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1. Introduction
In [1], a number of proposals for requirements related to UL MIMO were made. In this document and others, we expand on these proposals.   
2. Discussion

2.1 Backward Compatibility

UEs with UL MIMO support have a different architecture compared to Rel-9 UEs, which only support a single antenna port. Generic diagrams for single Tx and multiple Tx UEs are shown in Figure 1. Rel-9 UE architecture with antenna switching capability is not shown in the diagram. Note that the secondary antenna would have an additional duplexer and PA in order to support UL MIMO.
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(a) Single Tx Dual-Rx UE













(b) UL MIMO UE

Figure 1 Single-Tx and Dual-Tx UE architecture
In RAN1, it was agreed that UL MIMO capable UEs are required to support a UL single antenna port mode [1]

“For UEs with multiple transmit antennas, an uplink Single Antenna Port Mode is defined, where the UE behaviour is same as the one with single antenna from eNodeB’s perspective. For a given UE, the uplink Single Antenna Port Mode can be independently configured for its PUCCH, PUSCH and SRS transmissions. 

The uplink Single Antenna Port Mode is the default mode before eNodeB is aware of the UE transmit antenna configuration.”

There are a few options to achieve the “single antenna port mode” such that UE behaviour is the same as the one with single antenna “from eNodeB’s perspective”: 

1. Using only one of the physical antennas, which is mapped to the primary antenna port. In this case, most Tx performance requirement for Rel-9 could be reused. 

2. Tx antenna switching between physical antennas. In this case, minimum performance for switched antenna should be specified.

3. Single-layer precoding with multiple Tx antennas, where combined transmission is the same as a single antenna UE. 

Option 1 has the advantage of simplicity. Especially in phone form factor with antenna imbalance, it is desirable that the primary antenna Tx branch satisfies the Rel-9 requirement. Note that the Rx requirements could be impacted even in the single antenna port mode due to the insertion loss and self-interference on the secondary receiver chain.

Option 2 and 3 provides better performance than option 1 in many practical scenarios in terms of power consumption and/or capacity. However, the performance requirements for these options are not completely covered in current Rel-9 spec (for example, antenna switching performance). Given that the UE architecture with option 1 could satisfy the Rel-9 requirements, we propose to define the single antenna port mode requirements based on option 1.

Proposal 1: UL MIMO capable UE in single antenna mode should satisfy the Rel-9 Tx requirements. 

For the rest of the document, we describe the UE requirements when its configured in the multiple antenna mode. Note that multiple antenna modes include both spatial multiplexing and transmit diversity modes.

For the spatial multiplexing mode, the precoding matrices in Table 1 have been agreed for 2 Tx UL MIMO [1]. As shown in the table antenna switching is also supported via the [0,1] and [1,0] single-layer precoding matrices without the need for an additional switch.

Table 1: 3-bit precoding codebook for uplink spatial multiplexing with two transmit antennas

	Codebook index
	Number of layers 
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For uplink control channels with Rel-9 PUCCH format 1/1a/1b, the spatial orthogonal-resource transmit diversity (SORTD) scheme is supported for transmissions with two antenna ports.  In this transmit diversity scheme, the same modulation symbol from the uplink channel is transmitted from two antenna ports, on two separate orthogonal resources. 
2.2 Maximum output power

First we need to define the maximum output power for a device with multiple antennas and multiple PAs. The total received power at a receiver is a function of the transmitted power over each antenna and the channel that combines the transmitted signal at the receiver. 

Consider a simple example with 2 Tx antennas, where the output signal at the antenna ports is [x, y]’. Assume that Tx the power on each antenna port is Px = Py = 20 dBm. If the precoder of index 0,1,2,3 shown in Table 1 is used, the output signal x and y are ideally identical to each other. The received signal over a channel of [h0, h1] is r = h0x + h1y. Depending on the phase of the channel and correlation between x and y, the total received power could vary from 4 Px = 26 dBm (in-phase coherent add up) to close to zero power (deconstructive addition). In conclusion, if a combiner is used to combine the signals from different antenna port for power measurement, the measurement results will be sensitive to both the precoder and the combiner imperfection.

