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1. Introduction

Codebook proposals for CMP [1] 

 REF _Ref244952149 \r \h 
[2] , as well as CM friendly [3] or a mixture thereof [4] have been proposed. CM friendly simply means that the cubic metric (CM) is increased but not as much as in the worst case of mixing the signals from all three layers onto the same PA. Clearly, when designing the codebook we should not violate the basic design principles of LTE.
LTE Principle: 
The single carrier property is a fundamental feature of the LTE uplink and again confirmed in RAN1 #55bis for LTE-A. There should be very strong compelling reasons for abandoning this basic property of the LTE uplink.
The argument put forth for violating the single carrier property for rank three transmission of the uplink has been that a UE is more likely to be interference limited for rank three transmissions than in lower rank transmissions. The PAs of the UE would thus (by means of UL power control) be less likely to operate at maximum power and it is argued that when the UE is not using its maximum power, it would not have to do an additional PA backoff to cope with increased cubic metric of a mixed signal. 
2. Design for power or interference limited UEs?

The UE transmission power is typically configured to increase linearly with the bandwidth allocation, until it reaches the maximum transmission power. LTE-A is targeted for operation on wideband carriers, on which terminals employing spatial multiplexing operation are likely to be allocated a large band or the full bandwidth so as to 

· Reach peak rates

· Match bursty traffic patterns

· Maintain power efficiency: It is more energy efficient to transmit a short wideband burst than to continuously transmit on a narrow band for a longer period of time.
Observation: 
To analyze the Tx power state of the terminals in case of rank three transmission, the evaluation should be performed in low load scenarios and wideband allocations which represent the primary targets of spatial multiplexing operation. 
The Tx power state in case of rank 3 transmissions where analyzed in [4] and [5] unfortunately these evaluations where performed with full buffer traffic models, and in extreme system loads of 10 active UEs per cell, rendering UE allocations of only a handful of PRBs. This is clearly a biased scenario and not the prime scenario envisioned for LTE-A in general and for spatial multiplexing in particular which relies on high SINR values for providing significant gains.  Contrary to the results of these evaluations, a UE will be power-limited with a high probability in realistic system loads and wide bandwidth allocations.
Proposal:
Compare codebooks of different types on link level by assuming UEs run at full transmission power and hence shift curves along x-axis directly according to the PA back-off value before making comparison

Obviously, different requirements on PA back-off should be taken into account when comparing codebook designs. Since SU-MIMO, as explained above, is primarily for the noise limited scenario where maximum transmission power is optimal, the PA back-off can easily be taken into account by deducting the corresponding PA back-off value from the SNR value on the x-axis.

Observation: 
The eNB cannot with any reasonable certainty know whether or not the UE has reached its maximum transmission power
Hence, regardless if the UE is interference limited or not, it appears difficult for the system to benefit from CMF or mixed codebook as selecting between CMP and non-CMP elements requires the eNodeB to know the impact on transmission power of selecting a certain precoder. As the UE power is to a large extent unknown on the eNodeB side, there is no easy way for the eNB to know when the different requirements on PA back-off are actually used. For robustness it seems likely that it must presume that the CM penalty is always added for all non CMP precoder elements making them redundant in the codebook selection. In contrast, a pure CMP design is not as dependent on knowing when CM penalties are in effect since all elements provide the same CM. 
3. CMF codebooks—not good for any scenario

For QPSK, the CM of a CMF precoded signal is increased by approximately 1 dB over a CMP precoded signal (to be compared with the Householder codebook which increases the CM by approximately 1.5 dB). Hence, for the power limited case there is only a modest potential gain of 0.5dB by using a CMF codebook as opposed to re-using the well known Householder codebook. 
If we are to deviate from a well known design, such as Householder (or CMP in case of uplink LTE), there must be a scenario where the candidate codebook has a significant performance advantage. All codebooks proposed so far strive for reducing the cubic metric, and thus acknowledge that the codebooks should be designed and evaluated for the power limited case. 

Observation:
It is difficult to see even a single scenario where a CMF codebook yields a significant performance gain over the Householder codebook. A CMP codebook does however yield a significant CM gain of 1.5dB, which translates into a significant performance gain in power limited scenarios.
4. CMP codebook—the harmonized design

To summarize, the technical arguments for a CMF design are not convincing, and cannot motivate a deviation from basic design principles of the LTE uplink. Moreover, adopting a CMP only design for all ranks has many compelling advantages: 
· Cleaner design using the same codebook structure for all ranks

· More zeroes in the precoder elements thus reducing computational complexity in precoder selection

· CMP also for rank 3 would avoid the need of precoder dependent PA back-off thus simplifying UE implementation

· Also avoiding unattractive additional dependence between UL power control and transmission rank

· Reduced uncertainty of actual UE transmission power

The last bullet deserves some further elaboration. Due to the in many cases substantial uncertainty on the eNodeB side of what transmission power the UE applies, the eNodeB cannot be sure of when the UE approaches power limitation and would thus need to back-off its PA. Thus, on top of everything else, the uncertainty of the actual UE transmission power increases if CMP is not used, which in general has negative consequences not only for power control but also for e.g. precoder selection. For the latter,  the eNodeB risks in many cases to having to make the assumption that PA back-off is performed when selecting precoder and rank even though the UE is not power limited, or vice verse, leading to degraded efficiency of rank and/or precoder selection on the eNodeB side. Keeping the CMP property also for rank 3 avoids making this problem worse by additionally increasing the power uncertainty of the UE transmission power on the eNodeB side.

A CMP codebook avoids the need of an extra PA back-off, thus automatically offering performance benefits by allowing more power to be used for the transmission. As is well-known, the link performance is monotonically increasing with more transmission power so this directly translates into a throughput gain. The link performance is actually a rather relevant performance metric in this case as the primary scenario in which SU-MIMO is beneficial is when there is no or little interference. This leads to a noise limited situation in which more power is always better. 

Proposal:
Adopt a CMP codebook design for rank 3

5. Conclusions

· The single carrier property is a fundamental feature of the LTE uplink and again confirmed in RAN1 #55bis for LTE-A. There should be very strong compelling reasons for abandoning this basic property of the LTE uplink.
· To analyze the Tx power state of the terminals in case of rank three transmission, the evaluation should be performed in low load scenarios and wideband allocations which represent the primary targets of spatial multiplexing operation. 

· The eNB cannot with any reasonable certainty know whether or not the UE has reached its maximum transmission power
· There is no scenario where a CMF codebook yields a significant performance gain over the Householder codebook. A CMP codebook does however yield a significant CM gain of 1.5dB, which translates into a significant performance gain in power limited scenarios.
Proposal 1:
Compare codebooks of different types on link level by assuming UEs run at full transmission power and hence shift curves along x-axis directly according to the PA back-off value before making comparison

Proposal 2:
Adopt a CMP codebook design for rank 3
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