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1 Introduction
For LTE uplink MU-MIMO transmission, the UL demodulation RS for the UEs transmitting over the same channel resource in the same cell should be orthogonal. The orthogonality between different RS sequences is realized by assigning different cyclic shifts to different UEs. The longer this shift, the higher the  orthogonality in a smaller bandwidth. To obtain a good channel estimation, the two sequences need to be orthogonal over a bandwidth less than channel coherence bandwidth. When the two UEs that are paired for UL MU-MIMO samara assigned different number of RBs, they may use different RS length which will lead to the loss of the orthogonality.. In this contribution, we study the effect of pairing UEs with different payload size on the performance of UL MU-MIMO.
2 System Description

In the LTE standard, two UEs may share the same UL bandwidth for communication. The RS for the two UEs also collide with each other. The cyclic shift in the time domain guarantees the orthogonality of the two RS sequences. When the two UE have been assigned different number of REs, the two sequences will not be orthogonal. To overcome the issue, the following solutions may be considered.

1. Finding a relative shift for the two sequences that results in a low correlation over any short bandwidth (like 1 RB) less than the channel coherence bandwidth. This solution requires finding the appropriate shift value that minimizes the correlation.
2. Lowering the MCS and the power spectral density of the UE with lower payload to make the transmission bandwidth of the two UEs equal. In fact, this solution eliminates the bandwidth difference by reducing the UE’s spectral efficincy.
3. The UE with lower number of REs uses a circular shifted version of a shortened copy of the RS sequence assigned by the other UE. With this solution, the shortened RS sequence might have a higher CM.
4. The UE with lower number of REs uses a circular shifted version of the same RS sequence assigned by the other UE. In this case, RS for that UE occupies a higher bandwidth than its data. To normalize the power over data and RS, this UE may attenuate its OFDM symbol containing the RS. This solution is very much similar to the solution 3.

Figures 1 to 4 illustrate the four solutions. In the figures, it is assumed that N1=4 RBs are assigned to user 1 and N2=3 RBs are assigned to user 2. Sequences S1 and S2 correspond to RS sequences associated with N1 and N2 RB allocations, respectively. For solutions 2 and 4, to maintain the total transmitted power constant, RS and/or data power might be adjusted by N2/N1 (as specified in the figures). In the following figures, each rectangle represents one OFDM symbol spanned over one RB in the frequency direction and data from users 1 and 2 are shown by yellow and blue, respectively. The figures show one slot allocated to each user. RS sequence S1 is shown by red and RS sequences S2 is shown by green. Note that only in solution 1, the two RS sequences are not circular shift versions of each other and a circular shift optimization is required to lower the cross-correlation between the two sequences. 
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Figure 1: Illustration of solution 1
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Figure 2: Illustration of solution 2


[image: image3]
Figure 3: Illustration of solution 3
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Figure 4: Illustration of solution 4

In this contribution, we study the performance of an UL MU-MIMO system using solutions 1 and 4. The performance of solution 3 is similar to solution 4.

3 Simulation Parameters

The following parameters are used to simulate the performance of these schemes, unless otherwise is specified.
· MU-MIMO in single carrier transmission

· Channel bandwidth = 10 MHz

· Number of total sub-carriers = 601 (including DC)
· Sub-frames = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz
· Carrier frequency: 2.0 GHz
· Channel model: uncorrelated TU 3 km/h
· Cyclic Prefix: 72 samples
· Data RB assignment: 3/4, 5/6 and 9/10 adjacent RBs. In each case, UE1 is assigned one more RB than UE2 with intra-subframe RB hopping.
· Channel estimation: Perfect.
· Receiver: MMSE for 2-layer transmission and MRC for 1-layer transmission.
· Symbol constellation: QPSK, 16-QAM
· Channel coding: Turbo code of rate 1/2 
· UE transmit antenna: 1

· nodeB receive antenna: 2 or 4
4 Link Level Simulation Results
Figure 5 shows the performance of the UL MU-MIMO system where the NodeB has 2 receive antennas and the two UEs are assigned 3 and 4 RBs each. An MMSE decoder is used and the BLER for the UE with the fewer number of RBs is shown. It is assumed that the received SNR for the two UEs are the same and the x-axis shows the received SNR per UE. Therefore, the total received SNR is 3 dB higher. In this case, none of the above solutions in order to provide RS orthogonality is performed. However, NodeB estimates the two uplink channels without considering the correlation between the two RS sequence. Simulation results show a huge performance loss compared to perfect channel knowledge. 
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Figure 5: BLER performance of a MU-MIMO with non-orthogonal RS sequence.
Figure 6 compares the performance of the UL MU-MIMO system where the NodeB has 2 or 4 receive antennas and the two UEs are assigned 3 and 4 RBs each. In all the scenarios, an MMSE decoder is used and the BLER for the UE with fewer number of RBs is shown. It is assumed that the received SNR for the two UEs are the same and the x-axis shows the received SNR per UE. Therefore, the total received SNR is 3 dB higher. For mode 1, the circular shift associated with the second UEs RS sequence is optimized to minimize the correlation between the two RS sequences. Simulation results show that for low SNR values and low spectral efficiency, both options work fine. However, at high spectral efficiency scenarios, mode 1 fails to perform as the non-zero correlation between the two RS sequences degrades the channel estimation quality.
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Figure 6: Performance of MU-MIMO in 2x2 TU 3 km/h channel with 3/4 RB allocation.
Figure 7 provides the simulation results for the same system as in Figure 6 except that the channel assignment is 5 and 6 for the two UEs. As the RS sequence length is higher, there are more circular shift options available and correlation optimization results in a lower cross-correlation and hence, a better channel estimation even in higher SNR values. Figure 8 shows the performance of the same system with 9 and 10 RB allocation. Note that for both Figures 7 and 8, the circular shift for the UE in mode 1 with fewer number of RBs is optimized. While, in mode 4, there is no need for such optimization.
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Figure 7: Performance of MU-MIMO in 2x2 TU 3 km/h channel with 5/6 RB allocation.
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Figure 8: Performance of MU-MIMO in 2x2 TU 3 km/h channel with 9/10 RB allocation.
5 Conclusion
This contribution studies the effect of non-orthogonal RS sequences in UL MU-MIMO. We show that pairing up two UEs with different allocated resource, may result in a highly correlated set of RS sequences resulting in performance degradation. We discuss some methods to overcome this cross correlation and provide simulation results for two methods. Simulation results in this contribution show that the cross-correlation between streams of different sequences can be minimized by optimizing the relative circular shift of the RS sequences. We also study the effect of using circular shift of the same RS sequence for the two users. Simulation results show that both methods work in most scenarios. However, using the latter method keeps work in all scenarios and does not require shift optimization. We also propose two other solutions which follow the same idea and use circular shifted versions of the same sequence to maintain orthogonality between the two sequences. These solutions are: (i) using a lower power spectral density and spectral efficiency for one user to occupy the same bandwidth and (ii) using the same mother sequence for both UEs but only a shortened version of that for the UE with fewer allocated RBs.
Using solution 1, the impact of the non-orthogonal RS assignment is mainly for the small payload case, since optimizing the circular shift that maintains a low correlation is easier for large sequences. In most cases, MU-MIMO will be applied to UEs require large channel resource, and therefore, the performance loss is not much. For such channel assignments, solution -2 is also a simple solution as the power normalization factor is close to 1. To avoid additional signalling in solutions 3 and 4, when a UE receives a scheduled resource that is larger that the data size, it needs to transmit RS according to the scheduled bandwidth using solution 3 or 4, and transmit data using the resource that is needed. 
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