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1 Introduction

RAN#58 initiated a study item on DCH enhancements [1], following an initial analysis of gains possible from such enhancements as shown in [2]. In this contribution we identify the key enhancements to be studied for this study item, and outline a work plan for upcoming RAN1 meetings. 
2 Downlink physical layer enhancements
2.1 Pilot-free slot formats

A significant portion of power in downlink circuit-switched voice transmission over DCH is consumed on dedicated pilots, used for received signal to noise ratio (SNR) measurements and power control.  However, SNR measurements could also be performed on other control channel (DPCCH) or data channel (DPDCH) symbols, eg; using the TPC bits instead of pilots. This eliminates the need for dedicated pilots for power control.  The freed-up pilot bits can be re-allocated to data fields. As shown in Figure 1 for a voice only scenario, on the downlink, close to 24% of the total power profile is spent on transmitting dedicated pilots.  Hence, significant improvements in link efficiency and inter-cell interference can be achieved by this enhancement. New slot-formats should be defined in which pilot bits are eliminated.
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Figure 1: Distribution of DL transmit power when CS voice is transmitted on DCH.  Fixed overhead includes common pilot and broadcast channels
2.2 TDM User pairing

A key aspect of the study item is frame early termination, which provides both link-efficiency and battery life improvements. An important enhancement to enable these gains on the downlink is the design in which two users are time-division multiplexed onto a single channelization code. This allows for transmitting a packet over a shorter time period, which combined with the uplink enhancements, results in significantly shorter active transmission periods, thus, less inter- and intra- cell interference due to concurrent active transmissions. Figure 2 shows user pairing in DL using new DL DPCH slot formats.   Here, pairs of slot formats are used to DTX one user while the other user performs full transmission, in alternate turns. The TPC symbols for the two users are TDM-ed in each slot. This allows TPC to be continuously sent to each user, while DPDCH is only sent in alternate 10ms radio frames. The reduction of TTI for voice packets from 20ms to 10ms is achieved by halving of the spreading factor (SF) used in R99, thus preventing excessive puncturing that would result if the same spreading factor was used. However, overall code-space utilization is kept unchanged since two voice UEs share each OVSF code. Table 1 shows the new slot-formats 17 through 20 created, to replace the current slot-format 2 and to achieve both the goals of pilot-free slot format and TDM-ing of two users on a single OVSF code. In Figure 2, UE1 uses slot-format 17 in the first 10ms and slot-format 18 in the next one, while UE2 uses slot-format 20 in the first 10ms and slot-format 19 in the next one. The halving of the SF also halves the DCCH TTI from 40ms to 20ms. Each DCCH packet is multiplexed with two consecutive DTCH packets which are transmitted in two 10ms frames separated by a 10ms DPDCH transmission gap, as explained in Figure 3.
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Figure 2: Time-division multiplexing of two UEs on a single channelization code.
Table 1: DL DPCH slot formats

	Slot Format #i
	Channel Bit Rate (kbps)
	Channel Symbol Rate (ksps)
	SF
	Bits/ Slot
	DPDCH Bits/Slot
	DPCCH

Bits/Slot
	Transmitted slots per radio frame

NTr

	
	
	
	
	
	NData1
	NData2
	NTPC
	NTFCI
	NPilot
	

	17
	60
	30
	128
	40
	4
	32
	4, last 2 are DTXed
	0
	0
	15

	18
	60
	30
	128
	40
	4 DTX
	32 DTX
	4, last 2 are DTXed
	0
	0
	15

	19
	60
	30
	128
	40
	4
	32
	4, first 2 are DTXed
	0
	2
	15

	20
	60
	30
	128
	40
	4 DTX
	32 DTX
	4, first 2 are DTXed
	0
	0
	15

	2
	30
	15
	256
	20
	2
	14
	2
	0
	2
	15
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Figure 3: Multiplexing of DTCH and DCCH for two UEs sharing a single channelization code.

