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1. Introduction

Effective application of the 64QAM modulation and/or MIMO spatial multiplexing requires operation in a higher SNR regime in comparison to the current HSUPA modes. Achieving the high SNR needed for operation of these high throughput modes may be limited by several factors including transmit power control procedures of the HSUPA systems and performance of the synchronization algorithms with the most important one being channel estimation.
The transmit power control (TPC) procedure is inherited from uplink WCDMA operation with the DPCCH power being constantly adjusted by Node B commands in +/- 1 dB steps with the frequency of one command per slot. The negative impact of the constant transmit power changes results in the traffic channels SINR varying across the TTI (consisting of the three slots) impacting the scheduler performance and degradation of the channel estimation accuracy. The degradation due to channel estimation accuracy happens because of the fact that TPC commands are transmitted to the UE not very reliably (typical BER is equal to 4%). The Node B should either assume that the command is received by the UE correctly to account the transmit power changes in the channel estimate calculated over several slots or ignore these changes and realize the estimation algorithm agnostic to such +/- 1 dB power variations that in both cases is not optimal. One of the proposals to improve this situation and allow for realization of high SNR transmissions is slowing down the TPC rate from the current per-slot rate (1500 Hz) to the per-TTI rate (500 Hz) to diminish the negative impacts considered above [1], [2].This paper presents simulation results that compare three different factors impacting HSUPA system performance:
· TPC command rate;

· Channel estimation quality;

· TPC command BER;

The results are demonstrated for the three transmission modes – SIMO, CL-BFTD, and MIMO and then the conclusions on the results are drawn.

2. Channel Estimation Algorithms
Ideal and realistic channel estimation cases were compared. The realistic channel estimation was divided into two stages: channel estimation inside one slot and consequent averaging of per-slot channel estimates between slots. For ideal channel estimation, ideal knowledge of the channel at each slot was assumed and no averaging between the slots was applied.
With respect to the processing applied for the realistic channel estimation inside one slot, two variants of the processing were considered: the correlation-based channel estimation and the LMMSE-based channel estimation. Correlation-based algorithm is a legacy channel estimation method performing simple correlation between the transmitted pilot sequence and the receiver signal with different time shifts. This approach neglects non-zero autocorrelation of pilot sequence and cross-correlation between pilot and data channels. The improvement of the correlation-based estimator is the LMMSE estimator taking into account correlation properties and powers of the interference from the data channels (E-DPDCH and S-E-DPDCH in the MIMO case), noise and structure of pilot sequences. Such approach can potentially remove the limitations of the correlation-based approach for high SNRs and improve the channel estimation accuracy. 
After the obtaining of channel estimates for separate slots, averaging over 3 slots with weights [1 1 1] is performed for improving estimation accuracy. For the standard TPC command rate of 1500 Hz, the averaging is applied as a sliding window between consecutive slots, and for the per-TTI TPC command rate, the averaging is done within one TTI only. To perform the channel estimation, the Node B was always assuming that the TPC commands are received by the UE correctly.
The three channel estimation approaches (ideal, correlation-based, and LMMSE) were simulated with the two TPC command rates (per-slot of 1500 Hz, per-TTI of 500 Hz), and two TPC BER error rates (0%, 4%) for the three transmission modes (SIMO, CL-BFTD, and MIMO) with the results presented in the next section.
3. Simulation Results
3.1. Simulation Assumptions

Table 1. Simulation assumptions
	Parameter
	Value

	Physical channels
	DPCCH, E-DPCCH, and E-DPDCH for SIMO; DPCCH, S-DPCCH, E-DPCCH, and E-DPDCH for CL-BFTD; DPCCH, S-DPCCH, E-DPCCH, S-E-DPCCH, E-DPDCH, and S-E-DPDCH for MIMO

	T2TP
	(10 dB (depending on the E-TFC)

	E-DCH TTI [ms]
	2

	Modulation
	QPSK, 16QAM, 64QAM 

	TBS [bits]
	Variable: 120 – 32832 bits 

	Number of physical data channels and spreading factor
	2xSF2+2xSF4

	H-ARQ operating point
	10% BLER after 1 attempt

	Channel encoder
	3GPP Release 6 Turbo Encoder

	Turbo decoder
	Max Log MAP

	Number of iterations for turbo decoder
	8

	DPCCH slot format
	1 (8 Pilot, 2 TPC)

	Channel estimation
	Ideal, correlation-based realistic and LMMSE realistic

	Inner loop power control
	On

	Outer loop power control
	On

	Number of TX weights
	4 entry phase only codebook

	TX weight vector selection
	Testing of all hypotheses to maximize the primary stream SINR

	TX weight vector feedback delay
	4 slots

	TX weight vector feedback error rate
	No errors, ideal feedback

	TX weight vector update frequency
	3 slots

	Scheduler delay
	2 TTIs

	Delay for marginal loop assisting secondary stream E-TFC selection
	2 TTIs

	Marginal loop step sizes [dB]
	1 dB ( (1 – BLER_target),
1 dB ( BLER_target

	Propagation Channel
	PA3

	NodeB Receiver Type
	LMMSE, 2 RX antennas

	MIMO rank selection
	Fixed rank

	TPC feedback error rate
	0%, 4%

	TPC feedback delay
	2 slots

	TPC period
	1 slot, 1 TTI


3.2. Simulation Results
3.2.1. SIMO Transmission Mode
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Figure 1. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for SIMO and ideal channel estimation
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Figure 2. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for SIMO and correlation-based channel estimation
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Figure 3. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for SIMO and LMMSE channel estimation

