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1. Introduction

It is agreed in [1] that precoding technique is used for support of SU-MIMO. Moreover, the codebook-based precoding is adopted to reduce the UE feedback overhead for FDD. A number of contributions [2, 3, 4] has shown that the codebook-based precoding can greatly reduce the amount of UE feedback without degrading the performance of SU-MIMO too much. In other words, SU-MIMO can be resistant to the quantization errors coming from the codebook-based precoding. In this contribution, we evaluate the performance of MU-MIMO with quantization errors. 

Compared with SU-MIMO, MU-MIMO or spatial division multiple access (SDMA) allows the BS to simultaneously transmit multiple data streams for different UEs, and therefore can potentially achieve higher throughput than SU-MIMO when perfect channel information is available at the BS. Since MU-MIMO relies on effective precoding schemes at the BS to null out inter-user interference, the required degree of channel information accuracy for MU-MIMO is expected to be stricter than that for SU-MIMO. It is the purpose of this contribution to investigate the impact of quantization errors on MU-MIMO due to codebook-based precoding. 

2. Description of a Codebook-Based MU-MIMO System   

2.1. Random Vector Quantization 

In order to explore the impact of quantization errors on the resulting system throughput, we consider a simple random vector quantization (RVQ) similar to that in [5]. As shown in Figure 1, the BS equipped with M antennas serves K users having Nk (1≦k≦K ) antennas each. Let Hk denote the (M×Nk) channel matrix from BS to user k:
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where the (M×1) column vector hi is the channel vector from BS to the ith antenna of user k. The RVQ uses B bits to quantize hi  by randomly generating  2B quantization vectors from the M-dimensional unit sphere. Therefore, the total number of bits required for UE feedback to represent Hk is B*Nk. The BS and UE know the codebook a priori. For each channel realization, UE selects one quantized channel vector from the codebook to stand for the real channel realization, and simply sends back the index of the quantized channel vector to reduce the feedback overhead. 

     Denote the codebook by 
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where wj is the quantization vector in the codebook, which is generated randomly from the M-dimensional unit complex sphere.  Each receiver quantizes its channel to the quantization vector that is closest to its channel vector. The closeness can be measured by the angles between two vectors or equivalently the inner product. That is, UE determines the quantization index J for hi according to  
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where ( )H denotes the transport complex conjugate. Then UE feeds the index back to the base station for each hi and the total number of bits for feedback is B*Nk.
2.2. Inter-User Interference Nulling 

In order to simultaneously send multiple data streams from the transmit antennas to multiple users, it is required for the BS to effectively null out inter-user interference. With each user’s channel information at the BS, a number of interference nulling schemes has been devised to cancel inter-user interference. Here we consider the zero-forcing (ZF) transmit pre-processing. Assuming the channel matrix H is known at the BS, the ZF operation inverts the channel realization by applying the prefiltering matrix F on the data streams before transmission
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where ( )+ is the matrix pseudo-inverse operation. If the prior channel information is perfect, the ZF pre-filtering completely nulls out mutual interference across users. When the feedback channel information is imperfect due to quantization errors, the throughput advantage from inter-user interference cancellation in MU-MIMO is accordingly weakened. We quantify this performance degradation in the later section. 

2.3. Performance Metric

We use the average system throughput as the performance metric. The average system throughput is calculated by averaging the achievable rate from N resource blocks (RBs):
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where Rn  is the achievable rate (in bps/Hz) of the nth RB, and is equal to the sum of the achievable rate transmitting from the ith antenna:
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where γi. is the effective SNR from the ith data stream. In the following, we evaluate the average throughput of the system employing the RVQ-based feedback combined with ZF precoding for MU-MIMO.
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Figure 1: A codebook-based precoding MU-MIMO system.

3. Simulation Results
Table 1 shows the system parameter setting for computer simulations. We consider a single-cell system with K users having two receive antennas. The round-robin (RR) scheduling policy is used in Figures 2 and 3 while the proportional fair (PF) scheduling policy is used in Figure 4. Based on the simulation results, some comments are made as follows.
Table 1 System setting for simulations

	Bandwidth
	5 MHz

	Antenna Configuration
	4×2

	Pre-coding Scheme
	ZF for MU-MIMO

	Scheduling Policy
	Round-Robin, Proportional Fair

	Quantization Method
	RVQ

	Traffic Model
	Full Buffering


· It is shown in Figure 2 that the achievable system throughput becomes saturated when the SNR reaches a threshold value. For any fixed rate quantization, higher SNR exceeding the threshold value (around 20dB in this figure) does not translate into higher achievable system throughput. This outcome, which may be quite different from SU-MIMO with quantization errors, can be understandable as follows. With the increasing SNR, the inter-user interference resulting from the ZF operation combined with quantization errors becomes larger. When the SNR increases to reach a threshold value and the quantization resolution remains fixed, the magnitude of inter-user interference also increases with the same rate as the increasing SNR. In other words, the advantage from the increase of signal SNR is offset by the increase of inter-user interference due to quantization errors. One possible remedy for this ceiling effect is dynamically increasing the quantization resolution with SNR. This, however, increases the overhead for UE feedback. 

· Figure 3 plots the achievable system throughput versus the quantization resolution. It is shown that the higher quantization resolution improves the achievable system throughput. Comparing the curves of SNR=20dB and SNR=30dB also demonstrates the performance ceiling for MU-MIMO regardless of the increase of SNR.
· Figure 4 explores the effect of applying multi-user scheduling on top of the MU-MIMO system with quantization errors. It is shown that although the scheduling technique can improve system throughput, the phenomena of performance ceiling due to quantization errors still exists. 
4. Conclusion 
This contribution has investigated the impact of quantization errors on the achievable system throughput of a codebook-based MU-MIMO system. The results indicate that if the quantization resolution does not increase with the increasing SNR, the achievable system throughput may become saturated due to exacerbating inter-user interference in MU-MIMO schemes. This may be overcome by adaptively increasing the resolution bits in quantization. However, how many additional bits required to compensate for the performance loss and the extra feedback overhead as well as implementation complexity call for further study. Considering this, we suggest that it is conservative to consider the adoption of the codebook-based feedback precoding for the MU-MIMO. 
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Figure 2: Impact of SNR on the average achievable system throughput (SNR=20 dB).
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Figure 3: Impact of quantization resolution on the average achievable system throughput.
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Figure 4: Effect of applying multiuser scheduling (B=5).
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