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HARQ and AMC - Link Adaptation techniques for HSDPA

1.0 Introduction

This paper provides a perspective on Hybrid ARQ with regard to the High Speed Downlink Packet Access (HSDPA) study item.  Section 2 provides a vision of how HARQ and Adaptive Modulation and Coding (AMC) can be used in concert to efficiently utilize the radio spectrum providing 3 Mbps of throughput per sector without adaptive antenna technology.  Section 3 comments on the two architectures being considered or proposed as part of the WG2 Technical Report on HARQ type II/III work item.

2.0  Hybrid ARQ enables Adaptive Modulation and Coding

In cellular communication systems, the quality of a signal received by a UE depends on number of factors—the distance between the desired and interfering base stations, path loss exponent, log-normal shadowing, short term Rayleigh fading and noise. In order to improve system capacity, peak data rate and coverage reliability, the signal transmitted to and by a particular user is modified to account for the signal quality variation through a process commonly referred to as link adaptation.  Traditionally, CDMA systems have used fast power control as the preferred method for link adaptation. Recently, Adaptation Modulation and Coding (AMC) have offered an alternative link adaptation method that promises to raise the overall system capacity [1].  AMC provides the flexibility to match the modulation-coding scheme to the average channel conditions for each user.  With AMC, the power of the transmitted signal is held constant over a frame interval, and the modulation and coding format is changed to match the current received signal quality or channel conditions.  In a system with AMC, users close to the base station (BTS) are typically assigned higher order modulation with higher code rates (e.g. 64 QAM with R=3/4 turbo codes), but the modulation-order and/or code rate will decrease as the distance from BTS increases.  

AMC is most effective when combined with fat-pipe scheduling techniques such as those enabled by the Downlink Shared Channel.  On top of the benefits attributed to fat-pipe multiplexing [2], AMC combined with time domain scheduling offers the opportunity to take advantage of short term variations in a UE’s fading envelope so that a UE is always being served on a constructive fade. Figure 1 shows the Rayleigh fading envelope correlation vs. time delay for different values of Doppler frequency.  The figure suggests that for lower Doppler frequencies it is possible to schedule a user on a constructive fade provided that the scheduling interval (i.e. frame size) is small and the measurement reports are timely (scheduling at the edge). To take advantage of this technique, both a smaller frame size and scheduling at Node B have been proposed as part of the High Speed Downlink Packet Access (HSDPA) study item.

The implementation of AMC offers several challenges. First, AMC is sensitive to measurement error and delay.  In order to select the appropriate modulation, the scheduler must be aware of the channel quality. Errors in the channel estimate will cause the scheduler to select the wrong data rate and either transmit at too high a power, wasting system capacity, or too low a power, raising the block error rate. Delay in reporting channel measurements also reduces the reliability of the channel quality estimate due to the constantly varying mobile channel.  Furthermore changes in the interference add to the measurement errors. Figure 2 illustrates a simple example how the interference may vary depending on system load subject to assumptions in appendix A.  At high loads near 100%, the probability that interference will change from the time the channel is measured to the time the data is transmitted is very low. However, that probability has a steep increase as one moves away from 100% adding significant uncertainty to the channel estimate. Hybrid ARQ (HARQ) enables the efficient  implementation of AMC by reducing the the sensitivity to measurement error and traffic fluctuations - HOW?.  

Finally, AMC acting alone requires many Modulation and Coding Schemes (MCS) levels in order to take full advantage of the available capacity.  As many as 10 MCS levels have been proposed in other CDMA systems using AMC alone [3].  AMC without HARQ will require more conservative thresholds for robust Modulation and Coding Scheme (MCS) switching, resulting in a capacity loss in the system These systems obviate the need for HARQ (and suffer additional capacity loss) with severe overcoding of the data. The overcoding of the data ensures that regular ARQ (and therefore HARQ) is seldom needed, but results in a capacity loss due to the extra redundancy. A HARQ system with fast feedback, on the other hand, can ensure that extra redundancy is sent only when needed while still meeting delay constraints.
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Figure 1. Envelope correlation as a function time for different Doppler
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Figure 2  The probability that interferences will change as a function of system load.

Figure 3 compares the throughput with and without HARQ
.  As can be seen, HARQ increases the throughput in several regions because it increases the range where a particular MCS level may operate.   Figure 4 goes further to compare the throughput of AMC with 7 MCS levels to AMC + HARQ with only 3 levels.  Again, AMC+HARQ out performs AMC alone at most Ior/Ioc levels.  Table 1 contains the sector throughput achieved with the 3 AMC configurations discussed.  In all cases, AMC+HARQ out performs AMC alone.
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Figure 3 Throughput versus Ior/Ioc curve comparing AMC and HARQ, both with 7 MCS levels 
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Figure 4 Throughput versus Ior/Ioc curve comparing AMC with 7 MCS levels to AMC+HARQ with only 3 MCS levels

