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1 Introduction
The reference sensitivity is a more complex requirement for LTE as compared to WCDMA in view of the larger channel bandwidths and its variable uplink transmission bandwidths (the resource blocks used). It has become a key parameter a decisive factor when assessing the feasibility of various frequency band arrangements. However, it is still only a test of the noise factor. The insertion loss has a direct impact on the noise factor, whereas the contributions from other effects such as transmitter noise and IIP2 depend on a certain fixed uplink allocation. 
The maximum sensitivity degradation (MSD) is an allowed relaxation for some combinations of bandwidths and operating bands when the UL resource block allocation is the maximum number of resource blocks supported by the channel bandwidth. This corresponds to the noise-limited scenario in which a user is receiving a continuous full downlink allocation at reference sensitivity level while transmitting a continuous maximum configuration in the uplink, assuming that the latter is possible. In live network operation, HARQ will be used and will alleviate effect of desensitization, the uplink transmission not likely to be the same in subsequent retransmissions. PDCCH may be most sensitive of missed up- or downlink grant, but also coded and low-code rate may be used at the cell edge. Hence the impact of MSD on coverage should not be overrated: it is equally, if not more, an indication of the achievable duplex filter performance and transmitter linearity given a certain combination of operating band and channel bandwidth. 
Just like reference sensitivity, the MSD minimum requirement assumes conductive testing using two antenna ports. The most common diversity receiver for Rel-8 is likely to employ one main TX/RX branch, see the simplified architecture shown in Figure 1. Compared to the single TX/RX branch of a single-antenna receiver, the transmit noise will degrade the sensitivity to a lesser extent since the RX-only port experiences an attenuated transmitter signal. This is of course also beneficial for more realistic uplink allocations when HARQ is in use. In practice the attenuation between the branches is governed by the mutual coupling between the antennas. For the conductive test the coupling occurs primarily between the duplex filter and antenna connector interfaces, the on-board coupling loss must be much larger for the radio to work.
If UE transmit antenna selection is supported the architecture could potentially also include two TX/RX branches. UE transmit antenna selection is configured by higher layers: if UE transmit antenna selection is disabled or not supported the UE shall transmit from UE port 0 according to [1]. 

Mandating that the UE shall transmit from port 0 could also be a prerequisite for a possible MSD test case for Rel-8, the architecture in Figure 1 can then be assumed when devising minimum performance requirements. One possibility is that MSD remains a core requirement only, and is not tested in the interest of minimising the number of conformance tests. 
In this document we look at different methods for estimating MSD, one particular example is Band 13 and its corresponding uplink allocation for the reference sensitivity test: 15 or 20 RB? At least for Rel-8, the diversity architecture in Figure 1 can be assumed when determining the number of blocks to use. However, it turns out that the calculation of desense is often more complicated for small sensitivity degradations as we shall see next.

[image: image1]
Figure 1: diversity receiver with one main TX/RX branch.

2 MSD with correlated transmitter noise

Maximum ratio combining (MRC) has been assumed for the 1 x 2 antenna configuration by which the receiver requirements are tested. So far the calculation of MSD with excessive transmitter noise (TX OOB emission falling in the RX band) has also been based on standard MRC, see e.g. [2]. In this section we follow up the results in [3] and look at the impact of the transmitter noise that appears as a correlated interferer at both diversity branches.
2.1 MRC receiver

The standard results for MRC assume that the interferers on the two branches are uncorrelated. In the desensitization test the transmitter noise at the two branches is correlated, but attenuated at the RX-only port. In this case the standard combining weights for MRC are not optimal, other weights should be chosen to suppress the correlated terms that appear in addition to the uncorrelated noise.  

