transmission, it will be most convenient if cell B is in fact TTI aligned to cell A, as show in Figure 2. For an intra-site deployment both transmitters are expected to be fed by the same clock, and neither time nor frequency drift is expected to happen. Further the concept does not require phase-alignment between the transmitters. Mandating TTI synchronization of same data transmission also means that scheduling of the transmission is happening in both cells at the same time.
In the UE, the channel estimate which is used to derive the equalizer coefficients is based on the pilots. For an assisted transmission, the data which is input to the equalizer is a superposition of two signals that have experienced two different channels, see Figure 2. Hence both channels - that of cell A and of cell B - need to be estimated, and the channel of the assistive transmission under scrambling A must be estimated from the pilot of cell B. The combined channel estimate is then used to derive the coefficients of a slightly modified equaliser, while subsequent decoding remains the same, see Figure 3.
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Figure 3
Although the concept could in theory be applicable to inter-site operation, the practical implication would be a need for tight frequency and time scynchronisation and exact scheduler co-ordination. Thus we consider further the possibility of intra-Node B HS-SFN only.

By having the assisting cell transmit with less power on its own scrambling code (scrambling B in the example) and more power on the “foreign” scrambling (scrambling A), the interference scenario is changed with respect to normal network operation. In the following we will look at the implications for the reporting of CQIs, and for the SINR on control channels in the assisting cell.

4.1 Interference and CQI reporting
A UE which is in the cell which is making a HS-SFN transmission on another scrambling code (UE2 and cell B in Figure 2) will measure higher interference in the particular TTI. The UE will therefore report lower CQIs, but the nodeB may also offset the UEs reported CQIs in its downlink transmissions by a value that it deems appropriate. One problem here is that the UE may filter its measurements over >3 slots before reporting a CQI, and the nodeB cannot apply a perfect inverse filter to the UE’s reports. On the other hand, given the knowledge of actual interference in its site, and given the history of past UE CQI reports and corresponding BLER performance the nodeB may be able to deduce in what way a UE’s reports should be interpreted. 
Note also that the amount of interference that the UE measures will be affected by its relative location in the cell, and a UE close to the cell center in which its own serving cell is transmitting on a different scrambling code due to providing HS-SFN assistance will report high interference. Therefore the nodeB should take into account the absolute magnitude of a UEs CQI report when adjusting its reports for TTIs of assistive transmissions.
4.2 Interference and control channels

Let us consider two consecutive TTIs in the assisting cell, one of assistive transmission followed by one of normal cell operation (TTI1 followed by TTI2 in cell B, Figure 4).
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Figure 4
Since the HS-SCCH preceeds the HS-PDSCH by two slots, in the TTI of assistive transmission the HS-SCCH will be subjected to higher interference. The power used for the HS-SCCH is implementation dependent, and is set to allow users to still reliably receive their control information
. To maintain the same SINR for the HS-SCCH, its power will have to be increased in the assisting TTI. Cell-edge users will require a higher increase than cell-center users.
Other control channels that are “always on” are the BCH, and PCH/FACH. Further, cells that operate HSDPA simultaneously with Rel 99 DCH require the DCH, and DL DPCCH channels for UL users. In case of no Rel 99 channels the multiple DL DPCCHs could be replaced by one F-DPCCH. Last, for HSUPA the E-HICH in DL carries ACK for UL transmissions. Also the E-RGCH/E-AGCH cannot be switched off. Re-scheduling transmissions on those control channels to avoid TTIs of assistive transmission are not possible
. 

Yet another possibility to avoid interference for control channels presents itself for Dual (or higher) Carrier systems: all control channels are kept on the anchor carrier, whereas HS-SFN transmissions take place on the secondary. 

4.3 Inter-cell timing

So far we have assumed that cells are TTI-aligned, an assumption that matters in particular for interference & combining considerations. It also is of importance to the transmit power budget at the assisting cell, because we would not want to exceed the normal operation power budget by transmitting assistive HS-PDSCH superimposed with normal (own) HS-PDSCH.
Some networks may de-synchronize the cells of a site by a constant delay of a multiple of 256 chips, so as to avoid overlapping SCH among the cells and help acquisition of the S-SCH. As the SCH has a fixed timing relation to the other channels, this would mean that parts of the assistive transmission would start overlapping with the cell’s own HS-PDSCH. A possible remedy is to have no assistance in the overlap areas. Also consecutive TTIs of assistance would again mitigate the effect.