Instead of using the combiner solution, we propose to measure the power at each antenna port individually and add-up the measured power as the total output power. The regulation on mobile device transmit power is often based on EIRP, where the received signal is averaged over a 3D within the chamber. As the phase of the channel changes, the average received power should be on average the sum of radiated power over each antenna. 

Proposal: Define the total maximum power requirement of a UL MIMO UE as the sum of power measured over each antenna port. 

When a 23 dBm PA operates at maximum power, the power tolerance is ±2 dB [3]. In the case of a 23 dBm total power is achieved from 2 antennas, each PA is expected to operate at around 20 dBm. When the PA operates at 20 to 21 dBm, the power tolerance is ±2.5 dB [3]. In addition, when the measured power over the two antenna ports is summed up, the overall tolerance would be more than ±2.5 dB unless the two PAs are perfectly correlated. 

Proposal: The maximum output power in the multiple antenna port mode is 23 dBm; the power tolerance should be greater than or equal to 2.5 dB, where further analysis is required.

In order to ensure proper operation of UL MIMO UEs, the maximum output power of each antenna port should also be tested individually. As a direct consequence of proposal 1, the maximum power in the single antenna port mode has to Rel-9 compliant, i.e., 23 dBm.

Proposal: Antenna port 0 maximum output power is 23 dBm with ±2 dB tolerance.

Proposal: Antenna port 1 and above maximum output power is FFS


Option a: 23 dBm 

Option b: 20 dBm for 2 Tx and 17 dBm for 4 Tx, could potentially reduce the power consumption. Tx requirements should account for the new PA model.
2.3 Minimum/OFF output power

The basic architecture for MIMO UL transmission assumes individual PA is used for each antenna port. If Rel-9 PA is used, the minimum output power for Rel-9 could be reused for each antenna port.

Proposal: Minimum / OFF output power is defined per antenna port, and the requirement could remain the same as Rel-9.

We do not foresee a need to have an ON-OFF timing requirement that is common as this provides no additional benefit to tightly coupling the ON-OFF times. Moreover, each antenna has its own TX chain which may be turned off independently.   
Proposal: Rel-9 ON/OFF timing requirement could also apply to each antenna port independently. 

3. Conclusion 

Based on the discussion in section 2, we recommend RAN4 to adopt the following text proposals. 
--- BEGIN TEXT PROPOSAL ---
X.1 Backward Compatibility

UEs with UL MIMO support have a different architecture compared to Rel-9 UEs, which only support a single antenna port. Generic diagrams for single Tx and multiple Tx UEs are shown in Figure 1. Rel-9 UE architecture with antenna switching capability is not shown in the diagram. Note that the secondary antenna would have an additional duplexer and PA in order to support UL MIMO.
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(b) Single Tx Dual-Rx UE













(b) UL MIMO UE

Figure 1 Single-Tx and Dual-Tx UE architecture
In RAN1, it was agreed that UL MIMO capable UEs are required to support a UL single antenna port mode [1]

“For UEs with multiple transmit antennas, an uplink Single Antenna Port Mode is defined, where the UE behaviour is same as the one with single antenna from eNodeB’s perspective. For a given UE, the uplink Single Antenna Port Mode can be independently configured for its PUCCH, PUSCH and SRS transmissions. 

The uplink Single Antenna Port Mode is the default mode before eNodeB is aware of the UE transmit antenna configuration.”

There are a few options to achieve the “single antenna port mode” such that UE behaviour is the same as the one with single antenna “from eNodeB’s perspective”: 

4. Using only one of the physical antennas, which is mapped to the primary antenna port. In this case, most Tx performance requirement for Rel-9 could be reused. 

5. Tx antenna switching between physical antennas. In this case, minimum performance for switched antenna should be specified.

6. Single-layer precoding with multiple Tx antennas, where combined transmission is the same as a single antenna UE. 

Option 1 has the advantage of simplicity. Especially in phone form factor with antenna imbalance, it is desirable that the primary antenna Tx branch satisfies the Rel-9 requirement. Note that the Rx requirements could be impacted even in the single antenna port mode due to the insertion loss and self-interference on the secondary receiver chain.

