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1. Introduction

Any MIMO scheme for LTE should have reasonable implementation complexity both for DL and UL. We evaluated UL MIMO complexity for a MIMO scheme using pre-coding or transmit beamforming (TxBF). MIMO Pre-coding or TxBF can be either codebook-based or non-codebook based depending on the feedback information. Singular value decomposition (SVD) can be used to generate the pre-coding matrix. SVD can be performed at either BS or UE. The complexity of MIMO pre-coding or TxBF scheme using SVD is evaluated for UE complexity for several scenarios. The Node B complexity is evaluated assuming linear minimum mean square error (LMMSE) receiver is used.
2. Discussion 

We evaluate a MIMO scheme using pre-coding or transmit beamforming (TxBF) for UL MIMO. A complexity analysis is performed for pre-coding/TxBF at the UE, SVD at the Node B (or the UE), and LMMSE receiver at the Node B. 
We assumed a 2 by 2 transmit and receive antenna configuration. A worst-case scenario is assumed for complexity analysis wherein all six long blocks (LB) are occupied in every subframe (refer to Figure 1). Assume that five of six LBs are occupied by data and one of six LBs is used for control signalling. The fraction of sub-frame for data is 5/6, i.e., the control signalling overhead is assumed around 16.7%. Furthermore assume only the data is pre-coded while the control signal is not pre-coded. Note that while pre-coding and LMMSE are performed in each of the five LBs, SVD is performed only once per 0.5 ms subframe.
We discuss complexity for two cases: 
Case 1) Pre-coding/TxBF, SVD and LMMSE are all performed on subcarrier basis, i.e., they are performed per subcarrier, and 
Case 2) pre-coding/TxBF and LMMSE are performed per subcarrier while SVD is performed on resource unit (RU) basis, i.e., SVD is performed per RU. 
We assume the bandwidth occupied by a RU is 375 kHz (or 25 subcarriers). 
The results of the complexity analysis are provided in Tables 1 and 2 for cases 1 and 2, respectively, in terms of thousand real operations (multiplications) per 0.5ms subframe. The maximum achievable or peak data rates are provided in the rightmost column in Tables 1 and 2 for reference. 16QAM and coding rate one are assumed for both streams when the maximum achievable or peak data rates are calculated.
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Figure 1 Sub-frame format with two short blocks/sub-frame
Table 1. Case 1 Complexity Results – number of real operations per 0.5 sub-frame
SVD is performed on subcarrier basis

	Real operations (in Thousands) vs. bandwidth
	Number of occupied subcarriers
	Pre-coding/TxBF

(UE)
	SVD                  (UE or BS)
	LMMSE

(BS)
	Peak data rates

	1.25 MHz
	75
	6
	3.8
	30
	6 Mbps

	2.5 MHz
	150
	12
	7.5
	59.4
	12 Mbps

	5 MHz
	300
	24
	15.0
	118.8
	24 Mbps

	10 MHz
	600
	48
	30.1
	237.5
	48 Mbps

	15 MHz
	900
	72.1
	45.1
	356.3
	72 Mbps

	20 MHz
	1200
	96.1
	60.2
	475
	96 Mbps


Table 2. Case 2 Complexity Results – number of real operations per 0.5 sub-frame

SVD is performed on RU basis

	Real operations (in Thousands) vs. bandwidth
	Number of occupied subcarriers
	Number of occupied RBs
	Pre-coding/TxBF

(UE)
	SVD                  (UE or BS)
	LMMSE

(BS)
	Peak data rates

	1.25 MHz
	75
	3
	6
	0.15
	30
	6 Mbps

	2.5 MHz
	150
	6
	12
	0.3
	59.4
	12 Mbps

	5 MHz
	300
	12
	24
	0.6
	118.8
	24 Mbps

	10 MHz
	600
	24
	48
	1.2
	237.5
	48 Mbps

	15 MHz
	900
	36
	72.1
	1.8
	356.3
	72 Mbps

	20 MHz
	1200
	48
	96.1
	2.4
	475
	96 Mbps


In case 1 (Table 2) the complexity results show that the SVD process requires about 63% the operations as pre-coding/TxBF. The combined SVD and pre-coding/TxBF operations are about 33% that of LMMSE processing at the Node B. When SVD is performed at Node B and assume LMMSE is the DL receiver for UE, the complexity of pre-coding/TxBF for UE transmitter is about 20% of the complexity of LMMSE for UE receiver.
In case 2 (Table 3) the complexity results show that the SVD process is negligible in comparison with pre-coding or LMMSE. This is because SVD is performed on an RU basis instead of a subcarrier basis which significantly reduces the overall complexity. Also, pre-coding per RU significantly reduces feedback overhead. However, there will be some performance loss which must be considered before finalizing the MIMO-related parameters.
3. Conclusion

In this contribution we discussed the UE baseband complexity for a MIMO scheme using pre-coding. We presented the results of complexity analysis for a MIMO pre-coding scheme using SVD for various scenarios and concluded that the MIMO scheme using pre-coding/TxBF and SVD has reasonable implementation complexity for both UE and Node B.
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12.2 UE complexity
12.2.1 Results of Complexity Analysis for E-UTRA UL MIMO
12.2.1.1 Introduction

Any MIMO scheme for LTE should have reasonable implementation complexity both for DL and UL. We evaluated UL MIMO complexity for a MIMO scheme using pre-coding or transmit beamforming (TxBF). MIMO Pre-coding or TxBF can be either codebook-based or non-codebook based depending on the feedback information. Singular value decomposition (SVD) can be used to generate the pre-coding matrix. SVD can be performed at either BS or UE. The complexity of MIMO pre-coding or TxBF scheme using SVD is evaluated for UE complexity for several scenarios. The Node B complexity is evaluated assuming linear minimum mean square error (LMMSE) receiver is used.

