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1 Introduction

This contribution presents a promising candidate for capacity enhancements in REL-5 and has earlier been presented in [4].

In GERAN one important method to achieve interference diversity is frequency hopping. Interference diversity improves the gain from coding and interleaving and spreads out the interference between users in the system. It also enables the system to make full use of interference reduction techniques such as power control, DTX, AMR etc. The gains from using frequency hopping can therefore be very large in many situations. Apart from interference diversity, frequency hopping also provides frequency diversity for slow moving mobiles. 

However, there are situations when the existing frequency hopping method does not provide full interference diversity. A solution to overcome this problem is presented in this contribution.

2 Description of frequency hopping

The existing frequency hopping sequence is generated based on the following parameters [1]:

Broadcast Parameters:

· System Information type 1 includes “Cell Channel Description” which indicates the ARFCN:s available in the cell. Maximum number of frequencies are 64.

· TDMA frame number is derived from the SCH..

MS dedicated parameters transmitted in, e.g. the IMMEDATE ASSIGNMENT command:

· Mobile Allocation Index Offset, MAIO, is an offset from the cell’s reference hopping sequence and consists of 6 bits ranging from 0 to 63. The MAIO is normally unique per MS in the same cell and timeslot to guarantee absence of co-channel interference within that cell.

· Hopping Sequence Number, HSN, 6 bits range 0 to 63. HSN 0 is cyclic frequency hopping. 1 to 63 are different pseudo-random hopping sequences.

· Mobile Allocation, MA, is a list of allowed channels for the MS to use in the hopping sequence generation. A bit vector of maximum 64 bits, each pointing to the available ARFCN:s in the “Cell Channel Description”.
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Figure 1: Schematic illustration of HSN and MAIO. 

The concept of HSN and MAIO is schematically illustrated in Figure 1. 

The co-channel cells A and B in Figure 1 have been allocated different non-zero HSNs and therefore their hopping sequences are pseudo-random and uncorrelated. As a consequence, there is interference diversity between the cells. We see, for example, how the identity of the interferer of MAIO 1 (dashed lines) in cell A changes from time 4 to time 5. Equivalent interference diversity could have been obtained by giving the cells the same HSN and shifting their frame numbering relative to each other. Mobiles in the same cell normally have the same frequency hopping sequence but different MAIOs. This guarantees absence of intracell co-channel interference. However, if a contiguous block of frequencies is allocated to a cell, almost continuous (ignoring DTX) adjacent channel interference will occur between mobiles that have adjacent MAIOs. This is a likely scenario in future high capacity networks. When the frequency load
 exceeds 50% intracell adjacent channel interference will be inevitable.

Another problem with the existing frequency hopping sequences is the collision properties. The collision rate between a pair of hopping sequences is defined as the fraction of bursts using the same frequency at the same time and depends on 

· The HSNs used for the two sequences

· The MAIO difference between the two sequences

· The FN (TDMA frame number) difference between the two sequences.

The average collision rate between all pairs of FH sequences is always 1/N, where N is the number of frequencies used. However, the collision rates can differ significantly. Studies have shown that (for N=15) the collision rate between two different FH sequences can vary between 0.7% and 90% depending on the choice of the parameters. Such large differences make network planning a challenge.

3 Basic idea

The proposed method of improving frequency hopping is here called MAIO hopping. The idea is to let mobiles hop between all available MAIOs in the cell. This is illustrated in Figure 2 with two active mobiles and three MAIOs. The left side of the figure shows the frequency hopping as it works today in GERAN, where each mobile has constant MAIO through time. With MAIO hopping shown on the right, the mobiles hop between the three available MAIOs with the constraint that only one MS may use a given MAIO at a given instant.

With MAIO hopping intracell interference diversity is introduced since mobiles in a cell swap MAIOs pseudo-randomly during a call. Moreover, interference diversity between synchronized cells using the same HSN and frame numbering is introduced which enables new and better ways of planning systems. Note that the MAIO hopping algorithm must be designed so that there is one and only one MS per MAIO at a given time.
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Figure 2: Illustration of the MAIO hopping idea.

4 Benefits

With the existing GERAN specifications, situations arise where network performance is compromised by a lack of interference diversity. The idea behind MAIO hopping is to guarantee interference diversity in all cases and thereby improve performance. Some cases where MAIO hopping is of particular benefit are outlined below.

