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Introduction

The interleaving and rate-matching design for DCH Enhancements has not yet been agreed upon. Two alternative proposals have been studied so far for each link (uplink and downlink). The ‘interleave-repeat’ scheme modifies transport channel multiplexing, interleaving, and rate matching blocks in both UL and DL. On the other hand, the alternative proposals for UL and DL, referred to as ‘compress-repeat’ and ‘pseudo-flexible rate-matching’, respectively, reuse existing rate matching and transport channel multiplexing configurations.
The performance of these alternative schemes was discussed during RAN1#74bis, and it was agreed that both schemes achieve very similar performance when it comes to DTCH transmission. In this contribution, we further look at DCCH channel performance, and make further comparisons regarding design impacts of these two alternatives. Considering performance difference, impacts on implementation, and operation of DCCH channel, we propose to adopt compress-repeat for the uplink and pseudo-flexible rate-matching for the downlink for the DCH Enhancements design.
2
Comparison of interleaving schemes
The current UMTS transport-channel multiplexing structures for downlink and uplink are shown in Figures 1, 2 and 3 respectively (taken from TS25.212). The interleave-repeat scheme, as shown in Figures 4 and 5 (taken from [1]), applies interleaving directly at the encoder output, and then repeats the result as many times as necessary to fill up all available DPDCH bit positions. The same approach is used on both uplink and downlink, and all packets (voice and DCCH) are concatenated and sent on a single transport channel. 
A key difference of these alternative proposals is that transport channel multiplexing is performed prior to channel coding. This is illustrated in Figure 1, which schematically shows the impact on the final frame structure.  In the interleave-repeat scheme, the concept of rate matching attribute is omitted. By multiplexing all transport channels together prior to encoding, all transport channels are treated equally important in this scheme. The alternative pseudo-flexible and compress-repeat schemes build upon existing interleaving, multiplexing, and rate matching blocks and can prioritize one transport channel over another by way of rate matching attributes.
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	(a)  Multiplexing prior encoding in interleave-repeat schemes
	(b)  Multiplexing after encoding in pseudo-flexible and compress-repeat schemes.


Figure 1: Comparison of changes in interleaving/rate matching/multiplexing blocks in interleave-repeat scheme.  In (a), all transport channels are treated equally and there is no mechanism to prioritize one transport channel over another.
The entire downlink and uplink chains are shown in Figure 2 and 3 for completeness here. In the interleave-repeat scheme, these downlink and uplink block chains are revamped as shown in Figure 4 and 5. The pseudo-flexible rate matching scheme achieves the goal of using DCCH bit positions whenever DCCH channel is absent by using a rate matching attribute of 0 for DCCH channel in those sub-frames. In UL, this objective is already realized in legacy system due to the way rate matching works in UL; however the compress-repeat mechanism further boosts the chance of frame early termination. In the interleave-repeat scheme, which is proposed for both DL and UL, DCCH bit positions are again used by DTCH channel, since the two channels are multiplexed prior to encoding. However, the downside as mentioned earlier is that there is only one physical transport channel in this scheme, and one transport channel cannot get priority over another.
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Figure 2: Current UMTS transport-channel multiplexing on downlink
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Figure 3: Current UMTS transport-channel multiplexing on uplink
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Figure 4: Interleave-repeat scheme (both DL and UL) – high level
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Figure 5: Interleave-repeat scheme (both DL and UL) – details of rate-matching and interleaving
2.1 Comparison on downlink

