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1. Introduction

The coverage of an HSDPA service is an important aspect of the performance comparison. In this contribution we consider the interference situation in a multi-cell HSDPA environment for CDMA and OFDM air interfaces. In section 1 we summarise the current situation in CDMA. Further we look at the differences between CDMA and OFDM and the design possibilities in OFDM in section 3. For OFDM we propose to manage the interference situation for which we give two solutions in section 4.

This shows that an OFDM air interface has the potential of substantially wider HSDPA coverage as CDMA and leads to the conclusions in section 5.

2. Interference Impact in CDMA-HSDPA

In networks with frequency re-use of one the SIR at the cell border has fallen down to approximately 0 dB. So at the cell border all available transmission power has to be allocated to a few HSDPA SF 16 codes. 

Considering the interference situation, there is no soft- or softer-handover possible for CDMA-HSDPA in contrast to DCH traffic to cope with inter-cell interference. Therefore, at the cell border, the HSDPA transmission efficiency turns low due to the interference. As an example, Figure 1 shows the simulated throughput vs. C/(I+N)  for CDMA-HSDPA transmission in a line-of-sight scenario for one UE. The drastic decrease of throughput is obvious. At the cell border with a C/I of 0 dB, the achievable throughput is only 15% of the maximum throughput of about 12.5 Mbit/s.
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Figure 1: Throughput vs. C/(I+N) for CDMA-HSDPA in a line-of-sight scenario for one UE in a cell

At the cell border, it may happen that channel type switching from HS-DSCH to a DCH is performed so that a soft-/softer-handover can be initiated. In order to enable this switching, some channelisation codes for DCHs have to be reserved in the cell. E.g., to be able to switch a HS-DSCH connection to a DCH connection with 384 kbit/s (SF 8), two of the 15 possible SF 16 – HS-DSCH codes have to be reserved and cannot be used for HSDPA traffic. This may lead to a code shortage in the cell. Soft-handover also imposes additional traffic load on the Iub interface.

The decrease in throughput at the cell and sector borders severely limits the high data rate coverage of CDMA-HSDPA to a region near to the Node-B antenna and the sector center.. Soft-/softer handover mechanisms are essential for the coverage of CDMA systems. Thus, CDMA-HSDPA coverage for high data rate is not a full cell coverage and more similar to a restricted hot spot area. 

3. Interference Situation in OFDM 

In CDMA the interference from other cells can very well be modelled by white noise even if the Node-B scrambling is not taken into account. 

Orthogonal codes emitted in CDMA are no more orthogonal after the channel transmission. The desired signal can be equalized but not the interference from another cell. So the interference can not be avoided by use of different codes in different cells. In OFDM sent out orthogonal subcarriers are still orthogonal after the channel transmission also when interfering in other cells.

So we can note that interference in OFDM is predictable, designable and avoidable; in CDMA it is not.

We want to look now how the interference is dealt with according to the state of discussion in the Technical Report [1]. There, for user traffic multiplexing Time-Frequency pattern are proposed which are based on a Costas sequence to provide hopping of the frequencies inside a TTI.

UEs at the cell border require their T-F patterns to be sent with relatively high power, thus consuming a considerable amount of  the NodeB´s total power budget.

If only few patterns or just one is used to serve a UE at the cell border, the transmission power available to a Node B is concentrated on this few T-F patterns just as in CDMA, resulting in a very high amplitude for this single pattern. If the power is concentrated on a few T-F patterns in a cell, these same patterns should not be used in adjacent cells. In order to guarantee this, independent random generators for the patterns are used in each cell. 

Based on the random number generated in every TTI there is a cyclical shift of all T-F pattern in each cell. If in almost synchronous cells by accident the same T-F pattern has been used in the adjacent cell for one TTI, this mechanism makes sure that the probability that this occurs again is afterwards just 1/15.

This random cyclic shift and the design of the pattern tries to smear the interference from one user using one T-F pattern to all T-F patterns used in the other cells, but it makes control of the amount of interference imposed on other UEs impossible. Consequently similar to the CDMA situation when a terminal served by a base station, say B1, approaches the cell border to the cell C2 the interference from the neighbouring cell forces the serving base station B1 to reduce the throughput for this UE whereby normally also the number of T-F patterns employed is reduced, but their power may be raised.

In order to achieve instead an interference control and improve the situation (at least some) T-F patterns in adjacent cells must, however, be the same. Then, in general, interference can be avoided by restricting use of T-F patterns in Cell C2 that are currently used in cell C1. This restriction can mean no usage at all or usage only with limited power.

