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1 Introduction

The Quasi-Static Method (QSM) was adopted for evaluating the success or failure of data transmissions, i.e., link error prediction, in downlink system simulations for HSDPA. In [1], the same method was proposed for link error prediction for EUDCH simulations. However, the uplink differs from the downlink in the strength of the pilot and hence the effect of a weaker pilot on link performance needs to be assessed. 

In this document we address the problems with the quasi-static method that was used for HSDPA in the context of EUDCH simulations.

2 Link Performance with Weak Pilots

On the downlink a strong common pilot is present which is dimensioned to reach the edge of the cell, and, in general, the pilot strength is very good. As a result, the QSM used for link error prediction does not need to capture the effect of the pilot on FER in downlink system simulations. On the uplink, on the other hand, each UE has a dedicated pilot, which is power controlled. For EUDCH, it is very likely that different target values will be set for the received uplink pilot SNR. As we shall see in this section, the performance of the EUDCH will depend strongly on this target value to which the pilot is power controlled for each data rate. Furthermore, the effectiveness of the power control loop itself will also play a role in determining the performance of the EUDCH. For example, at higher speeds, power control is likely to be less effective, whence the received uplink pilot SNR will be prone to significant deviations from the desired target. 

Weak pilots will determine the performance of the EUDCH in the following manner. Channel estimation based on a weak pilot results in poor channel gain and phase estimates. This, in turn, results in poor demodulation of the received uplink modulation symbols. Consequently, the link performance observed is often much worse when compared with that obtained assuming perfect channel estimates. For example, Figure 1 below shows the FER vs traffic channel Eb/No performance with an encoder packet (EP) or transport block (TB) size of 2304 bits with QPSK modulation and a code rate of ¼ for different values of pilot SNR on a single path channel. In particular, we consider pilot SNRs of –15 dB, –17 dB, …, –29 dB, –31 dB. For comparison, we have also included the performance when perfect channel estimates are available. Observe that when the pilot SNR is –23 dB, the Eb/No required to achieve an FER of 1e-2 is 1.5dB higher than when the channel estimation is ideal. 

Furthermore, this loss in performance increases with higher coding rates. For example, in Figure 2 and Figure 3, observe that the performance loss at a FER of 1e-2 increases to 2 dB and 2.5 dB when the coding rate is ½ and 2/3, respectively, when the pilot SNR equals –23 dB. Additionally, this performance loss also depends on the channel model (see Figure 4) as well as the transport block size. In particular, for multi-path channels, the problem arises because channel estimation has to be performed for each path of the channel. Consequently, for a given aggregated average pilot SNR, the SNR of the pilot signal received on each path can be significantly lower than that of the aggregated average pilot SNR. This, in turn, impacts the quality of the received traffic channel signal, thereby affecting the link performance even more significantly for multi-path channels. For example, as shown in Figure 4, at a pilot SNR of –23 dB, and a transport block (TB) size of 2304 bits with QPSK modulation and a code rate of ¼, the Eb/No required to achieve an FER of 1e-2 is 3.5dB higher than when the channel estimation is ideal. Compare this with the corresponding performance over a single path channel, where the loss is only 1.5dB.
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Figure 1. FER vs. Eb/No for different values of pilot SNR on a single path static channel. Coding rate = ¼, and modulation is QPSK.
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Figure 2. FER vs. Eb/No for different values of pilot SNR on a single path static channel. Coding rate = ½, and modulation is QPSK.
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Figure 3. FER vs. Eb/No for different values of pilot SNR on a single path static channel. Coding rate = 2/3, and modulation is QPSK.
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Figure 4. FER vs. Eb/No for different values of pilot SNR on a two-path static channel. Coding rate = ¼, and modulation is QPSK.
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Figure 5. FER vs. Eb/No for different values of pilot SNR on a two-path static channel. Coding rate = ½, and modulation is QPSK.

The following simple analysis explains, in part, this loss in performance. Suppose the received signal Y is given by
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where 
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is the (complex) channel, X is the transmitted complex symbol, and N is the additive complex Gaussian noise of variance 
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. Assume that the transmitted symbol uses QPSK modulation of energy E, so that 
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. When the channel estimate is perfect, perfect demodulation is possible by the following operation:
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so that the received SNR equals 
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, as expected. Note that the I and Q components of the received signal equals 
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, respectively. However, when the channel estimate is inaccurate, 
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where 
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 denotes the receiver’s channel estimate. Now, e.g., the real part of 
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where 
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 equals the error in the phase estimate, and 
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 represents the cross noise term resulting from improper demodulation. Under the assumption that the I and Q components of the transmitted signal are independent, the SNR of the received signal therefore equals 
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Comparing this SNR with the one obtained when the channel estimates are perfect, it is clear that a significant loss in performance in can occur when the phase estimation error is large. In the extreme case, the SNR in (0.5)

