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1. Introduction

To evaluate the system performance of a cellular system, such as HSDPA, it is important to model various sources of interference in a realistic way. Intra-cell interference due to lost orthogonality in multipath channels is often modeled with an orthogonality factor (OF) ‎[3]. A problem with the OF is that it is derived for the case of a single transmit and a single receive antenna. In this contribution we use an orthogonality matrix (OM) ‎[1], which may be used for studies of multiple antenna systems. The HS-DSCH is typically shared among the users in a TDM fashion with short transmission time intervals. It may then be harder to predict the interference when CLTD is employed. This is due to the fact that the antenna weights might change as different users are being scheduled and that some time will elapse from the time when the interference is estimated until action is taken based on the estimate. The possible problem with decreased interference predictability is studied in this contribution and simulations are presented where the OM is used to model the interference for all users explicitly. In contrast to most previous studies ‎[4], ‎[5] this study also includes explicit modeling of the inter- and intra-cell interference. The derivation of the OM and further details of the subject can be found in ‎[1], see also ‎[2] for a slightly different derivation.
The rest of this contribution will focus on numerical evaluations on HSDPA using explicit modeling of both intra- and inter-cell interference in a dynamic system simulator. In this study all terminals are assumed to be equipped with a normal single antenna RAKE receiver. As will be discussed later, this does not affect the results too much since the interference predictability problem is not tied to a certain receiver type. We will also present a solution to the problem of interference unpredictability, this involves the scheduling to several users simultaneously.
2. System description
The system consists of 7 sites, each of 500 m radius. A site is equipped with three sectors, each with two sector covering transmit antennas. Two channel models were investigated: The 3GPP TU and the PedA channel model. The former has 10 chips spaced taps with slowly decaying power and the latter has three taps of which the first tap is dominant and the subsequent taps are weak. Independent fast fading between the transmit antennas is assumed. The average user speed is 3 km/h. Each mobile is assumed to have one receive antenna. Furthermore, perfect channel estimation is assumed in the terminals. The terminals employ a standard receiver i.e. a RAKE receiver with 10 and 3 fingers for the 3GPP TU and the PedA channel model, respectively.

The system performance is evaluated by considering transmissions of packets from a server located in the Internet to a mobile terminal using an HS-DSCH channel. The Internet and Core network are modeled together by a fixed delay of 50 ms and without Internet losses. Transmission Control Protocol (TCP) is not applied. The traffic model used generates a continuous data stream in the downlink with infinite packet size and zero second read time. For the HS-DSCH, 12 codes (of SF 16) are allocated for each cell.
Each user using the high speed downlink shared channel has a associated dedicated channel. Furthermore, 10 percent of the total BS power is used for the primary common pilot channel (P-CPICH). All other overhead channels account for 12 percent of the total BS power.
The scheduling and link adaptation are based on the Channel Quality Indicator (CQI) measured at the terminals. The reported CQI measurements are assumed to be error-free. In this study the CQI is identical to the CIR of the combined received P-CPICHs which is computed by taking the current transmit weights into account.
The network load is measured by the system throughput, which is defined by the sum of correctly delivered bits to all users during the simulation period divided by the simulation period and the number of simulated cells. The averaged offered traffic varies from one to fifteen users. The system capacity is defined at the point where the system throughput fails to increase despite that the offered traffic increases. The user bit rate is given by the ratio of the total received bits over the length of the user's session time. Note that the simulation time was restricted to 50 seconds while the data user average session time was limited to 10 seconds. These settings ensure that a reasonably sufficient number of radio propagation conditions are encountered and considered during the simulation period.
The statistical behavior of the intra-cell and the inter-cell interference is significantly different for the two channels models considered. In particular:

Typical Urban: As seen from Figure 1, the orthogonality factor of the CL1 and the orthogonality factor using the SA (Single Antenna) are identical (statistically speaking). Since the intra-cell interference is approximately equal to the total downlink transmit power times the orthogonality factor, it necessarily follows that the intra-cell interference is equivalent in both channel conditions. The inter-cell interference on the other hand, exhibits a significant difference between the two channel models investigated. As anticipated the average inter-cell interference in the CL1 case is approximately 3dB lower than the average inter-cell interference in the SA case. This conclusion is clear from Figure 2 where the CDF of the inter- to intra-cell interference ratio is shown. The ratio for the SA is shifted approximately 3dB to the right of the corresponding CL1 curve.

Pedestrian A: The intra-cell interference in the PedA channel model is reduced in CL1 case relative to the SA case, see the reduction of the orthogonality factor in Figure 1. Contrary to the findings in the Typical Urban scenario, here in the PedA channel model, both transmit modes yield equivalent inter to intra-cell cell interference ratios. Nevertheless, since the intra-cell interference is reduced in CL1 this implies that that the inter-cell interference in CL1 is less the inter-cell interference in the SA case.