That means the interference situation shall be co-ordinated between Node-Bs. From that examination it can immediately be deduced that time-frequency patterns with  frequency hopping can only be used to separate signal and interference if all the Node-Bs are time synchronized. This synchronization has to be accurate then at least down to a few chips.

From that we have to distinguish two cases:

· The Node-Bs are all time synchronized: Then we can use T-F pattern as proposed before.

· The Node-Bs are not time synchronized: Then we should instead use just frequency pattern that are also orthogonal to each other but use no time-wise hopping. (As is shown later, by proper design these pattern can also exploit the full frequency diversity)

Since the latter case of asynchronous Node-Bs is the current situation in the UTRAN and synchronizing would otherwise lead to additional effort, we want to concentrate here on the case of asynchronous Node-Bs and propose a different frequency pattern for user traffic multiplexing. These pattern are schematically depicted in Figure 2 with the diagonally hatched regions showing symbolically Frequency Pattern 1 (FP1) and the horizontally hatched regions showing symbolically the Frequency Pattern 2 (FP2).
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Figure 2: Proposed frequency pattern for asynchronous Node-Bs

Each such pattern corresponds to one OFDM unit of 480 QAM symbols. We further detail it for the Set2 of physical parameters. It consists of 11 times 4 =44 subcarriers where the spreading over 11 blocks takes care that the frequency diversity is sufficiently exploited, further it also contains place holders to put pilot carriers in. This allows 16 of these frequency pattern in an OFDM symbol for Set2 since 16x44=704 subcarriers.

Using these frequency pattern for user multiplexing enables to control the interference. To reduce the possibility that the same frequency pattern is used with full power in adjacent cells, the technique with independent random generators from the TR [1] is used. So in each TTI, if there are no other preferences, random generators are always used to select a different (or some different) frequency pattern for a user.

By using the advantage of OFDM that enables to manage the interference, we now want to look at two practical solutions how this can be exploited.

4. Solutions for OFDM using Interference Control

4.1. Interference coordination by network planning

The proposal is illustrated for a hexagonal cell situation with omni-directional antennas but can be generalized also for other cell structures.

The frequency band or set of all T-F pattern is then partitioned in a number 
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 groups of T-F-patterns. For sake of simplicity of description (without loss of generality) they are still depicted as blocks over the frequency axis as given in Figure 3. 
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Figure 3: Partitioning of OFDM frequency band in S disjunct subsets Fn 
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 to have some flexibility when the creation of new cells is needed in an area. For the case of 
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 the principle is further explained for the hexagonal cell pattern as given in Figure 4.

Figure 4: Hexagonal cell pattern and frequency block Fn allocation to terminals in border region. For simplicity the cell 
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The technique is now to limit in each cell 
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 the power of the subset 
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 corresponding to the cell number. So when this subset is used in cell 
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 it may only have a maximum power of 
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. This value should be chosen with respect to the situation at the cell border where the signal and interference is approximately equally attenuated. So the ratio 
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 should guarantee an S/N allowing satisfying transmission with this subset 
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when used by a terminal approaching from a neighboring cell into the border region.

This power planning is illustrated in Figure 5.
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Figure 5: Power limitation of subset Fn in cell number n of an OFDM system

The proposal is then further to distribute the cell numbers as given in Figure 4 and to use the subsets of T-F patterns for terminals in the border region as given by the numbers in the border strips in Figure 4.

In the inner circle of a cell, that is near to the base station, all frequencies can be used and due to limited interference from other cells the power 
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 does not need to be exceeded. Further, when looking at cell 
[image: image18.wmf]1

C

, if a terminal approaches the border region to another cell say 
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 it gets allocated the frequency block 
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 where this other cell can not disturb much due to its power limitation in 
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. For example if it approaches cell 
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 it gets allocated frequencies from block 
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All terminals approaching cell 
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 from the outside get allocated frequency block 
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 by their respective serving base station as long as they are in the border region and before a handover has to take place.

As part of the technique this flexible allocation is realized by terminals that report back to their serving base station which other base stations are strongly received and which is the strongest. This is known from classical handover algorithms and does not require additional signalling to be introduced. It is just necessary that the base station number identifies the inhibited frequency subset.

As can be seen from Figure 4 if one marks the strips from the other cells also with the allocated frequency block number all frequencies are evenly used over the area with full symmetry, giving an optimum resource usage (for evenly distributed terminals). Additionally, looking at the surrounding of cell 
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 is used outside from different neighbour cells say 
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 but in the strip in-between 
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 and 
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the distance to base station 
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 is much longer than to base station 
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. So the interference is tolerable.