 can equal 0. We remark here that that the loss in SNR when combining the signal received on different paths due to imperfect channel estimates can also be characterized analytically. While, this analysis is able to accurately capture the loss in SNR in modulation symbol SNR, it is unlikely to be able to predict the impact of the non-Gaussian cross noise term on the turbo decoder, especially at high code rates. In fact, this is already evidenced in the figures above, where we observe that at higher code rates, the degradation in performance is more severe for the same value of pilot SNR. 

The link error prediction problem is further complicated by the fact that the pilot SNR changes during the course of a packet transmission. This also happens with H-ARQ (Chase combining or incremental redundancy) retransmissions, i.e., the pilot SNR may vary significantly across the different transmissions. Of particular interest is the case when the pilot SNR for a particular transmission, or in a particular slot within a given transmission, is very low. In such a case, the phase estimate for the given transmission or slot can be very inaccurate, which can cause H-ARQ buffer corruption. This may be very difficult to capture accurately with link error prediction methods in system level simulations. A potential problem posed by H-ARQ transmissions to the link error prediction method is the fact that inaccurate channel estimates leads to a loss in SNR when combining code symbols that have been repeated over the course of the various retransmissions. Of course, these problems are of interest only if they have a relatively high probability of occurrence. So, for example, if it is possible to power control the pilot fairly accurately, then some of the problems described above are unimportant as far as the link error prediction method is concerned. 

3 Conclusions

In summary, the link error prediction method used for downlink simulations is inadequate for system level simulations for EUDCH. So, modifications of that method, or other methods need to be explored. A good link error predictor should satisfy the following properties:

1. It should be simple to obtain the necessary parameters for link level prediction.

2. It should be intuitive.

3. It should result in low prediction error rates in most cases of interest. At the very least, the predictor should have a low prediction error rate in all cases where the pilot SNR is not significantly impaired, or when the pilot SNR is relatively invariant for the duration of the packet transmission. 

4. It should allow for an apples-to-apples comparison of different proposals for each technology in EUDCH. This is definitely the most important criterion for the link error prediction methodology. In particular, the method should not unfairly benefit or disadvantage any proposal. 

In the Appendix of this document, we have sketched the outlines of three possible methods for link error prediction. This is, by no means, an exhaustive list of possibilities. Furthermore, it is possible that none of the proposed approaches satisfy all of the above criteria in a satisfactory manner. We encourage other companies to evaluate some or all of the methods proposed in the Appendix. Further, other methods – not described in this document – should also be considered as possible candidates for link error prediction in EUDCH. 

Finally, given the problem of link performance with weak pilots in the uplink, it is imperative that only one link error prediction method be used for a fair comparison of all proposals. 
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5 Appendix

As mentioned earlier, in this section we sketch the outlines of three possible methods for link error prediction. This is, by no means, an exhaustive list of possibilities. We encourage other companies to evaluate some or all of these methods. Further, other methods – not described in this document – should also be considered as possible candidates for link error prediction in EUDCH. We shall, for convenience, limit ourselves to a discussion of link error prediction when only QPSK modulation is used. The techniques described below can be suitably modified for higher order modulations by applying, for example, demapping penalties as in the quasi-static method used for downlink link error prediction. 

5.1 Method 1: Performance read-off from short-term faded curves

FER vs. traffic Eb/No curves are generated for each TB size, and valid data rate for that TB size, over a static AWGN channel, via link level simulations. A family of curves is produced for each data rate with each curve being parameterized by the pilot SNR. For each packet transmission in system simulations, the average pilot SNR over the duration of the transmission, which includes H-ARQ retransmissions, and the received traffic channel Eb/No are computed. For the single path channel with single receive antenna, penalties such as Doppler penalties and coding penalties, as defined for the QSM for the downlink, are then applied to the traffic channel Eb/No to obtain the adjusted effective traffic channel Eb/No. Performance is then read off from the corresponding error curve (one which is parameterized by the same average pilot SNR) obtained from link level simulations, at the adjusted effective traffic channel Eb/No value observed in the system simulation. If an error curve for this average pilot SNR does not exist for this TB size, the FER curve for this average pilot SNR is obtained by interpolation from the curves for pilot SNRs immediately above and below the calculated average pilot SNR, and read at the same received adjusted effective traffic channel Eb/No. 