Analysis of the LL simulation results for the ideal channel estimation demonstrates throughput gains of approximately 10% of the per-TTI TPC over the per-slot TPC. Small throughput losses (3% approx.) are caused by TPC bit errors for both TPC rates. 
For the realistic correlation-based channel estimation algorithm the TPC bit errors negative impact is much higher and throughout degradations are up to 10%. Degradations are rather close for both TPC rates, thus the decreasing of the TPC rate does not improve the negative impact of TPC bit errors on the channel estimation accuracy.
Qualitatively the same results as for the correlation-based channel estimation have been obtained for the LMMSE-based channel estimation. But the throughputs for LMMSE are up to 40% higher in comparison with the correlation-based ones. The degradation of the LMMSE-based approach relatively to the ideal channel estimation is only about 9% instead of the degradation of the correlation-based approach reaching 50%.
3.2.2. CL-BFTD Transmission Mode
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Figure 4. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for CL-BFTD and ideal channel estimation
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Figure 5. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for CL-BFTD and correlation-based channel estimation
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Figure 6. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for CL-BFTD and LMMSE channel estimation

The similar results as for SIMO have been obtained for the CL-BFTD transmission mode. But the gains due to the per-TTI TPC are higher and reach 15%. TPC bit errors impact causes also about 10% throughput loss for the realistic channel estimation cases and about 3% throughput loss for the ideal channel estimation case.
Comparison of the throughputs for different channel estimation approaches provides up to 23% gain of the LMMSE-based algorithm over the correlation-based algorithm. Throughput losses relatively to the ideal channel estimation are about 20% for the LMMSE-based channel estimation and about 36% for the correlation based channel estimation.
3.2.3. MIMO Transmission Mode
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Figure 7. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for MIMO and ideal channel estimation
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Figure 8. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for MIMO and correlation-based channel estimation
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Figure 9. Throughput vs. target RX Ec/No for different TPC BERs and TPC rates for MIMO and LMMSE channel estimation
The MIMO results are similar to the SIMO and CL-BFTD results. But the gains due to per-TTI TPC are lower than for the previous transmission modes and reach only 3-5%. Degradations due to 4% TPC BER are up to 17% and are significantly higher than for the SIMO and CL-BFTD modes.
Comparison of the throughputs for different channel estimation approaches provides up to 40% gain of the LMMSE-based algorithm over the correlation-based algorithm. Throughput losses relatively to the ideal channel estimation are approximately 16% for the LMMSE-based channel estimation and approximately 40% for the correlation based channel estimation.
3.3. Discussion
As can be seen from the presented results, the per-TTI TPC command rate can provide higher throughputs than the per-slot TPC command rate by 5-15% for all the considered cases including the ideal channel estimation scenarios.

It should also be noted that the simulations for the per-slot TPC were performed with a 2 slot delay and a 1 slot update period causing totally +/-3 dB DPCCH SINR variations around the target SINR. The simulations for the per-TTI TPC were performed with a 2 slot delay and a 1 TTI update period causing only 1 dB DPCCH SINR variation. Actually, the per-TTI TPC provides more stable ILPC operation with constant receive power and SINR inside the TTI and lower variations of these parameters between the consecutive TTIs that allow improving the scheduler operation. However, the simulated per-slot TPC rate was not optimal as implementation based methods could be applied to lower receiver power and SINR variations. In other words, the observed difference between the per-TTI and per-slot cases can be smaller for practical systems.
A comparison of the correlation-based and the LMMSE-based channel estimation algorithms demonstrates the accuracy limitation of the correlation-based algorithm which is removed by the LMMSE-based channel estimation algorithm providing much higher throughputs by 25-40%. Optimization of the time-domain averaging algorithm over a higher number of TTIs can change the relation between correlation-based and LMMSE-based algorithms making the results for two approaches closer. However, the channel estimation accuracy improvement can be seen as a critical factor for successful implementation of high-order modulations and MIMO modes and the results here highlight the fact that the basic channel estimator often used in the simulations is far from optimal.
TPC errors at 4% BER have small impact of about 3% on the HSUPA system performance for ideal channel estimation (but still non-zero impact basically due to less efficient power control operation), and quite significant impact of up to 10-17% on the HSUPA system performance for realistic channel estimation for both correlation-based and LMMSE channel estimators.
Thus, from the presented results, the main negative impact on the system performance is related to insufficient channel estimation accuracy. Both analyzed TPC rates of per-slot and per-TTI have approximately the same sensitivity to the non-zero TPC BER of 4%.
4.  Conclusion

This paper considered impacts of the TPC command rates, TPC command BER, and channel estimation accuracy on the performance of the HSUPA systems for SIMO, CL-BFTD, and MIMO modes. It was observed that 
· the TPC command rate has an impact on the system performance on the order of 5-10%, although a more optimal implementation for 1500 Hz TPC rate receiver could reduce the difference. 
· the gain of the LMMSE channel estimation over the correlation-based channel estimation approach was seen to be on the order of 25-40%.
· the impact of the channel estimation algorithm is significantly larger than the impact of the TPC rate.
· The throughput degradation due to non-ideal 4% TPC command rate is estimated as 10-15%.
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