3GPP TSG-RAN WG4 #69
R4-136250
November 11th – 15th, 2013
San Francisco, CA, US
Agenda item:
8.26
Source: 
Qualcomm Incorporated

Title: 
PCMAX tolerance for UL inter-band CA
Document for:
Approval
1. Introduction

PCMAX tolerance for UL CA has been recently discussed in [1], [2].  This contribution provides additional thoughts on this topic.  In particular, the effect of a 25 dBm hard limit on the output power on the UE is considered.  The PCMAX tolerance is derived and suggestions for improvement are presented.  A TP is provided to capture the method and the simulation results.
2. Discussion

2.1. Derivation of PCMAX tolerance for 2UL inter-band CA

To support inter-band UL CA, it is well understood that separate Tx chains with separate PA’s and separate power control circuits will be used for each uplink CC.  The reference architecture merges these two separate transmissions together to a common antenna port by a diplexer for bands spaced widely in frequency, or by a quadplexer for bands spaced closely in frequency.  Furthermore, it has been established that the maximum output power for the UE should be limited to 23 dBm.  For SAR and other regulatory reasons, the absolute maximum output power when taking into consideration the tolerance at maximum output power is limited to 25 dBm as a hard limit for a class 3 device.

Thus, it might be envisioned that at maximum output power, the UE could be transmitting 20 dBm from each of two component carriers.  However, since each component carrier is independently power controlled, there is no limitation that the two component carriers must be transmitting at equal power.  The only restriction is that the total power must not exceed 23 dBm, or 25 dBm when taking into account the tolerance.  

Furthermore, given that each transmit chain is independent and is expected to be able to support transmitting in the band as a single carrier when not configured for carrier aggregation, each transmit chain can be expected to meet the single carrier PCMAX tolerance requirements given in Table 6.2.5-1 of TS 36.101 shown below.

Table 6.2.5-1: PCMAX tolerance 

	PCMAX
(dBm)
	Tolerance T(PCMAX)
(dB)

	23 < PCMAX ≤ 33
	2.0

	21 ≤ PCMAX ≤ 23
	2.0

	20 ≤ PCMAX < 21
	2.5

	19 ≤ PCMAX < 20
	3.5

	18 ≤ PCMAX < 19
	4.0

	13 ≤ PCMAX < 18
	5.0

	8 ≤ PCMAX < 13
	6.0

	-40 ≤ PCMAX < 8
	7.0


The challenge arises when using these parameters to derive the appropriate PCMAX tolerances when two independent transmitters, each conforming to single carrier PCMAX tolerance requirements, are summed together in carrier aggregation.  We first note a few observations and provide a numerical example.
1. The tolerance of two independent transmitters will be larger than the tolerance of an individual transmitter.  From statistics, it is known that the variance of the sum of two independent random variables is the sum of their individual variances.  In this case, if a transmitter is configured to transmit at 20 dBm on the serving cell, due to the tolerance, it may actually transmit in the range from 17.5 dBm to 22.5 dBm.  Thus, when two such transmitters configured for PCMAX,c of 20 dBm are summed together, the total transmission power which should nominally be configured for PCMAX of 23 dBm can range from 20.5 dBm to 25.5 dBm. 

2. The first observation highlights the fact that with two transmitters each configured to transmit at 20 dBm (for a total configured transmission power of 23 dBm), the maximum allowed output power of the UE can be exceeded.  This effect was also described in [2].  In such a case, the UE must reduce its output power to comply with the requirement that its total output power including tolerance must be no greater than 25 dBm.
3. We consider a method where the power is scaled uniformly on both component carriers.  In this case, scaling the output of each component carrier would appear to bring the UE into compliance.  We note that the conclusions of this paper do not depend on uniform scaling, but it is used here for simplicity of explanation.
4. Scaling the power on each CC by -0.5 dB implies that each CC is now scaled to transmit at 19.5 dBm.  However, we note that the tolerance for a single carrier at 19.5 dBm is larger than when it was configured to transmit at 20 dBm.  The tolerance at 19.5 dBm is 3.5 dB, meaning that the actual transmit power on each CC could range from 16 dBm to 23 dBm.  This leads to the problem that the total transmission power PCMAX, while scaled for 22.5 dBm, can be as high as 26 dBm.  Once again, the maximum allowed output power can be exceeded and the output power must be further scaled.

