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1. Introduction

The legacy physical channels currently defined in GERAN naturally address single carrier capable mobile stations (MS). With the approval of the Work Items (WIs) on dual-carrier downlink operation [1]

 REF _Ref128631337 \r \h 
[2], a more formal physical channel definition for dual-carrier capable devices is now required.
3PP TS 45.002 presently defines physical channels in terms of the following parameters:
a) TSC – training sequence code
b) TN – timeslot number
c) MA – mobile radio frequency channel allocation

d) MAIO – mobile allocation index offset
e) HSN – hopping sequence number
In addition, the logical channel type and sub-channel number (SCN), are used to determine the frame occupancy of the physical channel. Note also that the Cell Allocation (CA) is delivered on a common basis within the cell via system information (BCCH), while the Mobile Allocation (MA) is specified on a per-MS basis.
2. Downlink Dual-Carrier Physical Channel Definition
Dual Carriers may be frequency hopped (FH) or non-hopped (NH). There are three combinations possible: NH+NH, NH+FH, and FH+FH. 
NH+NH Carriers - The NH+NH combination is likely to be used infrequently in modern deployments of high throughput GPRS systems, as the operator would have to deploy an additional NH carrier (e.g., in 4/12 reuse), and FH is probably already employed for voice capacity. Although NH+NH may be infrequent, it appears possible to accommodate it. 
NH+FH Carriers - The NH+FH combination is likely only if the NH carrier is the BCCH carrier. For NH+FH, the FH carrier can be defined with the TSC, TN, MA, MAIO, and HSN. The NH carrier can be specified efficiently, and may be restricted to the BCCH only.
FH+FH Carriers - The FH+FH combination is probable in large systems. For FH+FH, the first carrier can be defined with the TSC, TN, MA, MAIO, and HSN. The second carrier requires just an additional MAIO for full definition. 
When constructing a dual-carrier downlink physical channel, each of the parameters applicable to the single-carrier case merit reassessment.
Mobile Allocation (MA) – A Dual Carrier assignment should allow the flexibility for the dual carriers to be FH+FH, FH+NH, or NH+NH. Specifically, the FH+NH combination will likely be a hopping carrier with a BCCH carrier. The NH+NH combination is unlikely, but can be accommodated. For the FH+FH combination, assigning the same MA to each of the dual-carriers appears desirable. Alternatively, some operators may wish to independently assign MA’s on a per-carrier basis. Nevertheless, the maximum MA list dimension is 64 (i.e. 1 ( N ( 64) and permitting fully-flexible per-carrier MA’s will lead to a significant signalling overhead. One approach to limiting message overhead when the MA’s applicable to the first and second carriers are not identical would be to define a maximum dimension N1 of a first carrier MA list, and N2 of a second carrier MA list such that, say, 1 ( N1 + N2 ( 64. This could also address the scenario when a carrier is assigned to the BCCH layer (N1,2=1) or to a hopping layer. Further compact signalling would identify the case where the same MA list is applicable to both the first and second carrier.
To simplify even further, the MA is not required when hopping is disabled. A single MA could be signalled. If hopping is used on a particular carrier, it would use the signalled MA. If hopping is disabled on a particular carrier, it would not use the MA.

EGPRS signalling in 44.060 uses four different methods of signalling the Frequency Parameters (see 44.060, section 12.8).