To show the effect of correlated interference we assume that the combined received signal (complex amplitude) is given by 
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with the combining weight gi  applied to branch i, 
[image: image3.wmf]i
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the uncorrelated noise at branch i and t the transmit noise, which is  attenuated by a factor c << 1 at the RX-only port; the first term represents the TX/RX port. The SNR of the combined signal is
(2.1)
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where E signifies expectation and V variance. Disregarding the fact that the transmitter noise at the two branches is correlated, the standard weights gi for MRC with the noise estimated per branch are
(2.2)
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where  is an arbitrary constant. Channel estimation errors are not included here (accounted for in the implementation margin of the SNR used for obtaining the REFSENS), but it is noted that channel estimation will compensate for phase differences between the branches. 
2.2 Use of standard MRC expressions

Next we look at the conditions needed for using the expressions in [2] that are based on summing the SNR(s) per branch, the standard MRC result with uncorrelated noise. We note that (2.1) can be approximated by
(2.3)
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. Applying the weights (2.2) on the right-hand side of (2.3) then yields the familiar sum of the per-port SNR. Use of the particular weights (2.2) also means that 
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 so the inequality is also satisfied if
(2.4)
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If we assume equal noise performance at both ports, 
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, (2.4) is met when
(2.5)
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and we could also have picked the relation 
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to obtain the same result. Hence (2.3) is a reasonable approximation if the complex amplitude of the coupling c is small and the transmitter noise
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 is of about the same order of magnitude as the receiver noise
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. This is not the case for the most difficult scenarios for wide bandwidths and small duplex gaps (or poor IIP2 performance), for which the standard weights are not optimal.
The MSD is the required change of input power to maintain the SNR with and without the transmit noise t. If (2.5) is met then

(2.6)

[image: image15.wmf]n

s

t

c

n

s

t

n

s

SNR

V

2

V

V

V

V

2

1

2

2

2

2

2

a

=

+

+

+

=


where the left-hand side is the sum of the SNR per port and right-hand side represent the case without transmitter noise. The factor  is the specific margin for the transmitter noise accounted for in REFSENS requirement assuming the requisite uplink PRB allocation in Table 7.3.1-2 in [4]. We obtain
(2.7)
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the result in [2].
2.3 High transmitter noise level
If the transmitter noise dominates on both diversity branches, on the other hand, then
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for we assume that c << 1. The standard weights (2.2) now satisfy 
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, that is, the RX branch is amplified by a larger MRC weight since a lower transmitter noise is experienced at this port. Again, assuming equal noise performance at both ports, 
[image: image21.wmf]n

n

n

V

V

V

2

1

=

=

 and only retaining the weights g2 in (2.1) we obtain
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which means that there is nevertheless a gain in the combined SNR compared to the case in which only the TX/RX port would be considered, whence
(2.8)
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The key is the attenuation c, which implies that the RX branch is much less affected by the transmitter noise (the power of the desired signal is the same at both ports).

Note that c represents the resulting coupling at base-band referred to the receiver input port, which for our case in turn depends on the attenuation of the TX signal (e.g. by the duplexer) and the IIP2 performance of the two branches. We recall that the desense is the required change of input power to maintain the SNR with and without the transmit noise t,
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and

(2.9)
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which is about
[image: image26.wmf]2

/

2

c

lower than the desensitization of the TX/RX branch considered on its own if 
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(2.10)
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3 Estimated MSD
Which formula to use for estimating desense? 
1. if the transmitter noise
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 and the receiver noise
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satisfy (2.5), then the MSD can be estimated by the usual MRC expression (2.7). Notice that this may still be a good approximation also under conditions other than (2.5). 

2. if the transmitter noise is dominating at both branches, 
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, then (2.9) is applicable, and this may also be used as an upper bound for diversity with MRC standard weights (the interference fully correlated)

3. if  
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 then (2.9) is not a reasonable approximation. If the standard MRC is not an alternative, one can resort to the expression for the main TX/RX branch (2.10) for a conservative estimate of the minimum performance.
The relations between the noise and interference sources and the receiver characteristics are
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where Lrx is the receive insertion loss, atx-rx the duplexer isolation, B the bandwidth and  a margin for the TX noise that is already implicit in the REFSENS values above. Fmax is the noise factor assumed for the reference sensitivity (in the range 9-12 dB plus the implementation margin for impairments of 2.5 dB but excluding the TX noise), and Lcpl is the coupling between the branches. Note that Pout is the PA power output before the TX filter of the duplexer, and ACLR is the transmitter OOB measured in the entire receive bandwidth and related to the output power (thus dBc). 