5. Scaling the power by an additional -1 dB then leads to each CC being scaled to 18.5 dBm.  At 18.5 dBm, the tolerance is 4 dB, so that the total transmission power can be as high as 25.5 dBm still requiring further scaling.
6. Scaling one more time, each CC is scaled to 18 dBm with tolerance of 4 dB.  Therefore, the largest power after tolerance for each serving cell is 22 dBm resulting in a total transmission power at the UE after tolerance of 25 dBm.  For this set of CC’s configured to PCMAX,c of 20 dBm, scaling is required to 18 dBm.  The result is that the total UE power can range from a lower value of 18 dBm – 4 dB tolerance + 3 dB = 17 dBm to an upper value of 18 dBm + 4 dB tolerance + 3 dB = 25 dBm.  The tolerance is then defined as this range relative to the total configured power PCMAX of 23 dBm.  In other words, for this particular pair of CC powers, the configured power is 23 dBm, the upper tolerance is 2 dB and the lower tolerance is 6 dB.
7. However, the above case illustrating CC1 configured to 20 dBm and CC2 configured to 20 dBm does not represent the worst case.  Since for inter-band UL CA, each CC is independently power controlled, there is no limitation that the serving cells must be configured to the same power.  The worst case was found to be when CC1 is configured to 19.5 dBm and CC2 is configured to 20.4 dBm.  In this case, the total configured power is 23 dBm.  However, the scaled powers for CC1 and CC2 are 16.5 dBm and 17.4 dBm, respectively.  This gives a range for total UE power from 15 dBm to 25 dBm since the tolerance of the scaled CC’s is 5 dB each.  Therefore, in this worst case, the configured power is 23 dBm, the upper tolerance is 2 dB, and the lower tolerance is 8 dB.
This example demonstrates the challenges in determining the PCMAX tolerances for UL inter-band CA.  Because each CC can be independently power controlled and yet can only be ensured to comply with single carrier tolerance requirements, the tolerance can become quite large even at high power levels.  The reason is because there is a hard limit for the UE of 25 dBm, forcing the UE to scale the power downwards to account for tolerances.  However, the tolerances are larger at the lower power levels that the UE scales down to.
2.2. Simulation results

A simulation was constructed to compute the PCMAX tolerances by searching the two-dimensional space of configured CC powers for each of two CC’s.  The worst case tolerances are found for all values of configured total power PCMAX.
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Figure 1.  PUMAX range for 2 UL inter-band CA taking into account PCMAX,c tolerances.
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Figure 2.  Total power PCMAX upper and lower tolerancse for 2 UL inter-band CA taking into account PCMAX,c tolerances.
Based on these results, a table for tolerances could be constructed as follows

Table 6.2.5A-2a: PCMAX tolerance for intra-band CA 

	PCMAX
(dBm)
	Tolerance T(PCMAX)
Intra-band with two active UL serving cells

(dB)
	


	21 ≤ PCMAX ≤ 23
	2.0
	

	20 ≤ PCMAX < 21
	[2.5]
	

	19 ≤ PCMAX < 20
	[3.5]
	

	18 ≤ PCMAX < 19
	[4.0]
	

	13 ≤ PCMAX < 18
	[5.0]
	

	8 ≤ PCMAX < 13
	[6.0]
	

	-40 ≤ PCMAX < 8
	[7.0]
	


Table 6.2.5A-2b: PCMAX tolerance for inter-band CA
	PCMAX
(dBm)
	Tolerance TLOW(PCMAX)
IInter-band with two active UL serving cells

(dB)
	Tolerance THIGH(PCMAX)
Inter-band with two active UL serving cells

 (dB)

	22 ≤ PCMAX ≤ 23
	8.0
	2.0

	21 ≤ PCMAX < 22
	7.0
	3.0

	20 ≤ PCMAX < 21
	6.0
	4.0

	19 ≤ PCMAX < 20
	5.0
	5.0

	16 ≤ PCMAX < 19
	5.5
	5.5

	14 ≤ PCMAX < 16
	6.0
	6.0

	11 ≤ PCMAX < 14
	6.5
	6.5

	-37 ≤ PCMAX < 11
	7.0
	7.0


2.3. Possibilities to improve performance

We note that the tolerances can be very large for inter-band CA with 2UL carriers, even for high output power levels.  At aggregated power levels above 20 dBm including at maximum output power of 23 dBm, the range of PUMAX is 10 dB.  Having such a large tolerance may lead to additional complexity in network scheduling and degraded overall network uplink throughput.  We therefore seek possibilities to reduce this tolerance and improve performance.  Some possibilities are listed below

1. Do nothing in the specifications.  The specifications are technically correct and fully consistent.  However, actual device performance is likely to be able to exceed these specified requirements.  The network scheduler may be able to benefit from the actual improved performance by exploiting the power headroom report sent by the UE. 
2. Allow the UE to exceed 25 dBm.  For some devices (i.e., tablet, laptop) where SAR or other regulatory restrictions are less stringent, it may be possible to remove or raise the hard limit of 25 dBm and thereby improve the tolerance at higher power levels.  This may be beneficial since each CC must be able to support 23 dBm maximum output power, so the UE is likely capable of delivering 26 dBm when configured for 2UL CA without hardware modification.  A new CA power class with maximum output power of 26 dBm may be required to be defined to support this possibility.

