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1. Introduction

LTE-A UE will have various form factors and implementations in terms of potential enhancements to the default single-antenna uplink transmission, namely the support of multiple transmit antenna at UE. There are challenges in RF engineering, antenna design, and their integration, this contribution focuses on the RF architectures (i.e., transceiver and power amplifier) that may be considered for supporting UL-MIMO, with some analysis on power consumption of different architectures. Based on the analysis, we can see that, for multi-antenna UEs, a fall-back single-antenna transmission mode can be important due to its current drain savings.

2. UE Multi-antenna Implementation
To define air interface schemes that support multiple antenna uplink transmission, we need to consider the following aspects of UE implementation:

· Number of RF Front Ends (FE)
· Number of PAs

· Their integration with physical antennas

The following UE implementations/categories, in terms of UL transmission capability, may be envisioned [1]. The following UE category is known to the eNB via capability exchange.   
· 1 antenna and 1 PA with Pmax per declared power class (default for Rel-8) 

· 2-PA 2-Tx: The 2 Tx antennas are often the receive antennas (or a subset of the receive antennas if there are more than 2 Rx antennas). A typical assumption is that the two PAs are “hard-wired” to the 2 Tx antennas without any additional switching network in between to avoid any insertion loss, as illustrated below:


[image: image1.emf]Baseband Signal

(for one 

Component 

Carrier)

D/A

D/A

Fc 

IFFT

IFFT

PA

PA

RF filter

RF filter

20 or 23 dBm

20 or 23 dBm


Figure 1.  Typical 2-PA 2-Tx architecture with “hard-wired” PA 
In this kind of implementation, PA power combination can only be achieved over the air through the definition of a transmit diversity scheme. 
Some transmit diversity schemes are “transparent” to eNB receivers which do not need to know the diversity scheme from the UE since the receiver processing is the same as in single-Tx uplink transmission. In other words, the UE transmission appears to eNB as from a single antenna. Examples of transparent diversity (TD) schemes include CSTD (cyclic shift TD), PVS (precoding vector switching, either from subframe to subframe or slot to slot). It is noted that different baseband waveforms are still transmitted from different antennas, thus multiple RF front ends are still active (e.g., IFFT, D/A, etc.). 
Some other TD schemes are not “transparent” to eNB, i.e., eNB must know the scheme used and estimate multiple channels corresponding to each Tx antennas before receiver processing.  Examples of non-transparent schemes include STBC (Space-Time Block Code), SFBC (Space-Frequency Block Code), and SCTD (Space-Code TD).  Also for non-transparent TD schemes, different baseband waveforms are transmitted from different antennas, thus multiple RF front ends are still active (e.g., IFFT, D/A, etc.).

As to the size of the PA for each antenna, we will discuss the options in more details in the next section). They can be the same size (e.g., either 23dBm or 20dBm) or different (one 23dBm and the other <23dBm). There are pro and cons for different option, considering the current drain and antenna imbalance issues. Note that we assume a power class device with Pmax=23dBm in the discussion. 
In the above architecture, there is no power “stealing” or “pulling” from two PAs, an alternative that may become more feasible in the future. In this case as shown below, the total PA power does not need to exceed the Pmax due to pulling capability (ignoring the insertion loss due to pulling circuitry for the sake of simplicity). 
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Figure 2.  Future alternative 2-PA 2-Tx architecture with PA “pulling”

· Antenna (or Pattern) Switching (>= 2 transmit antennas, 1 PA): UE has the capability to switch the transmit antenna or antenna pattern. Note in pattern switching, antenna patterns are fixed and synthesized, via analog antenna weighting, from multiple physical antennas. In a 2-Rx UE, Tx antenna switching is most likely between the 2 Rx antennas, as shown below. 
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Figure 3.  Antenna Switching 

Potential advantage of Tx antenna switching is the cost benefit due to the removal of a second FE and PA, but we still need to account for the switch insertion loss (i.e., UE may need to increase PA size to Pmax + switch insertion loss) and the implementation complexity associated with the challenge of making the switch to support multiple bands. 

· TDD: Antenna switch can be built into TDD Rx/Tx switch to reduce additional insertion loss 

· FDD: Switch insertion loss of ~ [0.5-0.8]dB

· 4-PA 4-Tx: Suitable for advanced UE devices that may not have a form factor limitation such as laptops
3. Single-Tx “fall-back” mode 

We discuss the pros and cons of three PA architectures here for a device of Pmax=23dBm, as summarized in the table below. We emphasize the following benefits of single-Tx fall back mode first in which only a single PA and single FE is activated:

· Lower total current drain: Even though one PA has to output 3dB more power than the per-PA output power for 2-Tx operation, there will be only one active FE (IFFT and D/A) which will more than offset the increased current drain in the single PA.