2.1.1 Implementation complexity relative to current R99
The pseudo-flexible RM algorithm is illustrated in Figure 6 (taken from [1]). The entire downlink multiplexing structure of Figure 2 is retained, and the modification is localized to the rate-matching block in Figure 2. Even within that block the change is very minor: The current procedure uses a rate-matching attribute that is signaled per transport channel, and the only change involved in pseudo-flexible RM is to run the same current procedure but as if the RM attribute of the transport-channel carrying DCCH is zero whenever the DCCH does not carry a transport block. In contrast, from Figures 4 and 5, we see that the interleave-repeat scheme involves structural changes to the current multiplexing flow-chart shown in Figure 2. 
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Figure 6: R99 fixed-RM vs Pseudo-flexible RM
2.1.2 Link gains relative to R99
The interleave-repeat scheme uses all available DPDCH bit positions (i.e., avoids DTX of bits on DPDCH) for all transport-format combinations. By first interleaving and then repeating, it also makes one copy of all the bits available to the receiver as early as possible, as opposed to current R99 wherein the interleaving and presence of DTX implies a longer wait time before seeing all the bits at least once. Both these features help with early termination, resulting in larger gains. However, as shown in Figure 6, the pseudo-flexible RM scheme also achieves the first feature for the AMR full-packet (both with and without DCCH). Thus for the full packet, the only additional gain comes from the new interleaving. Although gains are larger for smaller packets (due to involvement of both the above features), the smaller packets contribute less to the overall link gain at 50% voice-activity factor. At RAN1#74bis, RAN1 has already noted that “New rate matching and interleaving over pseudo-flexible rate matching shows 0.1 dB in link efficiency gain, and an average decoding time gain up to 1 slot”. This is a fairly minor gain.

2.1.3 Need for multiple DPCCH/DPDCH power offsets

With interleave-repeat scheme, since small packets will undergo several bit repetitions, the transmit power of each bit must be significantly reduced so that the overall transmit power for the packet does not become much higher than necessary. Relying on outer-loop power-control to ensure this is not practical, since the packet-size can dynamically change from small to large much faster than outer-loop can track. Hence, as part of the interleave-repeat scheme, it becomes necessary to have DPCCH/DPDCH power-offsets as a function of the transport-format combination (TFC), so that a larger offset can be used for the smaller packets [1]. A similar requirement exists for the pseudo-flexible RM scheme as well, but it is milder: In pseudo-flexible RM, the amount of bit-repetitions is larger when DCCH is absent compared to when it is present. Hence, the power per bit must be increased when DCCH is present. Thus, all that is necessary in this case is to have the DPCCH/DPDCH power offset to be a function of whether the DCCH is present or not. In other words, two offsets are enough, whereas in the case of interleave-repeat scheme, the number of offsets equals the number of TFCs (6 in the case of AMR voice traffic).
Note that RAN1 has already agreed that “The TPC to DPDCH power offset in the downlink may be different for different TFC” (and in fact, the specification may not prevent NodeB from applying such offsets even today). However, the fact that more offsets are needed implies some additional complexity. By itself, this additional complexity may not be significant, but if these offsets further need to be signalled, there is even further complexity as well as signaling overhead. The signaling overhead is a concern, as shown by the last RAN1 agreement that “The need to signal the TPC to DPDCH power offsets to the UE is FFS”. Section 2.4 shows a scenario wherein this signaling is necessary. This overhead is greatly reduced for pseudo-flexible RM as compared to interleave-repeat. In fact, current specification already allows signaling of 3 different offsets – corresponding to TPC, TFCI, and pilots. With the pilot-free slot-format, the offset for the pilot is unnecessary, and can be re-used to signal the second offset in the Pseudo-flexible RM scheme. For the interleave-repeat scheme, additional signaling has to be introduced.
2.1.4 Ambiguity in size of all-zeros packet
A MAC-layer packet in which all the bits are set to zero will receive a CRC-attachment of all-zero bits, and the encoder output will also be all-zero bits. Thus, with the interleave-repeat scheme, it results in an all-zeros sequence at the input of the modulation-mapper. This means that the DPDCH symbol stream in such a case is independent of the size of the packet, giving rise to potential ambiguity in the UE receiver as to determination of the packet-size (i.e., the possibility of BTFD errors for such an all-zeros packet). In AMR voice, the null-packet consists of all-zero CRC bits, and could thus be easily confused with another packet in which all bits are zeros.