3. Tighten the single carrier tolerances, particularly at lower power levels.  This can be implemented in two ways.  Either the single carrier tolerances themselves can be explicitly tightened such that 2UL CA tolerances would inherit this improved performance, or the 2UL CA tolerances could be tightened but not explicitly tighten the single carrier tolerances since not all devices support CA.
4. It may be possible to identify a subset of the CC power levels (i.e., PCMAX,c) for which the largest tolerances are required.  For example, it was discovered above that unequal power levels between CC's may require more scaling and therefore larger tolerances than equal power levels between CC's.  Further, in actual network operation, there may be a greater likelihood that the power difference between CC's is bounded.  However, the particular case of limiting the difference in power between CC's is not likely to be successful since in the example above, a difference smaller than 1 dB led to the worst case tolerance.  Further investigation may reveal a more effective pruning method.
3. Conclusion
We have evaluated the required PCMAX tolerance for 2UL inter-band CA.  As shown by example, for high output power levels, the UE is fundamentally limited by the maximum output power limit of 25 dBm including tolerance.  As a consequence of this limit, the UE must scale its output down leading to larger tolerances.  Based on these principles, a table has been derived for PCMAX tolerance.  However, noting that the tolerances are quite large, several possibilities for future study are suggested for investigation to improve this tolerance. 
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<<< Start of TP for 36.860 >>>

5.2.x

Transmit power

5.2.x.1 UE maximum output power for 2UL inter-band CA

For 2UL inter-band CA, considering SAR requirement, current power class for each UE should be maintained. UE maximum output power shall be measured over all component carriers from different bands. If each band has separate antenna connectors, maximum output power is measured as the sum of maximum output power at each UE antenna connector.

For 2UL inter-band CA, multiple transmitters with one for each band are assumed. Considering lower tolerance is impacted by the number of transmitters rather than the number of antenna connectors, the lower tolerance of maximum output power for dual uplink inter-band CA shall also be relaxed due to multiple transmitters. This is very similar to the case of UL-MIMO. The tolerance value for 2UL inter-band CA could refer to UL-MIMO considering both are two transmitters sharing the maximum output power. For a certain band combination, if the lower tolerance is different for the two constituent bands, the tolerance is FFS. 

5.2.x

Configured transmitted power for 2UL inter-band CA 
5.2.x.1 

Derivation of PCMAX tolerance for 2UL inter-band CA

To support inter-band UL CA, it is well understood that separate Tx chains with separate PA’s and separate power control circuits will be used for each uplink CC.  The reference architecture merges these two separate transmissions together to a common antenna port by a diplexer for bands spaced widely in frequency, or by a quadplexer for bands spaced closely in frequency.  Furthermore, it has been established that the maximum output power for the UE should be limited to 23 dBm.  For SAR and other regulatory reasons, the absolute maximum output power when taking into consideration the tolerance at maximum output power is limited to 25 dBm as a hard limit for a class 3 device.

Thus, it might be envisioned that at maximum output power, the UE could be transmitting 20 dBm from each of two component carriers.  However, since each component carrier is independently power controlled, there is no limitation that the two component carriers must be transmitting at equal power.  The only restriction is that the total power must not exceed 23 dBm, or 25 dBm when taking into account the tolerance.  

Furthermore, given that each transmit chain is independent and is expected to be able to support transmitting in the band as a single carrier when not configured for carrier aggregation, each transmit chain can be expected to meet the single carrier PCMAX tolerance requirements given in Table 6.2.5-1 of TS 36.101 shown below.

Table 6.2.5-1: PCMAX tolerance 

	PCMAX
(dBm)
	Tolerance T(PCMAX)
(dB)

	23 < PCMAX ≤ 33
	2.0

	21 ≤ PCMAX ≤ 23
	2.0

	20 ≤ PCMAX < 21
	2.5

	19 ≤ PCMAX < 20
	3.5

	18 ≤ PCMAX < 19
	4.0

	13 ≤ PCMAX < 18
	5.0

	8 ≤ PCMAX < 13
	6.0

	-40 ≤ PCMAX < 8
	7.0


The challenge arises when using these parameters to derive the appropriate PCMAX tolerances when two independent transmitters, each conforming to single carrier PCMAX tolerance requirements, are summed together in carrier aggregation.  We first note a few observations and provide a numerical example.