Table 1. Current drain saving in single-Tx fall-back mode under same output power

	Total output power (P)
	Total current drain saving (including both PA and FE): single-PA @P vs. 2-PA @ (P-3)dBm

	23dBm
	14%

	20dBm
	21%

	10dBm
	40%

	0dBm
	46%


· Best performance under antenna gain imbalance: Antenna gain imbalance (AGI) is typical due to antenna design/implementation in a constrained form factor [2]. AGI can vary from 0-6dB depending on the operational bands since the same antenna may often need to work for a number of bands (the challenge that makes the AGI more inevitable). Under AGI, the second antenna becomes less effective for either diversity or spatial multiplexing (i.e., rank-2) to a point that the negligible gain cannot justify the power consumption of the second antenna. In fact, it is much better off, in terms of both performance and current drain, by activating only the best antenna if it is capable of delivering the same total power.

· No PA coupling: Due to the close proximity of the two transmit antenna and thus their coupling, the emitted power from one antenna can leak to the other and show up as cross interference of the two waveforms before respective PA. The activation of a single FE and PA avoid that problem.      
Table 2. Comparison of three PA architectures 
	
	Pros
	Cons

	Option #1: 23dBm + 23dBm (with max power constraint of 23dBm)
	· Fall-back to single-Tx at any power level with lower current drain (14%-21% @ <20dBm<P<=23dBm and 46% at 0dBm)
· Best performance under antenna gain imbalance by flexibly activating the best antenna only
· No PA coupling
	· Cost/size increase

	Option #2: 20dBm + 20 dBm
	·  Cost and size 

·  No difference from option #1 in MIMO rank-2


	· Fall-back to single-Tx only possible when P<=20dBm 

· At <20dBm<P<=23dBm where two PA must be activated, performance loss compared to option #1 under antenna gain imbalance, or possibly even Rel-8 single-Tx UEs 

	Option #3: 23dBm + (<23dBm) (with max power constraint of 23dBm)
	· Slightly reduced cost/size as opposed to option #1

· Fall-back at all power level

· Same optimality as option #1 under AGI if the second antenna with <23dBm is always the worse of the two 
	· Concept of a “main” or “default” antenna may not match reality – lost of full flexibility under AGI




4. Fall-back Mode in Uplink Transport Channels (PUSCH, PUCCH, PRACH, SRS) 
Fall-back mode operation could be reflected in air interface design, in particular when the different uplink transport channels are defined for multi-antenna UEs [5]. 

For PUSCH, the benefit of fall-back mode operation is for reduced power consumption for non-MIMO (i.e., rank-1) channel condition such as cell edge, or for improved performance under AGI where transmit diversity or precoding/beamforming mode for PUSCH is actually worse than single-Tx transmission. 
For PUCCH, we may allow eNB to semi-statically configure the PUCCH transmission to either a fall-abck single-antenna transmission or a pre-defined diversity scheme (needed for 20dBm +20dBm configuration at least). 
For PRACH, since it is in for 1) initial network entry where eNB does not know the UE antenna configuration and 2) requesting resource allocation where eNB may typically do not know if a PRACH is sent from a single- and or multi-antenna UE, fall-back single-antenna transmission or at least a transparent multiple multi-antenna PRACH transmission is clearly the preferred mode of operation for PRACH. 
For sounding RS transmission which is configured by eNB in terms of whether from multiple or single antenna, there may still be benefits, from power consumption and SRS resource saving perspective, for single-antenna fall-back operation if the eNB decides that SRS from all antennas is not necessary and single-antenna sounding is adequate for all scheduling needs. 
5. Conclusion 

In this contribution, we discussed the potential multi-antenna UE implementations in LTE-A which present challenges in front ends, power amplifier, antenna design, and their integration. We particularly focused on three PA architectures that may be considered for supporting UL-MIMO in a Pmax=23dBm device: 
1) Two PA with 23dBm each, 
2) Two  PA with 20dBm each, and 
3) One PA with 23dBm and the other PA with <23dBm. 
It is found that single-PA mode has 14% current drain saving at 23dBm total (increasing to 46% saving at 0dBm). Similar observation was also reported in [4]. Option #1 is most flexible to support single-PA fall back mode with current saving possible at all power levels (as opposed to only saving at <20dBm for option #2) and the capability of always selecting the best antenna under antenna gain imbalance. Additionally from an implementation perspective this allows a single PA ASIC for both paths 
Hence we suggest in RAN4 response to RAN1 LS [3], 

· Endorse option #1 as one of architectures that, along with option #2, maybe considered as two equally viable baseline 2-Tx architectures each with pros and cons (from the perspective of current drain and flexibility under AGI).

· Encourage RAN1 to develop the L1 support for Rel-8 fall-back single-Tx uplink transmission mode
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