4.1.1. Advantages

With the proposed interference coordination by a network planning all frequencies are unaffected in the inner circle. Restrictions by network planning only take place in the border regions where the availability of the frequencies is only slightly (e.g. 6/7 or 6/12) and not massively (e.g. 1/7 or 1/12) reduced. So this can be considered as some kind of  “soft” network planning.

By using the proposed approach an OFDM system can have full cell coverage for all and especially moving mobiles. 

Interference avoidance is beneficial. If we consider a solution (equivalent to CDMA), where interference can not be avoided because the (codes or) T-F patterns in different cells are uncoordinated, the throughput decreases to about 15% of the maximum throughput. Since it is more realistic to assume QPSK to be used for UEs at the cell border, we state that the throughput decreases to about ¼ of the maximum QPSK throughput (of about 7 Mbit/s). In the proposed solution the SIR allows now roughly QPSK rate. Thus by means of the proposed planning, the interference coordination solution promises much higher throughput (approx. 6/7 QPSK rate, since only one out of 7 frequencies can not be used in the border region of that cell).

By using the proposed technique it is shown that the cell traffic throughput can always be higher as for an equivalent CDMA system with the same bandwidth where the interference situation can not be planned in this way. 

Most important the solution allows now also full coverage for HSDPA that was not possible before for CDMA.

4.2. UE assisted interference co-ordination  with HARQ
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Proposed here is a solution for the OFDM system without frequency planning to deal with terminals approaching the cell boundary as depicted in Figure 6. So the proposal is now to synchronize the interference on a demand basis. 

Figure 6: Terminal T1 served by base station B1 and approaching base station B2 

From CDMA in UMTS it is known that for DCHs in these cases a soft handover is initiated. In this method a terminal served by the base station B1 and approaching the cell boundary measures the interference  or strength from the neighbor base stations by evaluating their pilot signal and reports this back. In the RNC it is then decided (also based on the load in the cells) to allocate an additional code for the terminal in base station B2. The terminal is informed of this decision and the information then goes from the RNC over both (or even more) base stations to the terminal and is combined there.

The task is now to solve this problem for an OFDM system. 

So also as part of the technique the pilot and signalling channels in different cells are designed in an interleaved non overlapping fashion with pilot and signalling symbols having higher energy as the data. Thus it is possible that a terminal can receive two (or three) signalling and pilot channels in parallel. 

Here all frequency patterns FP (or T-F) are equally usable. Let us assume that Terminal T1 is approaching the cell boundary towards B2. T1 recognizes by means of the pilots from B2 that it receives interference from B2 and reports this back. Then based on this information, in a network entity, e.g., the RNC, it is decided to find and to reserve for T1 the same frequency patterns in both base stations on which  T1 can be scheduled by B1 and B2. (Since  each base station is relatively free in allocating frequency patterns for the terminals that are not in such a soft-handover –like coordination  these frequency patterns can almost always be found.)

Now the base station B2 does not emit a signal but zero power or at least a sufficiently reduced power on FP1. Since in this frequency pattern the main interference for T1 came from B2 this omission suffices to strongly improve the SIR ratio for 
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 as seen by T1 so that even at the cell boundary or beyond, this Terminal T1 can be served by B1
. Now this method allows that B1 alone schedules the packets for T1 and no data needs to be transmitted from RNC to B2. Since no other network element besides B1 is involved this allows that the efficient fast HARQ mechanism can be used for retransmission from B1 to T1.

4.2.1. Advantages

The WCDMA system by design never transmits the same time signal from different Node Bs (due to scrambling). That means that in a soft hand-over the different signal codes create different interference in the corresponding neighboring cells so that the resources are used up due to the code use in one cell and due to its interference in the other cell. Thus two times the resources are used up. For this solution in OFDM however, the resource is used up only once to serve the Terminal T1. Instead of producing interference as in CDMA this is a way in OFDM to avoid interference..

With this proposal a solution is given for interference avoidance in packet transmission that is not possible in CDMA. It combines the advantages of soft-handover like co-ordinated service and use of the efficient fast HARQ.

Again due to the avoidance of interference by using the proposed technique similar to the network planning case in section 4.1, the cell traffic throughput can always be higher compared to an CDMA system. 

Most importantly the solution allows now also a full cell coverage for all especially moving mobiles for packet traffic (HSDPA) that is not possible with CDMA.