2.3 Downlink Frame Early Termination

A key aspect of the study item is frame early termination, which provides both link-efficiency and battery life improvements. On the downlink, decoding is attempted at several intermediate points in time prior to reception of the complete 10ms packet; eg, every slot starting after the 3rd slot (The initial slots are skipped since they contain insufficient data for successful decoding). The early decoding will often succeed, owing to the excess SNR inherent in a power-controlled link. On success, the UE can send an Ack signal to inform the NodeB to stop its DL DPDCH transmission, thus achieving link efficiency gain. The DL DPCCH transmission can still be continued, since it carries information (TPC bits) that are required by the UE to make uplink transmissions. Since UE then only needs to read the TPC bits, which occupy a small fraction of each slot, it can obtain DRX battery life savings. If the uplink voice frame has also been decoded early, even the DL DPCCH transmissions are unnecessary (assuming no other UL transmissions are needed; i.e., the call is not a multi-RAB call), and the entire DL DCH transmission can be DTXed. This allows further DRX battery savings as well as link-efficiency savings from reduced DL transmissions. In this situation, the DPCCH transmission is resumed a few slots prior to the start of the next DL voice packet, to allow the UE receiver filters to refresh their states on waking up from DRX.
Important link metrics that characterize the gain from FET are the early-decoding statistics (i.e., BLER after each decoding attempt, and average decoding time) as well as the overall link efficiency. The link efficiency is measured as TxEcIor averaged over the entire packet duration, accounting for DTX arising from FET in addition to DTX inherent within the DPDCH bits. Since the DTX of the DPCCH is conditioned on early decoding of the uplink packet, to avoid simulating both links, a reasonable assumption is to only average TxEcIor over the 10ms periods over which the DPDCH transmissions are made (effectively assuming that the uplink is decoded and acknowledged within 10ms). 
2.4 DCCH handling with FET and overhead optimization
2.4.1 DCCH indicator bit insertion

Since each DCCH packet is multiplexed with two DTCH packets as shown in Figure 3, the DTCH may be decoded early while DCCH has not yet decoded. In this situation, the UE must avoid sending the Ack requesting NodeB to turn off the DPDCH, so as to avoid losing the DCCH packet. The UE recognizes this situation by means of a ‘DCCH indicator bit’ appended to each DTCH packet prior to CRC attachment, as shown in Figure 4. Thus, the packet-sizes usually used with R99 voice must be increased by 1 bit. This bit is required because slot-formats for voice on downlink do not usually include TFCI signaling (i.e., UE uses BTFD), so there is no existing mechanism to identify whether DCCH is present. Receiver-only mechanisms such as detecting energy in DCCH bits are likely to be unreliable, especially at the very early DTCH decode attempts. The DCCH indicator bit is unnecessary on the uplink, since the uplink relies on TFCI transmission by UE rather than on blind transport format detection by Node-B receiver.
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Figure 4: In-band signaling of DCCH presence/absence