4.1 Intercell interference

4.1.1 Adjacent channel

A promising technique to raise the capacity of fractionally loaded, tight reuse GERAN networks is to synchronize base stations with each other and utilize the fractional loading to remove co-channel interference between chosen cells. This can be done if a group of synchronized co-channel cells, e.g. a site, is given the same HSN and frame numbering but distinct MAIOs. The frequency hopping sequences in these cells will then be orthogonal. We call this technique “HSN sharing”. If the frequencies are contiguous, however, almost continuous (ignoring DTX) adjacent channel interference will occur. 

An example of such a HSN sharing configuration is given in Figure 3. Here we assume that the 3 sectors in each site are synchronized with each other. Each cell is allocated 3 transceivers and the same 9 contiguous frequencies. Since there are 9 frequencies, there are 9 MAIOs, but only 3 are needed in each cell since each cell has only 3 transceivers. This means that the 3 sectors in a site can be given the same HSN and frame numbering but distinct MAIOs and all intrasite co-channel interference can be removed.
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Figure 3: Illustration of HSN sharing.

[image: image4.wmf]
Figure 4: System performance for site based HSN sharing with and without MAIO hopping.

Intracell adjacent channel interference can be avoided by allocating adjacent MAIOs to different sectors in the site. However, adjacent channel interference between sectors cannot be avoided if the allocated frequencies are contiguous. Since the same HSN and frame numbering are used within the site, there is no adjacent channel interference diversity which will adversely affect performance. 

Figure 4 illustrates how MAIO hopping can improve the capacity of this configuration by introducing interference diversity between synchronized sectors. Network performance without MAIO hopping is compared to a case with completely random, burst level hopping between the MAIOs in each cell. The introduction of MAIO hopping leads to an increase in system capacity of ~10% at 95% QoS. At 98% satisfied users, the capacity gain from MAIO hopping is ~40%.

4.1.2 Co-channel

Co-channel interference diversity between cells is usually generated by giving the cells different non-zero HSNs. With the introduction of MAIO hopping, novel planning techniques become possible where intercell co-channel interference diversity can be provided by MAIO hopping rather than, or as well as, different HSNs.

One such configuration for a network with synchronized base stations is shown in Figure 5. The scenario is very similar to the one shown in Figure 3, but here the same HSN is allocated to all cells in the network and the MAIOs are reused in regular clusters from site to site. The advantage compared to the earlier configuration is that all co-channel interference is removed between a cell and its closest neighbors. The disadvantage without MAIO hopping is that there is continuous (ignoring DTX) co-channel interference between all cells with the same MAIO allocation. There is also a lack of intercell adjacent channel interference diversity as in the previous example. 
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Figure 5: Illustration of a fully synchronized network with the same HSN in all cells. Interference diversity is introduced with MAIO hopping.

Figure 6 shows the performance of this configuration with and without random, burst level MAIO hopping. We see that the introduction of MAIO hopping leads to a massive increase in system capacity; indeed without MAIO hopping such a configuration is clearly unfeasible. With MAIO hopping it becomes an attractive alternative: the capacity gain compared to the reference no MAIO hopping case in Figure 4 (dashed line) is ~35% at 95% QoS, significantly higher than the ~10% gain obtained above.

[image: image6.wmf]
Figure 6: System capacity with and without MAIO hopping for a configuration with fixed HSN and MAIOs reused in site based clusters. The no MAIO hopping curve from Figure 4 is also shown.

4.2 Intracell Interference

The lack of interference diversity in a cell can become a problem whenever the allocated frequencies are contiguous. This will most often be the case with 1 reuse which is considered here. If the load is low enough, not all MAIOs are needed in the cell and adjacent channel interference can be avoided by avoiding adjacent MAIOs. However, as loads increase, this option disappears. Specifically, when frequency loads exceed 50%, intracell adjacent channel interference becomes unavoidable. This situation may arise in future GERAN networks and mechanisms to cope with intracell adjacent channel interference will be required.