5. Application scenario

If OFDM with interference avoidance techniques is applied in a cell, there is no need for channel type switching when approaching the cell border. If a UE has a connection on CDMA-HSDPA and moves from one cell to a neighbor cell, a channel type switching has to be performed in the overlapping area (see Figure 7):

Switching from CDMA-HSDPA to a DCH in the same cell leads to a channelisation code reduction for HSDPA in the whole cell, since channelisation codes for DCH have to be reserved for that purpose (e.g., 2 out of 15 available HSDPA-channelisation codes for a 384 kbit/s DCH). The same holds for switching to a DCH of another frequency in the same geographical cell.

If a OFDM overlay cell is available, a better solution is to switch the UE from CDMA-HSDPA to OFDM-HSDPA. Thus, a coexistence scenario could be to use OFDM as a good complement to CDMA in those areas of a cell where CDMA has throughput problems due to interference.

Figure 7: UE moving into the cell overlapping area 

6. Summary and conclusion

The inter-cell interference and related frequency re-use aspect have been considered for OFDM. Comparing CDMA and OFDM behaviour resulted in the recognition that in OFDM interference is predictable, designable and avoidable and in CDMA it is not.

In CDMA-HSDPA the throughput was found to decrease at the cell border to 15% of the maximum throughput though all resources are dedicated to this terminal. This is due to the interference and a missing soft hand-over. It limits the high data rate coverage of CDMA-HSDPA which is not a full cell coverage and resembles more a hot spot area. Therefore, it is proposed to design OFDM-HSDPA more efficient using OFDM’s ability to control inter-cell interference. 

With the aim to avoid the necessity of Node-B synchronization a frequency pattern without frequency hopping for user traffic multiplexing was provided.

In order to exploit the possibility of OFDM to manage the interference, two practical solutions were proposed for the Study Item: one based on a network planning related to the permitted frequency pattern power (that only imposes little restrictions) and one based on an interference avoidance on a demand basis involving two cells like in a soft hand-over.

These solutions exemplified how a substantial throughput gain in OFDM can be achieved by means of interference control that is not available in CDMA. The proposed scheme´s advantages can be summarized as follows:

· Ability to serve a UE with HSDPA even deep in the cell overlapping region towards another cell 

· Full coverage with OFDM-HSDPA, in contrast to CDMA-HSDPA

· No limitation to hot-spot technology anymore

· Guaranteed quality of service possible for packet transmission

This shows that with OFDM’s ability for interference control an OFDM air interface has the potential of substantially wider HSDPA coverage as CDMA so that it should be elaborated in a Work Item phase (or extended study item phase).
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Appendix – Text proposal for section 6.6 in TR 25.892

----------- Beginning of text proposal for TR 25.892 Section 6.6.x-----------

6.6 Frequency re-use

The performance of the OFDM system is impacted by inter-cell interference, e.g., at the cell border, that affects the reception of a T-F pattern if disturbed by the sending signal of a neighboring cell.

6.6.1 Inter-cell interference coordination and avoidance

The coverage of an OFDM-HSDPA service can be improved by methods of interference coordination or planning that are not available in CDMA-HSDPA. These methods plan or coordinate the interference for terminals in the cell border region.

Among several methods, the methods of interference management given in this section may be used.

6.6.1.2 Network planning of resource power

Here, the set of all T-F pattern is partitioned in a number of S disjunct subsets or T-F groups 
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 is associated to cell 
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 corresponding to the cell number is limited to a maximum power of 
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. This allows to schedule terminals approaching the cell from the outside on T-F patterns of this group in order to guarantee satisfying transmission for this terminal.

This method can be introduced with little impact on higher layers.

6.6.1 Demand based interference coordination

All sets of T-F patterns are equally usable in a cell. If a terminal T1 served by a base station B1 is approaching the cell boundary towards B2, it measures the interference from the neighboring base station (B2) and reports this back. The RNC then decides to find and reserve for T1 the same T-F patterns in both base stations on which T1 can be scheduled by B1 and B2. B2, however, does not emit a signal for T1 but sufficiently reduces the power emitted in these T-F patterns so as to avoid the interference. This improves the SIR for the T-F patterns as seen by T1 so that even at the cell boundary this Terminal T1 can be served by B1. Since only one base station serves T1, the efficient fast HARQ mechanism can be used for retransmission from B1 to T1 in case of packet reception failures.

This solution can adaptively deal with any distribution of terminals in the cell.

----------- End of text proposal for TR 25.892 -----------
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� If this method should be used for many terminals it would be helpful to have a somewhat finer granularity than an OFDM unit (480 QAM symbols). That is the OFDM time-frequency plane would be partitioned in finer fractions corresponding e.g. SF64, so that these fractions could be allocated for a longer time.
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