In link and system simulations, the average pilot SNR could simply be the average across slots of the sum of individual path SNRs within each slot. The aggregate traffic channel Eb/No is obtained by, first, calculating the traffic channel Eb/No in each slot from using the pilot SNR and T/P ratio for that slot, and then aggregating these values.  These two values are computed identically in the link and system simulations, and the specification of the link level curves is by these two values. 

In the case of multi-path channels or multiple receive antennas, an additional penalty is applied to obtain the adjusted effective traffic channel Eb/No. This penalty captures the degradation in performance due to suboptimal combining (maximum ratio combining or pilot-weighted combining) – with weak pilots – of the received signal on each resolvable path in the case of multi-path channels, or the signal received at each receive antenna in the case of multiple receive antennas. This penalty also takes into account the self-interference due to multi-path by explicit modelling of the multi-path interference.  Note that, in this case, the output of the traffic channel correlator for each path contains the desired symbol, additive thermal noise, and the signal leaking in from other path(s). 

5.2 Method 2: Analytic calculation of the penalty associated with a weak pilot

This method is based on the SNR calculation for imperfect channel estimates shown in 
(0.5)

. Here, we only describe the method for a single-path channel model with one receive antenna. Precisely, the method consists of two steps. First, the channel estimate, i.e.,  GOTOBUTTON ZEqnNum397726  \* MERGEFORMAT , is obtained based on the pilot SNR on the corresponding path. The SNR of the received signal is calculated analytically in a manner similar to that shown in (0.5)

. We remark here that that the loss in when combining repeated code symbols can also be obtained analytically in a similar manner, and is not presented here. Then, the aggregated Eb/No is calculated. Penalties such as Doppler penalties and coding penalties, as defined for the QSM for the downlink, and also the penalty imposed on the turbo decoder performance due to the non-Gaussian nature of the cross-noise terms generated upon demodulating with imperfect channel estimates, are then applied to the aggregated Eb/No calculated above to obtain the adjusted effective traffic channel Eb/No. We remark that the last penalty in the list of penalties above is obtained through link level simulations over a static channel. This effective traffic Eb/No is then used to read off the FER for the packet from the error curve obtained from link simulations on an AWGN channel for the given TB size coded using the base turbo code rate. 

In the case of multi-path channels or multiple receive antennas, the method is similar to that described above. In these cases, the loss in SNR due to imperfect combining of the received signal on each resolvable path or at each receive antenna due to imperfect channel estimates can also be characterized analytically, and is not presented here.

5.3 Method 3: Quasi-static method (QSM) for modelling the link layer in uplink system simulations (UL-QSM)

The UL-QSM is similar to the QSM for the downlink QSM, except that the penalties are now functions of both the code rate and the aggregate pilot SNR. The aggregate pilot SNR in each slot is the combined SNR on all the resolvable paths of the channel, and can be computed, for example, in a manner similar to that in Method 1 above. In this method, the adjusted traffic channel Eb/No is obtained in the following manner. First, an adjusted traffic Eb/No is calculated for each transmission of the packet. Next, this adjusted traffic Eb/No is aggregated across all transmissions of the packet to obtain the effective traffic Eb/No. This effective traffic Eb/No is then used to read off the FER for the packet from the error curve obtained from link simulations on an AWGN channel for the given TB size coded using the base turbo code rate. 

The adjusted traffic Eb/No for each transmission of the packet is calculated by first, applying a penalty to the traffic channel SNR in each slot to obtain an adjusted traffic channel SNR for that slot. Next, this adjusted traffic channel SNR (for each slot) is used to obtain the traffic channel Eb/No (for that slot), which is then aggregated across all slots spanned by transmission to obtain the adjusted traffic channel Eb/No. The key parameter in this method is the penalty that should be applied. This penalty depends on the TB size, channel profile, the code rate r used for a given transmission of the packet, and, finally, the received pilot SNR and traffic to pilot ratio in each slot.

The penalties for a given TB size, receive pilot SNR and code rate are generated through link level simulations on the given channel model. For convenience, we describe the method of generating these penalties for a single-path channel with one receive antenna. For each set of parameters, namely, code rate, TB size and receive pilot SNR, run a link level simulation on a static channel with a channel estimator. Note that the quality of the channel estimate depends on the pilot SNR. The simulation is run only for the T/P ratio that yields a FER of 1%. The difference between the resulting modulation symbol SNR (on the traffic channel) and the corresponding value required for an FER of 1% for the base turbo code rate on an AWGN channel is defined as the joint code rate and channel estimation penalty. The method is easily extended to multi-path channels or multiple receive antennas, and is not presented here. 
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