An indication of the benefit of MAIO hopping in providing adjacent channel interference diversity within a cell is given in Figure 7. A network where all MAIOs are available in all cells is studied with and without random, burst level MAIO hopping. Intercell interference diversity was generated in the traditional way with different HSNs in each cell. MAIOs were randomly allocated to mobiles at call setup and handover in the non-MAIO hopping case.
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Figure 7: System capacity for a standard scenario without HSN sharing with and without MAIO hopping.

The introduction of MAIO hopping led to a capacity gain of ~20% at 95% QoS. As before, the gains at higher levels of satisfied users are larger, ~60% at 98% satisfied users for example.

The frequency loads at system capacity in Figure 7, i.e. those resulting in 95% satisfied users, turn out to be sufficiently low for all intracell adjacent channel interference to be removed by avoiding the allocation of adjacent MAIOs. This would naturally be a sensible option. However, with the future introduction of other performance enhancing features like AMR, interference suppression, etc, system capacity might not be reached until much higher loads in which case the MAIO hopping gain could be important.

The scenario described in this section have also been simulated with AMR as a speech codec instead of FR speech. The result is that  with AMR the relative gains of introducing MAIO hopping is even larger than for FR speech, as shown in Figure 12, 0.

5 MAIO hopping algorithm

The current frequency hopping generates MAIs (mobile allocation indices, i.e. “frequency indices”) as a function of 4 parameters, i.e. the MAI of the kth burst in a call:
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where

· HSN is the hopping sequence number (base station parameter), value 0 to 63.

· MAIO is the MAI offset, value 0 to N-1

· N is the number of frequencies used for hopping in a cell, max 64.

· FN is the TDMA frame number counter, i.e. stepped by one for each burst.
The function 
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is the hopping sequence generator specified in GSM 05.02.

When MAIO hopping is introduced the frequency hopping generates MAIs as a function of 6 parameters, so that 
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where 
[image: image11.wmf]0

f

 is the original frequency hopping generator, 
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is the new MAIO hopping generator.

· HSN, MAIO, N and FN are the same as before. Note that MAIO in 
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 is replaced by a function (g) of FN (and other parameters) since MAIO hopping is used.

· MAIOHSN is the “HSN” that governs the MAIO hopping sequence. Like the ordinary HSN it is allocated to cells, but the allocation is independent of the HSN allocation. The intention with this parameter is to provide interference diversity through “MAIO collision” diversity even if equal HSNs and MAIOs are used in 2 cells.

· MAIOset is the set of MAIOs available for MAIO hopping. Typically, this set is common for all mobiles in a cell (compare with Mobile Allocation).
6 Standard impact

When introducing MAIO hopping there are two new parameters that have to be signaled to the MS, MAIOHSN and MAIOset. The MAIOHSN could be of the same length as for HSN, that is 6 bits. The MAIO set should be able to cover all available MAIOs in a cell, which could be up to 64. It is however a waste of resources to transmit a bitmap of 64 bits to all MSs when the number of available frequencies is small. A good solution is to reuse similar formats as specified for the Frequency List information element [2]. 

6.1 Example of MAIO set IE

The MAIO set information element could look as shown in Figure 8. A reasonable length with this format would be 5 octets, which could describe 23 MAIOs in a cell. Several other formats could also be defined.
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Figure 8: Example on how a MAIO set information element could look like when using variable bit map format.

6.2 Messages that need the new MAIO hopping parameters

Below is a list of messages that need the MAIO hopping parameters. The list does not claim to be complete at this moment, but it gives a good indication of the standard impact. 

· ADDITIONAL ASSIGNMENT

· IMMEDIATE ASSIGNMENT

· IMMEDIATE ASSIGNMENT EXTENDED

· ASSIGNMENT COMMAND

· DTM ASSIGNMENT COMMAND

· PDCH ASSIGNMENT COMMAND

· HANDOVER COMMAND

· CHANNEL MODE MODIFY

· PACKET UPLINK ASSIGNMENT

· PACKET DOWNLINK ASSIGNMENT

· PACKET TIMESLOT RECONFIGURE

The MAIO set could also be broadcasted in the cell so that the MAIO set information element is not needed during initial access. However, the MAIO set and MAIOHSN are always needed during handover. 