The relation REFSENS (dBm) is
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 dB is the SNR per port (the combined SNR used in Section 2). Note that the margin  for the transmitter noise included in the total implementation margin of 2.5 dB.
For the calculation of MSD we assume the following generic data:

· duplexer loss set to minimum 45 dB (Tx to RX isolation) for all bands

· duplexer insertion losses at TX and RX of 3 dB 

· on-board branch coupling of Lcpl = 10 dB with antennas disconnected
· Pout-ant at antenna 22 dBm (MPR = 1 dB)

· the margin  = 0.5 dB accounting for TX noise in the REFSENS figures.
The estimated ACLR for selected bands is shown in Table 1; the uplink has the maximum transmission configuration per channel bandwidth.
Table 1 ACLR for different bands (dBc), maximum transmission configuration for UL

	E-UTRA Band
	5MHz/25 RB
	10 MHz/50 RB
	15 MHz/75 RB
	20 MHz/100 RB

	3
	
	(87)
	76
	70

	8
	
	69
	
	

	11
	
	70
	61
	51

	12
	76
	60
	
	

	13
	76
	60
	
	

	17
	76
	60
	
	


The resulting MSD for the entries in Table 1 are shown in Table 2. In most cases, the results are obtained using (2.9), except in the case of 15 MHz for Band 3 where the MSD is estimated using (2.10). The desense obtained using the standard MRC expression (2.7) is slightly lower. For Band 3 10 MHz we can use (2.7), the resulting MSD is 0 dB as it should be. We propose to put whatever is obtained for Band 3 in between square brackets since the duplexer arrangement for this band is particularly challenging using current technology.
Table 2: Maximum Sensitivity Degradation

	Channel bandwidth

	E-UTRA Band
	1.4 MHz
(dB)
	3 MHz
(dB)
	5 MHz
(dB)
	10 MHz
(dB)
	15 MHz
(dB)
	20 MHz
(dB)
	Duplex Mode

	1
	-
	-
	n/a
	n/a
	n/a
	n/a
	FDD

	2
	n/a
	n/a
	n/a
	n/a
	TBD
	TBD
	FDD

	3
	n/a
	n/a
	n/a
	n/a (0.0)
	[1.5]
	[3.0]
	FDD

	4
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a
	FDD

	5
	n/a
	n/a
	n/a
	TBD
	
	
	FDD

	6
	-
	-
	n/a
	TBD
	
	
	FDD

	7
	-
	-
	n/a
	n/a
	TBD
	TBD
	FDD

	8
	n/a
	n/a
	n/a
	4.0
	
	
	FDD

	9
	-
	-
	n/a
	n/a
	TBD
	TBD
	FDD

	10
	-
	-
	n/a
	n/a
	n/a
	n/a
	FDD

	11
	-
	-
	n/a
	4.0
	7.0
	14.0
	FDD

	12
	-
	-
	3.0
	8.5
	
	
	FDD

	13
	-
	-
	3.0
	8.5
	
	
	FDD

	14
	
	
	
	
	
	
	FDD

	17
	-
	-
	3.0
	8.5
	
	
	FDD

	 Note 1:    The transmitter shall be set to maximum output power level with MPR applied and       with the maximum transmission configuration (Table 5.5-1) allocated 

Note 2:    If UE transmit antenna selection supported by the UE, it should be disabled: the UE shall transmit from UE port 0.



For Band 8 with 25 PRB the desense is 0 dB according to (2.7). We also note that (2.10) would yield a 7 dB higher MSD for the larger bandwidths of Bands 11, 12, 13 and 17. Use of (2.7) in these cases would only give a slightly lower value than the entries in Table 2 even if (2.5) is far from satisfied.
4 Bands 12, 13 and 17

In [5] it is proposed to reduce the maximum uplink configuration for the REFSENS for the 10 MHz channel from 20 to 15 PRB for the US 700 MHz bands. Next we look at the estimated desense for these cases using the expressions above. For Band 13, the ACLR would then increase from 72.4 dBc to 74.6 dBc according to estimates based on a realistic PA model. Assuming a 10 dB coupling loss between the diversity branches and a duplexer attenuation of 45 dB at RX as above, the desense is 2.5 dB for 15 RB according to (2.10), the conditions for using (2.9) are not satisfied then. (2.7) yields 1 dB but with the left- and right-hand sides of (2.5) being about equal.
Resorting to a target specified att@RX of 50 dB (by duplexer vendor) for Band 13, (2.10) yields MSD(s) of 0.7 dB and 1.3 dB for ACLR of 74.6 dBc (15 RB) and 72.4 dBc (20 RB), respectively. The MRC expression (2.7) yields 0.1 dB and 0.4 dB but with (2.5) barely met (can still be a good estimate). 