2.4.2 Rate-matching attribute selection for DCCH overhead optimization
The fixed-positions rate-matching scheme typically used to carry voice does not allow DPDCH bit positions used to carry DCCH bits to be re-used by DTCH when there is no DCCH packet to be sent. Such reuse is possible using flexible-positions rate-matching, but that requires the overhead of transmitting TFCI on the downlink, to avoid increasing the BTFD complexity. The number of bits reserved for DCCH using fixed rate-matching can be reduced by reducing the rate-matching attribute of DCCH relative to that of DTCH, but this worsens DCCH decoding performance in order to improve DTCH performance. Another enhancement to be considered allows achieving the improvement for DTCH without the impact to DCCH. This enhancement involves boosting the DPDCH power by a configurable amount chosen so as to avoid the impact to DCCH, whenever DCCH is transmitted. Thus it trades off DCCH code rate for increased power. It is possible that this tradeoff may be less link-efficient from the viewpoint of the DCCH transmissions, if they were to occur frequently. However, DCCH is usually infrequent (typically around a 2% occurance), hence any such inefficiency if present will be outweighed by the improvement to DTCH performance. The bursty nature of DCCH transmissions makes it challenging to ensure DCCH decoding performance in the current R99 DCH, since outer-loop power control does not have enough opportunity to track different set-point requirements for DCCH and DTCH. This often forces a large reservation of bits for DCCH to equalize these set-point requirements. Power-boosting DPDCH during DCCH is an efficient way to optimize the overhead of DCCH while maintaining its decoding performance. The NodeB transmitter has to reserve extra power for DCH to implement this boost, but this reservation is required only when a DCCH packet has to be transmitted. Since the boost applies only to DPDCH and not to DPCCH, it does not affect the inner loop power-control. 
Since DCCH transmissions are fairly infrequent, for the study item we could focus on the situation where DCCH is not transmitted. Link performance impact of boosted DCCH transmissions can be approximated based on an assumed rate of DCCH occurance, without having to model the actual DCCH transmissions in link simulations. The gains in DTCH decoding performance are captured by appropriate rate-matching attribute selection that takes advantage of this enhancement..
2.5 Modeling Ack for downlink Frame Early Termination

The detailed design of the Ack channel is best left to the subsequent work-item phase. For the purpose of the performance simulations to be done in the study item phase, it suffices to capture certain parameters associated with this design, namely: 
(a) The slots in which Ack can be transmitted. 
(b) Round-trip Ack delay. This is measured from the time the transmitter has transmitted enough of the waveform to enable early decoding at the receiver to the time that the transmitter applies the DTX gating in response to the Ack; as shown in Figure 5.
(c) False-Ack and Missed Ack probabilities. False-Acks result in premature DL DPDCH DTX. This is harmless (in fact somewhat beneficial due to lower effective Ack delay) if the UE actually decoded DPDCH while the false-Ack was being decoded. However, this may often not be the case, in which case the false-Ack causes a packet loss. A missed Ack, on the other hand, results in a lost FET opportunity, thus reducing the link and battery savings of FET.

(d) Ack overhead modeling in system simulations. The overhead could be modeled using a power budget reserved for Ack, which should increase with the number of voice users.
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Figure 5: Ack time-line for DL FET (note: times shown are not to scale, and red color indicates implementation-specific processing delays)
3 Uplink physical layer enhancements
3.1 Uplink DTCH/DCCH Compression and Repetition at MAC layer

DTCH and DCCH packets are repeated twice in the uplink. At the MAC layer, the packets received every 20ms (for DTCH) and 40ms (for DCCH) is repeated twice. The duplicate packets are passed to PHY, configured with a TTI value half of the original, i.e., DTCH packets are configured with 10ms TTI and DCCH packets are configured with 20ms TTI; seeFigure 6.   All PHY-specific parameters like rate matching, 1st and 2nd layer interleaver parameters, spreading factor, and so on, are derived from the configured 10ms and 20ms TTI values, according to the legacy specifications in 3GPP TS 25.212. This process automatically tends to reduce the spreading factor, similar to how the DL slot-format was halved as discussed in Section 2.2. The purpose of this is also the same as that in the downlink: Seeing the entire packet within 10ms leads to earlier termination and hence more gain from FET. On the downlink the 10ms packet is not repeated, thus losing some time-diversity, because it is desirable to maintain the same overall code-space usage after reducing the spreading factor. Since there is no such constraint on the uplink, the packet is repeated to gain time-diversity for packets that did not decode after the first 10ms.
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Figure 6: UL DTCH Packet Repetition at MAC Layer