8. The tolerance of two independent transmitters will be larger than the tolerance of an individual transmitter.  From statistics, it is known that the variance of the sum of two independent random variables is the sum of their individual variances.  In this case, if a transmitter is configured to transmit at 20 dBm on the serving cell, due to the tolerance, it may actually transmit in the range from 17.5 dBm to 22.5 dBm.  Thus, when two such transmitters configured for PCMAX,c of 20 dBm are summed together, the total transmission power which should nominally be configured for PCMAX of 23 dBm can range from 20.5 dBm to 25.5 dBm. 

9. The first observation highlights the fact that with two transmitters each configured to transmit at 20 dBm (for a total configured transmission power of 23 dBm), the maximum allowed output power of the UE can be exceeded.  In such a case, the UE must reduce its output power to comply with the requirement that its total output power including tolerance must be no greater than 25 dBm.

10. We consider a method where the power is scaled uniformly on both component carriers.  In this case, scaling the output of each component carrier would appear to bring the UE into compliance.  We note that the conclusions of this paper do not depend on uniform scaling, but it is used here for simplicity of explanation.
11. Scaling the power on each CC by -0.5 dB implies that each CC is now scaled to transmit at 19.5 dBm.  However, we note that the tolerance for a single carrier at 19.5 dBm is larger than when it was configured to transmit at 20 dBm.  The tolerance at 19.5 dBm is 3.5 dB, meaning that the actual transmit power on each CC could range from 16 dBm to 23 dBm.  This leads to the problem that the total transmission power PCMAX, while scaled for 22.5 dBm, can be as high as 26 dBm.  Once again, the maximum allowed output power can be exceeded and the output power must be further scaled.

12. Scaling the power by an additional -1 dB then leads to each CC being scaled to 18.5 dBm.  At 18.5 dBm, the tolerance is 4 dB, so that the total transmission power can be as high as 25.5 dBm still requiring further scaling.

13. Scaling one more time, each CC is scaled to 18 dBm with tolerance of 4 dB.  Therefore, the largest power after tolerance for each serving cell is 22 dBm resulting in a total transmission power at the UE after tolerance of 25 dBm.  For this set of CC’s configured to PCMAX,c of 20 dBm, scaling is required to 18 dBm.  The result is that the total UE power can range from a lower value of 18 dBm – 4 dB tolerance + 3 dB = 17 dBm to an upper value of 18 dBm + 4 dB tolerance + 3 dB = 25 dBm.  The tolerance is then defined as this range relative to the total configured power PCMAX of 23 dBm.  In other words, for this particular pair of CC powers, the configured power is 23 dBm, the upper tolerance is 2 dB and the lower tolerance is 6 dB.

14. However, the above case illustrating CC1 configured to 20 dBm and CC2 configured to 20 dBm does not represent the worst case.  Since for inter-band UL CA, each CC is independently power controlled, there is no limitation that the serving cells must be configured to the same power.  The worst case was found to be when CC1 is configured to 19.5 dBm and CC2 is configured to 20.4 dBm.  In this case, the total configured power is 23 dBm.  However, the scaled powers for CC1 and CC2 are 16.5 dBm and 17.4 dBm, respectively.  This gives a range for total UE power from 15 dBm to 25 dBm since the tolerance of the scaled CC’s is 5 dB each.  Therefore, in this worst case, the configured power is 23 dBm, the upper tolerance is 2 dB, and the lower tolerance is 8 dB.

This example demonstrates the challenges in determining the PCMAX tolerances for UL inter-band CA.  Because each CC can be independently power controlled and yet can only be ensured to comply with single carrier tolerance requirements, the tolerance can become quite large even at high power levels.  The reason is because there is a hard limit for the UE of 25 dBm, forcing the UE to scale the power downwards to account for tolerances.  However, the tolerances are larger at the lower power levels that the UE scales down to.

5.2.x.2 

Simulation results

A simulation was constructed to compute the PCMAX tolerances by searching the two-dimensional space of configured CC powers for each of two CC’s.  The worst case tolerances are found for all values of configured total power PCMAX.
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Figure 1.  PUMAX range for 2 UL inter-band CA taking into account PCMAX,c tolerances.
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Figure 2.  Total power PCMAX upper and lower tolerancse for 2 UL inter-band CA taking into account PCMAX,c tolerances.
<<< End of TP >>>
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