12.2.1.2 Discussion

We evaluate a MIMO scheme using pre-coding or transmit beamforming (TxBF) for UL MIMO. A complexity analysis is performed for pre-coding/TxBF at the UE, SVD at the Node B (or the UE), and LMMSE receiver at the Node B. 

We assumed a 2 by 2 transmit and receive antenna configuration. A worst-case scenario is assumed for complexity analysis wherein all six long blocks (LB) are occupied in every subframe (refer to Figure 1). Assume that five of six LBs are occupied by data and one of six LBs is used for control signalling. The fraction of sub-frame for data is 5/6, i.e., the control signalling overhead is assumed around 16.7%. Furthermore assume only the data is pre-coded while the control signal is not pre-coded. Note that while pre-coding and LMMSE are performed in each of the five LBs, SVD is performed only once per 0.5 ms subframe.

We discuss complexity for two cases: 

Case 1) Pre-coding/TxBF, SVD and LMMSE are all performed on subcarrier basis, i.e., they are performed per subcarrier, and 

Case 2) pre-coding/TxBF and LMMSE are performed per subcarrier while SVD is performed on resource unit (RU) basis, i.e., SVD is performed per RU. 

We assume the bandwidth occupied by a RU is 375 kHz (or 25 subcarriers). 

The results of the complexity analysis are provided in Tables 1 and 2 for cases 1 and 2, respectively, in terms of thousand real operations (multiplications) per 0.5ms subframe. The maximum achievable or peak data rates are provided in the rightmost column in Tables 1 and 2 for reference. 16QAM and coding rate one are assumed for both streams when the maximum achievable or peak data rates are calculated.
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Figure 2 Sub-frame format with two short blocks/sub-frame
Table 1. Case 1 Complexity Results – number of real operations per 0.5 sub-frame

SVD is performed on subcarrier basis

	Real operations (in Thousands) vs. bandwidth
	Number of occupied subcarriers
	Pre-coding/TxBF

(UE)
	SVD                  (UE or BS)
	LMMSE

(BS)
	Peak data rates

	1.25 MHz
	75
	6
	3.8
	30
	6 Mbps

	2.5 MHz
	150
	12
	7.5
	59.4
	12 Mbps

	5 MHz
	300
	24
	15.0
	118.8
	24 Mbps

	10 MHz
	600
	48
	30.1
	237.5
	48 Mbps

	15 MHz
	900
	72.1
	45.1
	356.3
	72 Mbps

	20 MHz
	1200
	96.1
	60.2
	475
	96 Mbps


Table 2. Case 2 Complexity Results – number of real operations per 0.5 sub-frame

SVD is performed on RU basis

	Real operations (in Thousands) vs. bandwidth
	Number of occupied subcarriers
	Number of occupied RBs
	Pre-coding/TxBF

(UE)
	SVD                  (UE or BS)
	LMMSE

(BS)
	Peak data rates

	1.25 MHz
	75
	3
	6
	0.15
	30
	6 Mbps

	2.5 MHz
	150
	6
	12
	0.3
	59.4
	12 Mbps

	5 MHz
	300
	12
	24
	0.6
	118.8
	24 Mbps

	10 MHz
	600
	24
	48
	1.2
	237.5
	48 Mbps

	15 MHz
	900
	36
	72.1
	1.8
	356.3
	72 Mbps

	20 MHz
	1200
	48
	96.1
	2.4
	475
	96 Mbps


In case 1 (Table 2) the complexity results show that the SVD process requires about 63% the operations as pre-coding/TxBF. The combined SVD and pre-coding/TxBF operations are about 33% that of LMMSE processing at the Node B. When SVD is performed at Node B and assume LMMSE is the DL receiver for UE, the complexity of pre-coding/TxBF for UE transmitter is about 20% of the complexity of LMMSE for UE receiver.

In case 2 (Table 3) the complexity results show that the SVD process is negligible in comparison with pre-coding or LMMSE. This is because SVD is performed on an RU basis instead of a subcarrier basis which significantly reduces the overall complexity. Also, pre-coding per RU significantly reduces feedback overhead. However, there will be some performance loss which must be considered before finalizing the MIMO-related parameters.

12.2.1.3 Conclusion

Results of a complexity analysis for a MIMO pre-coding scheme using SVD for various scenarios shows that the MIMO scheme using pre-coding/TxBF and SVD has reasonable implementation complexity for both UE and Node B.
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