1. ARFCN – non-hopping. The TSC is specified per TBF.

2. Indirect encoding – the frequency parameters are sent in Sys Info 13 or PSI2. The TSC is specified per TBF.

3. Direct encoding 1 – The TSC, MAIO, HSN, and a variable length MA encoding ARFCNs.

4. Direct encoding 2 – The TSC, MAIO, HSN, and the standard MA as defined in circuit switched

When frequency hopping, the network uses the smallest of the 3 hopping formats that will convey the hopping information properly.
Mobile Allocation Index Offset (MAIO) – When both carriers are assigned to a frequency–hopping layer in a deployment, the requirement to maximise frequency diversity (at least for non-trivially encoded blocks) indicates that the physical frequency separation between the first and second carriers should be maximised. Since – regardless of whether cyclic or random hopping is applied – the frequency hopping algorithm cyclically shifts the ARFCNs assigned to each carrier on a per-frame basis, it might be possible to infer a second carrier MAIO from a first carrier MAIO by, for example, separating the second MAIO by approximately one-half of the applicable MA list dimension (modulo N) from the first. Nevertheless, while compact, such approaches appear less attractive in practice for the following reasons. First, there is no guarantee that a specific separation in the MA list order implies a particular ARFCN physical carrier separation. Second, the second carrier MAIO implied by the first carrier MAIO may already be assigned, requiring reorganisation of existing assignments. Finally, if the same MA is not applicable to both carriers, then two MAIOs must still be assigned. Accordingly, independent MAIO assignment for each carrier is desirable. 
Hopping Sequence Number (HSN) – There is no obvious reason for the two hopping carriers to have different HSNs, so such flexibility seems unnecessary.
Training Sequence Code (TSC) Definition – from the perspective of the MS receiver, there appears to be little benefit to having the same TSC on each carrier, although it is highly likely that practical deployments would do so. Accordingly, the primary benefit in specifying a single TSC applicable to both carriers would be signalling reduction. 
Timeslot Number (TN) – A new Packet Downlink Assignment message which allocates the same TN to two carriers for a single MS implies that the Dual Carrier MS must be prepared to receive a burst addressed to that MS on both carriers during the specified timeslot. This does not imply that both carriers are simultaneously transporting data to the MS; that will be indicated by the TFI within each RLC/MAC block. There should be no further restrictions on how the network allocates timeslots on the two carriers to a DC MS, although good practice would be to allocate all usable timeslots on the first carrier before starting on the second carrier.
3. Uplink Physical Channel Definition
Regardless of the final disposition of the dual-carrier uplink concept, the association of a single-carrier uplink physical channel with a dual-carrier downlink physical channel is an essential component to completing the dual-carrier downlink physical channel definition. At least two approaches appear to be feasible here.
Continuous Channel Association – In this approach, one of the component carriers of the dual-carrier downlink physical channel is associated on a continuous basis (via the band-specific duplexing distance between 
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 specified in 3GPP TS 45.005) with the single assigned uplink physical channel. The associated downlink carrier would be identified as the primary downlink carrier, with the remaining downlink carrier identified as the secondary downlink carrier. With this method, poll responses would use only the primary uplink carrier, as would an uplink TBF. This method is termed the “poll either carrier, reply on primary carrier” method. Thus, USFs for that uplink TBF would appear only on the primary downlink carrier. The network may choose to balance the primary and secondary carrier assignments to mobiles to balance the uplink or downlink loads, as desired.

Active Channel Association – A second approach is to select the uplink carrier frequency as the duplex carrier associated with the downlink carrier which carries the polling message. This method is termed the “poll either carrier, reply on same carrier” method. With this method, we assume that although the poll responses may dynamically use either carrier within a frame, an uplink TBF would still be assigned a single uplink carrier (the “primary” carrier). Thus, USFs for that uplink TBF would appear only on the primary downlink carrier.
Discussion
The Active Channel Association method was proposed in the Feasibility Study[3]. A scenario showing the potential advantage of this approach was given, where a DC mobile was sharing one carrier with one mobile, and the second carrier with a second mobile. In that case, the DC mobile had the flexibility to switch its uplink carrier according to which downlink carrier polled it. 
However, in an alternate scenario the DC mobile would have both an uplink TBF and a downlink TBF. The uplink TBF would be on the primary carrier. The downlink TBF would be on both carriers, and the network would poll on either carrier to receive an Ack/Nack, and on a specific carrier to obtain that downlink carrier’s channel quality. When the poll is on the secondary carrier, the Active Channel Association method would have the response on the secondary uplink carrier, and the uplink TBF on the primary carrier would be temporarily stalled, as the mobile cannot be required to transmit on two different frequencies within one frame. If the uplink TBF had multiple slots, all would be suspended for the block time. With the Continuous Channel Association method, only one uplink timeslot would be borrowed for the Ack/Nack, and the remaining uplink timeslots could be used for the uplink TBF.
With either method, the network would have to schedule the polls and uplink responses with both carriers in mind to manage conflicts. Therefore the Continuous Channel Association method is preferred, and is the assumed approach for the remainder of this contribution.
4. Logical Channels and Control Functions
Downlink DC operation should be restricted to PDTCH channels. This is to mean that only PDTCH logical channels will have blocks transmitted on both carriers in the same timeslot. 
With the Continuous Channel Association method, PACCH/D will be sent on either the primary or secondary carrier. The primary downlink carrier will be used when a channel quality measurement is requested for the primary downlink carrier, and the secondary downlink carrier will be used when a channel quality measurement is requested for the secondary downlink carrier. 