Note that this issue does not arise in the current R99, because although the encoder output is still all-zero bits, the number and location of DTX positions in the final output is different depending on the TFC. Thus, in the BTFD procedure, an incorrect hypothesis could include some noise due to DTX bits, thus significantly lowering the likelihood of a CRC pass. The same reasoning applies to the pseudo-flexible RM scheme as well. For pseudo-flexible RM, there is still a potential ambiguity in that an all-zeros full-packet transmitted without DCCH produces the same DPDCH symbol stream as an all-zeros full packet transmitted together with an all-zeros DCCH packet. However, the latter combination is extremely unlikely.
It is possible to design workarounds for this issue for the interleave-repeat scheme. For example, if the DPCCH/DPDCH power offset depends on TFC, then it could be used to estimate the TFC. However, this requires signaling the power-offsets for each TFC, which takes additional overhead, as described in Section 2.3. It also requires an additional power-offset estimator at the UE, which may be unreliable due to insufficient observations when early decoding is attempted. Another option is to assume that all-zeros packets other than the Null packet are unlikely, and to treat them as Null packets. However, this introduces a form of ‘layer-violation’ wherein the physical layer makes assumptions on the format of an upper-layer packet. The pseudo-flexible RM scheme also makes such an assumption (i.e., that both full and DCCH packets are unlikely to consist of all-zeros). However this is a relatively much milder assumption, and even this can be relaxed using the DPCCH/DPDCH power-offset estimator, which poses very little signaling overhead as explained in Section 2.3, and is much more reliable since there are only two hypotheses to be distinguished. Yet another option is to introduce CRC scrambling at the transmitter, so that an all-zeros packet does not result in all-zero bits input to the modulation mapper. However, introducing the scrambler involves additional complexity for both transmitter and receiver. 
In summary, although the issue of all-zeros packet size ambiguity is not fundamentally insurmountable for the interleave-repeat scheme, it is greatly preferable to avoid the necessary work-arounds, and the pseudo-flexible RM scheme allows us to avoid them.
2.1.5 DCCH concatenation and extensibility to multi-RAB
Concatenation of DCCH with DTCH loses the flexibility associated with configuring different RM attributes for the different blocks. In pseudo-flexible RM, by adjusting the relative RM attributes of DCCH and DTCH, we could optimize the amount of power-boost required when DCCH has to be transmitted, based on separate targeted reliability requirements for DCCH and DTCH. When DCCH is concatenated with DTCH, this is not possible – during such transmissions both DTCH and DCCH are forced to have the same reliability.