3.2 Uplink Frame Early Termination
The key concepts of Frame Early Termination (FET) are equally applicable to both uplink and downlink. As in the downlink, decoding is attempted by Node-B receiver at multiple times prior to complete reception of the packet. On successful decoding, it sends the UE an Ack, allowing the UE to DTX its UL DPDCH transmission. The UL DPCCH is still transmitted, since it carries TPC bits required for DL DCH transmission. However, if the DL DCH has also decoded early, the UL DPCCH can be DTXed as well. As on the downlink, in this situation, the UL DPCCH transmission is resumed a few slots prior to the start of a new packet, to allow the receiver filters to refresh their states. Also, as on the downlink, the UL DPDCH is not DTXed if it carries DCCH bits multiplexed with DTCH, unless both DCCH and DTCH have been decoded. However, unlike the downlink, the uplink R99 voice transmissions include a TFCI which indicates presence/absence of DCCH, and hence a DCCH indicator bit is not required.
3.2.1 UL TFCI early transmission and UL DPCCH slot format

Currently uplink voice uses DPCCH slot-format 0, which includes two TFCI bits in each slot. Thus, the receiver has to receive all slots before being able to decode TFCI, which prevents early decoding. Hence, to support FET, the TFCI is transmitted in the first two slots of the UL DPDCH packet, on a new channel, in a format similar to the CQI transmission on HS-DPCCH. Since TFCI transmission is part of both the current and the enhanced DCH, impacts of TFCI decoding errors could be captured in the simulations. Reusing HS-DPCCH design is a natural choice, with the CQI being replaced by TFCI and the Ack being used to enable DL FET.
Early transmission of TFCI implies that there is no need to have TFCI bits in the UL DPCCH; those bits can be replaced by pilots, thus improving the channel estimates made using these pilots. The currently defined slot-format 1, with 8 pilot bits and 2 TPC bits in each slot, does not have TFCI bits, but is currently allowed only with E-DCH transmissions. Thus, a possible enhancement would be to allow it for DCH as well. A further enhancement involves using a new UL DPCCH slot format called slot format 5, which is identical to slot-format 1 except that the two TPC bits are placed before rather than after the 8 pilot bits. The motivation for this enhancement is to preserve the ability to achieve 1 slot delay for the inner-loop power control (ILPC) of downlink, as explained in Figures 7 and 8. Since we eliminate the DL DPCCH pilot bits which are located at the end of every DL slot, as explained in Section 2.1, the DL SIR measurement now uses DL TPC bits, which are located near the beginning of the DL slot. This changes the DL ILPC timeline, and as shown in Figure 7, it is no longer possible for SIR measured using the TPC sent in one DL slot to cause a change in DL power prior to the next TPC transmission on the downlink. This means that the minimum DL ILPC delay is now 2 slots. The enhancement of interchanging the ordering of TPC and pilot bits in the UL DPCCH restores the possibility of achieving 1 slot DL ILPC delay, as shown in Figure 8. This avoids any performance impacts due to increased delay.
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Figure 7: Extra slot of ILPC delay caused by TPC-based DL SIR measurement
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Figure 8: New UL DPCCH slot-format 5 and its use in achieving 1 slot DL ILPC delay.
3.2.2 Modeling Ack for uplink frame early termination
Similar to the case of downlink FET, we could leave the detailed design of the Ack channel to a future work item phase, and only adopt key parameters of this design as explained in Section 2.5 in the simulations. When modeling the Ack overhead in system simulations, in addition to a power reservation for Ack as in Section 2.5, a downlink OVSF code reservation is also necessary if the Ack is assumed to be sent using CDM on the downlink (for example, like the E-HICH Ack for E-DCH) The code reservation could increase in steps with the number of users, since a single OVSF code could hold Acks for multiple users.
3.2.3 Targeting uplink BLER at an early decoding attempt