Table 1 Delivered Sector Throughput for Various Link Adaptation Schemes

	Link Adaptation Scheme
	Sector Throughput

(Mbps)

	AMC with HARQ, 7 Levels
	3.1

	AMC with HARQ, 3 Levels
	2.9

	AMC only, 7 Levels
	2.4


3.0 Comments on alternative architectures for HSDPA

Two architectures can be considered as part of the study item : a RNC-based HARQ architecture consistent with R99 architecture and a Node B-based fast HARQ architecture as proposed for the HSDPA study item. 
The RNC-based architecture places significant burden on UE complexity by requiring the UE to store many soft samples for HARQ. A large RLC window size is necessary to accommodate the >100 ms IUb delay.   In order to take advantage of HARQ, the UE must have enough memory to store soft samples for all RLC PDUs within the window. This would amount to 10 times the memory that would be required by HARQ in a HSDPA-like architecture.  In addition, the large IUb delay greatly increases the delay when using HARQ as link adaptation technique.  For example, certain radio geometries require several retries to successfully decode a packet [4]. In these cases, the RNC-based architecture may limit the types of services that take advantage of HARQ.  As an illustration consider a radio geometry that requires 3 transmission attempts.  In a RNC-based, architecture the PDU would incur a 230 ms transmission delay  (3 frames at 10 ms + 2 I​Ub delays at 100 ms).  In contrast, a PDU transferred over a HSDPA architecture would require only 10.67 ms (3 frames at 3.33 ms + 2 Node B delays at 3.33 ms).  Therefore, the HSDPA proposal has the additional potential to improve on the RNC-based HARQ architecture in both UE memory requirements and transmission delay.  

Moving the scheduling to the Node B enables a more efficient implementation of scheduling by allowing the scheduler to work with the most recent channel information. The scheduler can adapt the modulation to better match the current channel conditions and fading environment. Moreover, the scheduler can exploit the multi-user diversity by scheduling only those users in constructive fades. 

4.0 Conclusion

This paper has provided a perspective on HARQ with regard to the the High Speed Downlink Packet Access study item.  A vision has been presented of how HARQ and AMC work in concert to efficiently utilize the radio spectrum.  A motivation for moving scheduling to the Node B has been provided. Simulations show that moving scheduling to the Node B along with the implementation of HARQ and AMC provide significant increases in peak data rates of the order of 10 Mbps and average throughputs of the order of 3 Mbps. It is therefore recommended that these proposals be adopted for HSDPA and for subsequent inclusion into Release 5..
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Appendix A

Link adaptation is influenced by both the changes in the radio environment of the desired signal as well as changes in the interfering signal.  Aside from the radio propagation, data traffic patterns add to the variability of the interference generated by neighboring cells.   In fact, the data traffic may vary more rapidly than the radio environment such that interference has changed significantly from the time when the channel is measured until the time that data is transmitted.  Although the reporting frequency may be increased within the coherence time of the channel (e.g. slow fading), it may be more difficult to predict the changes in the interfering data traffic. This appendix presents an analysis of uncertainty associated with a time multiplexed data channel such as the DSCH or the proposed HSDPA channel.

Consider the example of a UE having two significant interfering cells.  Each of these cells is utilized at a loading factor of LF=80%.  That is 8 out of 10 frames carry data at full power while the other two frames are powered down.  For simplicity, assume that probability that the interferer transits in a particular frame is independent of other transmissions.  Under these assumptions, the probability that the interference during the UE’s channel measurement is different from the interference when the UE is receiving the data is 48%.  This result is true regardless of the timeliness of the measurement report.

The probability of measurement inaccuracy is calculated by considering the possible changes in the two dominant interferer.  Four possible states exist and are associated with a total interference level.  Table 2 tabulates the probability that the interference may change given state of interferers during the measurement interval. The probability of measurement inaccuracy is calculated for a LF=0.8 given the measurement state.

Table 2 Probability of a interference change given as condition of the measurement interval

	Cell Activity

Interferer #1
	Cell Activity

Interferer #2
	Total Interference Level
	State

Probability
	State Probability

LF=0.8

	0
	0
	0.0
	(1-LF)•(1-LF)
	0.2 • 0.2 =0.04

	0
	1
	0.5
	(1-LF)•LF
	0.2 • 0.8 = 0.16

	1
	0
	0.5
	LF•(1-LF)
	0.8 • 0.2 = 0.16

	1
	1
	1.0
	LF•LF
	0.8 • 0.8 = 0.64


The probability that the interferences changes can be can be calculated as follows:

Let:
Im  
= interference during mobile’s channel measurement

Ircv 
= interference during mobile’s reception of data

S 
= set of interference levels, (0, 0.5, 1)
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Probability that the interference during a channel measurement is different from the reception of data is given by:

Plugging in the state probabilities from Table 2:
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The probability of measurment inaccuracy has been plotted as a function of the LF in Figure 2.

� EMBED Equation.3  ���





� EMBED Equation.3  ���








� Hybrid ARQ is using chase combining.
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