7 Discussion

7.1 Penetration of new MS:s

When the MS population consists of both MAIO hopping and non MAIO hopping capable mobiles the network need to divide its MAIO resources into two pools. However, since the REL-5 MS always has the possibility of not performing MAIO hopping it can utilize both pools. To avoid any trunking loss the network only needs to have the non hopping pool larger than the actual amount of non-hopping mobiles so that blocking does not occur. MAIO hopping capable mobiles will primarily use the MAIO hopping capable channels, but if they are full they can use a non-hopping channel. 

To achieve the gains from MAIO hopping, not all mobiles need to perform MAIO hopping. MAIO hopping will obviously create interference diversity for a hopping user by changing the identity of the interferers. However, a non-hopping user will also gain from MAIO hopping since the interference created by hopping users will change continuously. It is reasonable to believe that a penetration of 50% MAIO hopping capable mobiles could give almost all of the capacity gains.

7.2 Non-Synchronized network

Although several of the scenarios described in this contribution assume synchronized networks there are still capacity gains with MAIO hopping for non-synchronized networks. The gains due to improved adjacent channel interference diversity within a cell in a non-synchronized network are the same as shown in Section 4.2 which are in the order of 20-60%.

7.3 HSN spectrum division as alternative to MAIO hopping

One method that could be an alternative to MAIO hopping is the so called “HSN spectrum division”. With this method the available spectrum in a cell is divided into two parts, each part using different hopping sequence numbers. If every other ARFCN uses one HSN and the other ARFCN uses some other HSN, maximum adjacent channel interference diversity is achieved within the cell. The drawback with this solution is that fewer frequencies are used per HSN, which leads to reduced frequency diversity and reduced interference diversity between cells. This HSN spectrum division is illustrated in Figure 9.

The HSN spectrum division has been simulated and compared with a reference case (no HSN sharing, no MAIO hopping) and to MAIO hopping. The result is that HSN spectrum division actually performs worse than the reference case, as shown in Figure 10. The explanation to this is that the gain from improved adjacent channel interference diversity within cells is less than the loss in frequency diversity  and co-channel interference diversity between cells .

The system simulated in Figure 10 uses 1-reuse and all the available frequencies in each cell. The assumptions follows Annex A , with the difference that the number of frequencies are 12, number of cells 27 and cell radius is 500m.
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Figure 9: Illustration of HSN spectrum division

[image: image15.wmf]
Figure 10: MAIO hopping compared to “HSN spectrum division” using FR speech codec with 2% FER as quality criterion.

8 Conclusion

This document has presented a method of improving interference diversity in GERAN. MAIO hopping provides system capacity gains in the range of 10-60% with a fairly small standard and product impact. The method is very robust since the interference diversity will not be worse than todays frequency hopping.  

An alternative approach to MAIO hopping, that is using HSN spectrum division, has also been evaluated and shown not to provide any gains.

We propose to include MAIO hopping as a capacity enhancement for REL-5. A companion CR to 43.051 is available in [5]
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Annex A  Simulation assumptions

Parameter
Value
Unit
Comment

Frequency band
900
MHz


Spectrum 
3
MHz
W/O BCCH

Satisfied user definition: Average FER 
<2
%
Both UL and DL






Sectors per site
3



Number of cells
48



Reuse
1



Number of transceivers per cell
5



Cell radius
300
m







Propagation model
21 + 35log(d)
m


Log-normal fading 
Standard deviation
6
dB



Correlation distance
110
m



Correlation MS to BTS
0.5



Coherence bandwidth
4.8
MHz


Adjacent channel attenuation
20
dB







Mobile speed
3
km/h


Traffic Distribution
Uniform



Mean Call Holding time
40
s


Voice codec
FR



DTX
On



Power Control
On

Takes into account both C/I and received power.

Additional Simulation Results

[image: image16.wmf]
Figure 11: MAIO hopping compared to “HSN spectrum division” using FR speech codec with 1% FER as quality criterion.

[image: image17.wmf]
Figure 12: System performance using AMR 5.9 kbps speech codec. The reference uses FR speech with a satisfied user at 1% FER. The AMR MR59 user is satisfied at 0.6% FER.

� Frequency load is defined as the served traffic per timeslot in a cell divided by the number of hopping frequencies in the cell. It represents the fraction of frequencies in the air at any one time.
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