In the current R99 design, the outer loop power control targets a desired BLER at the end of the packet transmission. When early decoding is active, it is also possible to target a desired BLER at one of the earlier decoding attempts. This is similar to outer-loop power-control in systems employing HARQ (eg, on uplink E-DCH), where the outer-loop enforces a BLER target after a particular HARQ transmission attempt, instead of at the end of the packet. This allows some control of the FET residual BLER statistics, and thus of the average decoding time, which in turn influences the battery life savings. In particular, since downlink packets last only 10ms, it is desirable to reduce the average uplink decoding time to make it comparable to that of downlink, and thus maximize the time duration for which both uplink and downlink can be DTXed. This can be achieved, for example, by targeting 5% BLER at 10ms, instead of the current 1% BLER at 20ms (end of packet). We can also ensure that the resulting residual BLER after 20ms  does not exceed 1%, by appropriate choices of the target BLER and the earlier decoding attempt timing at which this BLER is targeted, and possibly by modification of the outer-loop power control algorithm.
3.2.4 DTX for Null packets
During speech silence intervals, many vocoders output Null packets which are empty and carry no information. If DPDCH is DTXed during these empty packets, on the downlink, the BTFD procedure becomes unable to distinguish Null packets from CRC failures. This may not impact the vocoder, since it might often treat CRC failures as Null packets. However, a separate Null packet detector is still required to determine whether to increase or decrease the outer-loop SIR target if all the other BTFD hypotheses caused CRC failures. On the uplink, the presence of TFCI avoids this BTFD ambiguity and the Null packet can indeed be DTXed (assuming it is not multiplexed with DCCH). There could still be some impact to outer-loop power control. This is because detection of Null packets depends on TFCI decoding rather than DCH decoding, and thus the SIR target may not accurately capture the DCH performance requirement, especially after a long sequence of Null-only transmissions. However, the outer-loop can be appropriately modified to limit this impact, for example, by not adjusting the SIR target if a Null packet (or a string of Null packets) is detected. The DTXing of DPDCH during Null packets is not a DCH enhancement in the sense that it can also be implemented in today’s R99 specification. However, it is especially beneficial for FET, because the Null packet is effectively early-decoded as soon as the TFCI is received, This can be very early in the packet (TFCI is sent in first 2 slots) in a HS-DPCCH-like design for early CQI transmission (as explained in Section 3.2.3). Thus, there are many more opportunities for UE battery life savings, as UE can turn off both transmitter and receiver as soon as the DL DCH is decoded. 
4 Enhancements common to both uplink and downlink
4.1 Increased CRC length
Early decoding increases the probability of false CRC passes and errors in blind transport format detection. These errors, though infrequent, severely impact voice quality, and hence it is desirable to avoid increasing their frequency. To this end, CRC of length 16 is used for all packets, instead of length 12 typically used today for voice over R99. 
4.2 More efficient speech coding

Compared to conventional AMR 12.2k speech coding, significant improvements can be achieved by using more efficient codec schemes. Using a more efficient codec allows shorter packets at lower rates, thus improving link efficiency for CS traffic. Further, EVS 5.9k codec provides high-definition (HD) voice quality, at lower bit rates compared to AMR 12.2k codec. The combination of improved voice quality, and improved link efficiencies, makes EVS 5.9k codec an attractive candidate to improve speech coding for CS voice traffic.

5 Work plan for the study item

The following is a proposed work plan:

· RAN1#72 (28th Jan -1st Feb 2013, Malta)
· Discuss scope of study and an initial list of potential enhancements
· Agree on link and system level assumptions including
· voice codecs that all companies will evaluate
· A suitable baseline
· Agree on skeleton TR
· RAN1#72-bis (15th-19th April 2013, Chicago)
· Preliminary link results
· Continue to discuss enhancements
· Capture description of enhancements in TR
· RAN1#73 (20th-24th May 2013, Fukuoka)
· Preliminary system results
· Finalize list of enhancements
· Capture link and system results in TR
· Submit draft TR for information to RAN#60
· RAN1#74 (19th-24th August 2013, Barcelona)
· Finalize link and system results
· Finalize all chapters in TR including Conclusions and submit final version to RAN#61 (September 2013)

6 Conclusions

In this contribution, we have discussed some key technical enhancements to transporting CS voice services on the dedicated channel (DCH), with focus on the areas to be studied during the study-item phase on DCH enhancements.
A work plan detailing progress of the study was also auggested.
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