In summary, CL1 transmit diversity offers a reduction in the inter-cell interference. It should also be noticed that in the PedA channel model, the inter-cell interference is far more dominant than the interference contribution for the own cell. This observation is valid for both CL1 and SA cases.
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Figure 1: CDF of the orthogonality factor (offered traffic 15).
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Figure 2: CDF of the inter-cell to intra-cell interference ratio (offered traffic 15).
In Figure 3, the MCS for the various channel and transmit schemes investigated are shown. Generally, higher MCS are used for CL1 modes, indicating that higher throughput should be expected for the TX-Div mode. Also note that for the PedA channel model the highest MCS are used very often. We are thus MCS limited in this scenario. 
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Figure 3: Distribution of selected MCS for various channel conditions.
When it comes to diversity gains realized by using multiple antennas, we notice that for highly dispersive channels the CIR is approximately the same for CL1 and SA modes. Thus, multipath diversity gains outway the gains from transmit diversity. On the other hand, when the channel has a dominant Rayleigh path, as in the PedA channel model, then the CL1 has a gain of approximately 3dB relative to the SA case. In this scenario, where multipath diversity is practically nonexistent, the benefits of using transmit diversity is clearly evident. See the CIR distribution of the active HS-DSCH users in upper part of Figure 4 to visualize the above mentioned effects.
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Figure 4: CDF of the true CIR of the scheduled HS-DSCH users when the offered load is 15.
The CIR distribution of the scheduled HS-DSCH users is shown in the lower graph of Figure 4. The scheduled users are a subset of the active HS-DSCH users. This subset of users is determined dynamically by the type of scheduler being employed. The impact of the PF scheduler is clearly evident. We notice that the PF scheduler does not ignore the users in the lower CIR ranges.

The average CIR is increased and the variance of the CIR is reduced for all schemes and channel models for the scheduled users. This indicates that the PF scheduler does, in fact, also serve users with high link gains. Furthermore, in the PedA case, the difference between the CIR between the active and scheduled users is less for CL1 than SA. The difference between the active and scheduled CIR is a measure of the multi-user diversity offered by the system.
3. Interference predictability and the flashlight effect
In Figure 5 the CDF of the predicted and the actual CIR of the scheduled users is shown.

The predicted CIR is computed at the scheduler based on the available HS-DSCH power and the CIR measurement of the P-CPICH reported by the active HS-DSCH users. The discrepancy between the predicted and the true CIR is a very important measure of the quality of the system. If the difference is too high, then there is a chance that the wrong user may be scheduled with an overestimated MCS. As shown in Figure 5, the difference between the predicted and the actual CIR is small for the SA case. The median of the prediction error is around 0dB irrespective of the channel type. On the other hand, the prediction error is quite substantial in the CL1 case, both for the TU and the PedA channel model. The large prediction errors will be corrected by the HARQ at the expense of retransmission of data with reduced MCSs and consequently reduced user/system throughput.
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Figure 5: CDF of the difference between the predicted and the true CIR of the scheduled HS-DSCH users.
4. System results
In the following, the performance of a SA WCDMA system (assuming HS-DSCH) is compared with a system equipped with CL1 transmit diversity.

Figure 6 shows the mean user bit rate as a function of the served system throughput.

For a user bit rate of 200kps, the CL1 TX-Div compared to the SA case exhibited respectively 25 % and 5 % loss in system throughput for TU and PedA channel. This is not surprising since there is a large mismatch between the predicted CIR and the actual CIR (see Section ‎3). Similar behavior is also observed for the 10 and 90 percentiles user bit rate, see Figure 7: 90th and 10th percentile user bit rate versus system throughput for CL1 and single antenna. for details.
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Figure 6: Mean user bit rate versus system throughput for CL1 and single antenna..
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Figure 7: 90th and 10th percentile user bit rate versus system throughput for CL1 and single antenna.

5. Reducing interference unpredictability

As have been shown, the main reason for the performance degradation stems from the decreased interference predictability, i.e. introduction of the “flashlight effect”. One way to overcome this problem is to try to make the interference as spatially white as possible at all times. This can be done by transmitting only spatially white signals with evenly distributed power between the antennas, at all base stations and at all times. This means that the transmit covariance matrix, P, has to be equal to a constant times the identity matrix, 
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where 
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 is the total power transmitted from the base station. It is easy to see that the transmit weight vectors in closed loop mode 1 (and in mode 2) can be paired with each other to satisfy this condition. The transmit vectors in CL mode 1 are 
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, and similarly for the two other transmit weight vectors, see also ‎[1]. Thus, to avoid the reduction in interference predictability, two users should be scheduled at the same time at all base stations, where the transmit weights should satisfy the above condition and the available power is split equally between the two scheduled users. Alternatively, two separate scrambling codes could be used in each cell. This approach are investigated in ‎[2], where it is shown that this also mitigates the problem with interference unpredictability.

It is then noted that by using the scheme presented above, the available codes are split between the two users and hence the peak-rate of each user is therefore halved. Something which seems to be opposite to the trend present in wireless communications systems where the peak-rate demands tends to be higher and higher.
6. Summary and conclusions
We have presented system level evaluations when closed loop 1 transmit diversity is used for HS-DSCH transmission. It is shown that there is a serious problem inherent in using CLTD for HSDPA. Due to the unpredictable interference, there is a large difference between the actual and predicted CIR for a certain user. This means that the scheduler will apply the wrong MCS, and hence reduce the system throughput.
We also presented, at least, one way to circumvent this problem. However, the cost for this is that the peak-rate is halved.

Here we have assumed perfect estimation and no feedback errors on the transmit weights, if there are feedback errors and non-ideal antenna verification, one can expect further degradation of CLTD.

Note also that using receive diversity will not reduce the flashlight effect considerably, since this is due to the fact that some time will elapse from the time when the interference is estimated until action in the scheduler is taken based on the estimate. 
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