Option 2 and 3 provides better performance than option 1 in many practical scenarios in terms of power consumption and/or capacity. However, the performance requirements for these options are not completely covered in current Rel-9 spec (for example, antenna switching performance). Given that the UE architecture with option 1 could satisfy the Rel-9 requirements, we propose to define the single antenna port mode requirements based on option 1.

UL MIMO capable UE in single antenna mode should satisfy the Rel-9 Tx requirements. 

For the rest of the document, we describe the UE requirements when its configured in the multiple antenna mode. Note that multiple antenna modes include both spatial multiplexing and transmit diversity modes.

For the spatial multiplexing mode, the precoding matrices in Table 1 have been agreed for 2 Tx UL MIMO [1]. As shown in the table antenna switching is also supported via the [0,1] and [1,0] single-layer precoding matrices without the need for an additional switch.

Table 1: 3-bit precoding codebook for uplink spatial multiplexing with two transmit antennas

	Codebook index
	Number of layers 
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For uplink control channels with Rel-9 PUCCH format 1/1a/1b, the spatial orthogonal-resource transmit diversity (SORTD) scheme is supported for transmissions with two antenna ports.  In this transmit diversity scheme, the same modulation symbol from the uplink channel is transmitted from two antenna ports, on two separate orthogonal resources. 
X.2 Maximum output power

First we need to define the maximum output power for a device with multiple antennas and multiple PAs. The total received power at a receiver is a function of the transmitted power over each antenna and the channel that combines the transmitted signal at the receiver. 

Consider a simple example with 2 Tx antennas, where the output signal at the antenna ports is [x, y]’. Assume that Tx the power on each antenna port is Px = Py = 20 dBm. If the precoder of index 0,1,2,3 shown in Table 1 is used, the output signal x and y are ideally identical to each other. The received signal over a channel of [h0, h1] is r = h0x + h1y. Depending on the phase of the channel and correlation between x and y, the total received power could vary from 4 Px = 26 dBm (in-phase coherent add up) to close to zero power (deconstructive addition). In conclusion, if a combiner is used to combine the signals from different antenna port for power measurement, the measurement results will be sensitive to both the precoder and the combiner imperfection.

Instead of using the combiner solution, we propose to measure the power at each antenna port individually and add-up the measured power as the total output power. The regulation on mobile device transmit power is often based on EIRP, where the received signal is averaged over a 3D within the chamber. As the phase of the channel changes, the average received power should be on average the sum of radiated power over each antenna. 

The total maximum power requirement of a UL MIMO UE shall be defined as the sum of power measured over each antenna port. 

When a 23 dBm PA operates at maximum power, the power tolerance is ±2 dB [3]. In the case of a 23 dBm total power is achieved from 2 antennas, each PA is expected to operate at around 20 dBm. When the PA operates at 20 to 21 dBm, the power tolerance is ±2.5 dB [3]. In addition, when the measured power over the two antenna ports is summed up, the overall tolerance would be more than ±2.5 dB unless the two PAs are perfectly correlated. 

The maximum output power in the multiple antenna port mode is 23 dBm; the power tolerance should be greater than or equal to 2.5 dB, where further analysis is required.

In order to ensure proper operation of UL MIMO UEs, the maximum output power of each antenna port should also be tested individually. As a direct consequence of proposal 1, the maximum power in the single antenna port mode has to Rel-9 compliant, i.e., 23 dBm.

Antenna port 0 maximum output power shall be 23 dBm with ±2 dB tolerance.

Antenna port 1 and above maximum output power is FFS


Option a: 23 dBm 

Option b: 20 dBm for 2 Tx and 17 dBm for 4 Tx, could potentially reduce the power consumption. Tx requirements should account for the new PA model.
X.3 Minimum/OFF output power

The basic architecture for MIMO UL transmission assumes individual PA is used for each antenna port. If Rel-9 PA is used, the minimum output power for Rel-9 could be reused for each antenna port.

Minimum / OFF output power is defined per antenna port, and the requirement shall remain the same as Rel-9.

We do not foresee a need to have an ON-OFF timing requirement that is common as this provides no additional benefit to tightly coupling the ON-OFF times. Moreover, each antenna has its own TX chain which may be turned off independently.   
Rel-9 ON/OFF timing requirement shall also apply to each antenna port independently.
--- END TEXT PROPOSAL ---
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