PACCH/U would occur on only the primary uplink carrier, for the Continuous Channel Association method. 
Timing advance for a DC mobile will be performed using only PTCCH/D and PTCCH/U on the primary downlink and uplink carriers, respectively.
Downlink power control for a DC mobile will be required for both the primary and secondary downlink carriers. Independent signaling and control should be provided to allow for greatly differing channel characteristics, in particular for the NH+FH channel combination. The network can obtain channel quality reports for the two DL channels by periodically polling on the primary or secondary downlink channels.
Uplink power control for a DC mobile will be performed using only the primary downlink and primary uplink carriers for the Continuous Channel Association method. Note with the Active Channel Association method the uplink responses may occur on either uplink channel, yet the channel characteristics may differ greatly, especially for the NH+FH channel combination. Therefore, it may be necessary to provide independent uplink power control for the two carriers.  
5. TBF Distribution and Reassembly With Two Carriers

With DC, a single downlink TBF must be segmented and distributed onto two carriers, possibly with different throughputs, and reassembled in the proper sequence at the receiver. 

A TFI is currently valid only on a single carrier. For extension to DC, the TFIs on two carriers could be independent, or forced to be common. Common TFIs reduce the amount of signaling required, however independent TFIs allow greater flexibility in scheduling. The downlink packet assignment must be extended to allow two TFIs to be associated with a single TBF. For the following discussion, independent TFIs are assumed.

A single BSN sequence will be distributed, perhaps unequally, onto two carriers, but the reassembly at the receiving RLC/MAC will be in the proper sequence using the single BSN. 

The windowing and selective acknowledgment processes will behave normally, as for single carrier. A downlink poll on either carrier will cause a Packet Downlink Ack/Nack with received block bitmap or reported bitmap, which will refer to the single BSN sequence regardless of which carrier those blocks were sent on. 

6. Dynamic Allocation of Dual Carrier
Ideally, we would like the BS and MS to agree on the availability of DC, but then dynamically use it or not, depending upon the channel conditions, instantaneous loading, and throughput needs. If the MS is using DC, and the BS needs resources for other mobiles, it should be able to quickly do so. If the MS is receiving DC, and the BS switches to single carrier, the MS should be notified prior to the block such that it can use the second receiver for another purpose such as MSRD, during any single carrier block. If the only indication to the mobile is the TFI contained in the RLC/MAC header, it is too late for the mobile to decide to use the second receiver for another function. This section considers the basic functionality required to enable notification. 

Downlink TFI Addressing Space (Single Carrier)

The TFI is 5 bits, allowing up to 32 DL TBFs to be selected for the downlink data, on one carrier, for each timeslot.  “A TBF is assigned one TFI value which is valid on all of the timeslots on which data for this TBF may be sent.” (43.064 / B.3.3.1).  With single carrier mobiles, there are 32*8=256 total downlink TBFs if all mobiles were 1-slot capable, but only 32 total DL TBFs if all mobiles were 8-slot capable. If MS X (TBF X) is assigned timeslots 0-4, and MS Y (TBF Y) is assigned timeslots 4-7, the TFIs assigned X and Y must be different on TS 4, and thus different on 0-7. It is possible for the network to reuse TFIs for different multislot MSs which have disjoint timeslot assignments. 
Figure 1 below shows a possible TFI assignment map for single carrier mobiles, where the map indicates which TFIs have been assigned on each slot of the downlink carrier. The colors are shown for clarity only and not part of the mapping process. The map need only be maintained within the network and need not be transmitted to the MS. In the figure, MS ‘Yellow’ is assigned TFI 7 in TS 0-4, MS ‘Rose’ is assigned TFI 7 in TS 5-7, MS ‘Green’ is assigned TFI 24 in TS 7, and MS ‘Blue’ is assigned TFI 29 in TS 7.
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If the network does reuse TFIs, it must also map the 256 (maximum) TBFs onto the 32 (maximum) TFIs per timeslot. This would require other mappings, such as the table above with the 1/0 content replaced by a TBF value.