The problem is avoided if adjacent cells are not relatively delayed by a multiple of 256 chips. Then P-SCH acquisition would be helped, but S-SCH acquisition might take longer.
4.4 Signalling
A part of the gain of HS-SFN relies on exploiting the fast fading of the links, and providing up-to-date channel state information and dynamic scheduling based on the channel reports will be needed. Therefore, it is suggested that the nodeB may decide whether to do assisted transmissions on a TTI-to-TTI basis. To do so, the HS-SFN capable UE could report the channel quality information not only of the serving, but also of its designated assisting sector which is able to provide assistance. Alternatively, the UE could report 2 CQIs; one of which would assume no HS-SFN assistance and the other a HS-SFN transmission. The reporting may follow similar procedures as the reporting in the case of DC-HSDPA UEs. 
The nodeB also needs to inform the UE that it is about to receive an assisted transmission. Only then the UE is able to derive the correct equalizer coefficients by combining the impulse responses that it measured from the two cells.
Further there must not be any ambiguity in which of the neighbour cells is giving assistance.

5 Summary and conclusions
This paper provided s an initial overview of three different multi-cell transmission techniques and some design considerations related to them in order to progress the discussion started in [1]. The three possibilities are considered were

· “HS-DDTx”; A multi-cell scheme where transmissions to UEs in adjacent sectors are timed to avoid interference. 

· “Multiflow”; A multi-cell scheme as described in [1] where the UE receives different data streams from different cells on the same carrier frequency.
· “HS-SFN”; A multi-cell scheme where chip-exactly the same data is transmitted simultaneously from multiple cells.

These techniques are introduced in order to facilitate further discussions towards possible further 3GPP multi-cell transmission studies.
The following table summarizes these discussed techniques:
	consideration
	impact of HS-DDTx (intra-site only)
	impact of multiflow (intra-site only)
	impact of multiflow (intersite)
	impact of HS-SFN (intra-site only)

	RNC, Iub
	none
	none
	need for data flow splitting in RNC and tight flow control
	none

	nodeB scheduler
	"simple" RR or combined intra-site scheduler needed
	need data flow splitting between cells
	none
	need coordinated scheduler across cells

	need for network chip/frequency synchronization
	none
	none
	may help UE implementation
	none

	network TTI alignment
	helpful
	helpful
	helpful
	required

	UE L1 processing
	none
	need 2 baseband RX chains or re-use logic of existing functional blocks
	2 baseband chains, possibly 2 RF chains
	channel estimation combination, equalizer update

	UE L2/L3 processing
	none
	need data flow combining
	need data flow combining
	none

	UE CQI reporting
	none
	need CQI report for each cell
	need CQI report for each cell
	need CQI report for HS-SFN & non HS-SFN or similar

	UE ACK/NACK reporting
	none
	need ACK/NACK per cell
	need ACK/NACK per cell
	none

	HS-DPCCH & HS-DSCH timing (UL ACK timing)
	none
	may need to be addressed to handle cell timing offsets
	may need to be addressed to handle cell & site timing offsets
	none

	nodeB CQI report handling
	CQI reports may relate to different levels of inter-cell interference in different TTIs and need to be post processed. However this effect will occur anyway in bursty traffic
	none
	none
	nodeB needs to correct for varying intra-cell interference situation

	usefulness of report to the nodeB on strongest interfering cell
	medium - nodeB can consider softer HO Ues and UL based measurements
	low
	low
	low if 2 CQI reports otherwise medium
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� As only data transmissions in the adjacent sectors are DTXd, but control channels remain, legacy UEs experience no direct disruption of their service.


� A typical assumption is that the HS-SCCH power is controlled based on either the UE reported CQI, the DL DPCH power, or both. 


� BCH and FACH transmission scheduling is done in the RNC, BCH scheduling is static, PCH scheduling must be done when the UE is monitoring the paging channel, FACH could be delayed, but it typically carries signalling traffic sensitive to delays. DCH transmission cannot be re-scheduled, as it is not scheduled in the first place. Influencing the timing of E-RCH/E-AGCH would require coordination of UL scheduling decisions with DL ones.
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