Further, pseudo-flexible RM may easily be extended to several radio-bearer configurations, including multiple transport channels and multi-RAB calls over DCH. The only overhead needed is a configuration parameter that identifies the transport channel to be operating in 'pseudo-flexible RM mode'. We set this parameter to point to the transport channel that is most intermittent (i.e., only delivers transport blocks sporadically). This then allows all the other transport channels to exploit this intermittent nature to improve in performance, since the RM attribute of this intermittent channel is treated as zero whenever the channel does not deliver a transport block. We may require some limits to this generalization due to implementation constraints arising from the need for testing two RM-attribute hypotheses (corresponding to whether the intermittent channel delivered a transport-block or not), but a significant generalization is nevertheless possible. In contrast, an analogous extension for the interleave-repeat scheme is to configure a single transport channel that carries a concatenation of all transport blocks that would otherwise be delivered on separate transport channels. However, the transport channels may have widely different requirements, and the flexibility to have separate RM attributes, TTIs, and code-rates for each transport-channel is then lost. A modified extension would be to concatenate the intermittent transport blocks onto one of the other transport blocks. However, this would need a new definition of a transport-channel multiplexing algorithm, since currently the interleave-repeat proposal is only fully specified for cases when a single transport-channel is configured. One simple definition is to use the current transport-channel multiplexing. However, the concatenation of the intermittent packets implies that the transport channel carrying these packets would then have a larger value of its maximum TBS. This would then increase the amount of puncturing for all transport blocks carried on that transport channel, even when the intermittent blocks are not being delivered.
To summarize the discussion in this subsection, the interleave-repeat scheme is a significant loss of the flexibility allowed in the current downlink transport channel multiplexing. The pseudo-flexible RM scheme improves overall performance relative to R99 while retaining all this flexibility.
2.2 Comparison on uplink
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Figure 7: Compress-repeat scheme for uplink DTCH
2.2.1 Implementation complexity relative to current R99
The compress-repeat algorithm is illustrated in Figure 7 (taken from [1]). Similar to the case in the downlink, again the entire uplink multiplexing structure of Figure 3 is retained. The TTI for each transport channel is already configurable, the only change is to use a different value than the one used today (i.e., 10ms instead of 20ms for DTCH), and to repeat each packet just prior to the input of the first block (CRC-attachment) in Figure 3. In contrast, again Figures 4,5 show that the interleave-repeat scheme involves structural changes to the current multiplexing flow-chart of Figure 3.
2.2.2 Link gains relative to R99
Unlike the R99 downlink, the current R99 uplink DPDCH does not contain any DTX. Thus, unlike the downlink, there is no extra uplink gain in the interleave-repeat scheme for any TFC from using up previously DTXed positions. The link gain for all TFCs comes solely because of the interleaver change that makes one copy of all the bits available to the receiver as early as possible to help with FET. Thus, the gain is even more limited, as has already been noted by RAN1 at the RAN1#74bis meeting: “New rate matching and interleaving over compression and repetition shows 0.1 dB in link efficiency gain, and an average decoding time gain of 0.16 slots, based on modified OLPC”. 
2.2.3 Spreading factor selection and NodeB complexity vs. performance
Together with the interleave-repeat scheme, it is proposed in [1] to use spreading-factor of 32 for all TFCs on the uplink. The compress-repeat scheme on the other hand, uses a higher spreading factor for the SID packet (with or without concurrent DCCH transmission) and the Null packet with DCCH transmission. Smaller spreading-factor increases the NodeB processing resource consumption. The proposal in [1] suggests that the chosen spreading factor of 32 improves early termination performance, however the performance comparison (Section 2.2.2.) shows that the gains relative to compress-repeat are very negligible. It is of course possible to use the interleave-repeat scheme using the spreading factors proposed for the compress-repeat scheme, or using spreading factors as selected using the current uplink RM procedure, and thus avoid the additional NodeB processing resource usage. However, since spreading factor of 32 was found to be best in [1], it is possible that the already small link gains of Section 2.2.2 may slightly erode further with this change.
2.2.4 Other issues analogous to those in the downlink
Due to the difference in the current R99 UL and DL algorithms, the other issues affecting downlink mentioned in Section 2.1.3-2.1.5 do not affect the uplink. In this section, for completeness we simply point out the reason for this. The issue shown in Section 2.1.3, of requiring multiple DPDCH/DPCCH power offsets (one per TFC) exists in the current R99 uplink as well, and there is already support for signaling these offsets, using either signaled or computed gain factors. The issue of size ambiguity of an all-zeros packet (Section 2.1.4) is present in the current R99 as well, since a common (although not always necessary) configuration uses the OVSF code index equal to SF/4 where SF=spreading factor chosen, and in this case, the OVSF code is a repeating pattern of the chips [1,1,-1,-1]. Thus, again an all-zeros input produces the same DPDCH chip stream independent of the packet size. However, the issue is not serious on the uplink due to transmission of TFCI which resolves the packet-size ambiguity. Finally, the absence of DTX and the variability of spreading factor with TFC on UL DPDCH implies that the issue of DCCH concatenation mentioned in Section 2.1.5 also does not pose the kind of problems that it does on the downlink. In a multi-RAB configuration, there is still a loss of flexibility if all transport blocks are concatenated and sent on a single transport channel. However, the variant scheme that concatenates only a subset of transport channels and uses the current RM algorithm on the remaining transport channels does not suffer the excess-puncturing issue mentioned in Section 2.1.5, due to the variable spreading factor.
3
Conclusions

We have compared ‘interleave-repeat’ and ‘pseudo-flexible’ approaches for downlink rate-matching, and ‘interleave-repeat’ and ‘compress-repeat’ approaches for uplink rate-matching. We have shown that the interleave-repeat scheme needs a large number of changes to the current R99 algorithms, and brings very negligible link gain in return. More importantly, the possibility of prioritizing one transport channel over another, for example when it comes to logical control channel DCCH versus data channels DTCH, is lost in interleave-repeat scheme. Thus, we propose the following:
Proposal 1: For voice over downlink DCH Enhancements, the R99 rate-matching shall be used except that the RM attributes of the transport channel carrying DCCH shall be treated as zero while running this algorithm whenever that transport channel does not deliver a DCCH block (i.e., pseudo-flexible rate-matching).

Proposal 2: For voice over uplink DCH Enhancements, the DTCH shall be mapped to 10ms TTI and every DTCH packet shall be repeated prior to start of physical-layer procedures (CRC attachment, encoding, etc) (i.e., agree on compress-repeat scheme.) 
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