Downlink TFI Addressing Space (Dual Carrier)

The assumption for this section is that the network currently assigns TFIs on a per-carrier basis, and TFIs may be reused within a carrier as described above. For Dual Carrier mobiles, the network will maintain independent pools of TFIs for the two carriers. 

In Figure 2, a possible downlink TFI assignment map at the network is shown. In the figure, the DC MS ‘Yellow’ is assigned TFI 7 for TS 0-4 on carrier 1 and TFI 16 for TS 0-4 on carrier 2. The DC MS ‘Rose’ is assigned TFI 11 for TS 0-7 on carrier 1 and TFI 2 for TS 0-7 on 2. The single carrier MS ‘Green is assigned TFI 22 for TS 6-7 on carrier 2. The DC MS ‘Blue’ is assigned TFI 29 for TS 7 on carrier 1 and TFI 30 for TS 7 on carrier 2. No TFI reuse is shown, but TFI 7 could be reused for a new TBF in slots 5, 6, or 7 on carrier 1, for example. Note that if all mobiles were assigned 8 timeslots on 2 carriers, only 32 total downlink TBFs could be supported. 
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Figure 2. Dual carrier map for independent DC TFI assignments

Normal DL Grants

The downlink TFI assignments shown above only represent the timeslots and carriers which might contain radio blocks for a mobile, not which blocks are actually scheduled (granted) to the mobile. That indication of a grant is only via the TFI contained in the RLC/MAC block header. 

In Figure 2 above, DL TFIs 7 and 11 share TS 0 on carrier 1. The network schedules one MS, and transmits an RLC data block with the owner indicated by its TFI in the RLC/MAC header of the same block. Note that an MS must decode every carrier-timeslot assigned to it see if a RLC/MAC data block or control block was sent to it. 

Notification of DL Grants

If the network can notify DC mobiles which timeslots and carriers will contain blocks addressed to them, the mobile will be able to use the second receiver for MSRD or other functions. This notification must be prior to the block to be useful. There are several possible methods to encode this.
The notification could be indicated with a 2 x 8 x 5 bit field (carriers x slots x TFI field), 80 bits/20 ms, or 4000 bps. See Figure 3. One TFI would have to be reserved to indicate “no assignment”, allowing 31 real TFI assignments, or make the map 2 x 8 x 6 bits, 96 bits/20 ms, 4800 bps. 
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Figure 3. Example notification using TFI values
In the figure, the yellow mobile has been granted TS 0-4 on carrier 1, using TFI 7, and also TS 0-1 on carrier 2 using TFI 16. The mobile knows to associate both TFIs with a single TBF. The notification example shown informs the yellow mobile that DC operation is needed on TS 0-1, and single carrier operation is needed on TS 2-4 on carrier 1. 
Normal UL TBF Grants

A normal grant for an UL TBF is indicated by the USF field matching the USF assigned to the UL TBF in that timeslot. The grant is for the following block(s) in the same timeslot. The MS with an UL TBF must listen to the corresponding carrier-timeslots for its USFs. 

Normal Grants for Polled Responses

A normal grant for an UL response to a DL RLC/MAC control message or a DL RLC/MAC data block with an Ack/Nack requested, is via the RRBP field. The RRBP field indicates the frame number of the start of the response block. The timeslot of the response is implicitly the timeslot used by the RRBP poll. The carrier of the response is implicitly the sole carrier, for single carrier MSs, and in the proposed method, is the primary carrier of a DC MS. The PDTCH with a poll, or a PACCH, will occur on any of the assigned DL carrier-timeslots, so the MS must listen to all of those. 

7. Conclusions
Basic Dual Carrier (DC) on the downlink can be provided such that it is backward compatible with legacy, single carrier mobiles. The association of one uplink channel to the two downlink channels may be accomplished by two methods, with minor tradeoffs. The recommendation is to use the Continuous Channel Association method, where the uplink response to a downlink poll is always on the primary uplink channel, regardless of which downlink channel was used.

The signalling extensions necessary should be straightforward, as the information elements for the second channel were noted to be minimal.
Beyond the basic DC operation, there are several operational enhancements possible for the mobile if notification can be achieved. Notification would allow the DC mobile to take advantage of MSRD, other channel measurements, or standby using the second receiver when a timeslot does not require DC operation. 
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