To sum up, the methods above indicate that 20 RB is possible to achieve with a target specified att@RX for Band 13 and by virtue of diversity, but will pose slightly more stringent requirement on e.g. linearity than the 15 RB option. 

5 Proposal

The MSD requirements should be based on the use of a diversity receiver, if UE antenna selection is supported the UE could be configured to send on one of the antenna ports. However, it should be noted that we have not considered the TX blocker in the deliberations above, the rejection of this may be lesser at the RX-only port (but the blocker is attenuated further by the coupling loss between the branches). 
Moreover, we propose to consider specifying MSD as a core requirement only, but not to include it in the conformance test specifications in the interest of reducing the number of tests. 
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Annex: REFSENS requirement in TS 36.101

In this appendix we attach the minimum requirements from TS 36.101 for convenience.
7.3.1

Minimum requirements (QPSK) 

The throughput shall be ≥ 95% of the maximum throughput of the reference measurement channel as specified in Annex A.3.2 with parameters specified in Table 7.3.1-1 and table 7.3.1-2
Table 7.3.1-1: Reference sensitivity QPSK PREFSENS 

	Channel bandwidth

	E-UTRA Band
	1.4 MHz
(dBm)
	3 MHz
(dBm)
	5 MHz
(dBm)
	10 MHz
(dBm)
	15 MHz
(dBm)
	20 MHz
(dBm)
	Duplex Mode

	1
	-
	-
	-100
	 -97
	-95.2 
	-94 
	FDD

	2
	-103.2
	-100.2
	-98 
	-95
	-93.2
	-92
	FDD

	3
	-102.2
	-99.2
	-97 
	-94
	-92.2
	-91
	FDD

	4
	-105.2
	-101.7
	-100
	-97
	-95.2
	-94
	FDD

	5
	-103.2
	-100.2
	-98
	-95
	
	
	FDD

	6
	-
	-
	-100
	-97
	
	
	FDD

	7
	-
	-
	-98
	-95
	-93.2
	-92
	FDD

	8
	-102.2
	-99.2
	-97
	-94
	
	
	FDD

	9
	-
	-
	-99
	-96
	-94.2
	-93
	FDD

	10
	-
	-
	-100
	-97
	-95.2
	-94
	FDD

	11
	-
	-
	-98
	-95
	-93.2
	-92
	FDD

	12
	-102.2
	-99.2
	-97
	-94
	
	
	FDD

	13
	-102.2
	-99.2
	-97
	-94
	
	
	FDD

	14
	
	
	
	
	
	
	FDD

	…
	
	
	
	
	
	
	

	17
	-102.2
	-99.2
	-97
	-94
	
	
	FDD

	…
	
	
	
	
	
	
	

	33
	-
	-
	-100
	-97
	-95.2
	-94
	TDD

	34
	-
	-
	-100
	-97
	-95.2
	-94
	TDD

	35
	-106.2
	-102.2
	-100
	-97
	-95.2
	-94
	TDD

	36
	-106.2
	-102.2
	-100
	-97
	-95.2
	-94
	TDD

	37
	-
	-
	-100
	-97
	-95.2
	-94
	TDD

	38
	-
	-
	-100
	-97
	
	
	TDD

	39
	-
	-
	-100
	-97
	-95.2
	-94
	TDD

	40
	-
	-
	-100
	-97
	-95.2
	-94
	TDD

	Note 1:
The transmitter shall be set to maximum output power level (Table 7.3.1-2)
Note 2:
Reference measurement channel is A.3.2
Note 3:
The signal power is specified per port

Note 4:
For the UE which supports both Band 3 and Band 9 the reference sensitivity level of Band 3 + 0.5 dB is applicable for band 9



Note 1: The relation to the received PSD is 
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 with NRB is the maximum transmission configuration according to Table 5.6-1.

Table 7.3.1-2 specifies the minimum number of allocated uplink resource blocks for which the reference receive sensitivity requirement must be met. 

Table 7.3.1-2: Maximum uplink configuration for reference sensitivity
	E-UTRA Band / Channel bandwidth / NRB / Duplex mode

	E-UTRA Band
	1.4 MHz
	3 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	Duplex Mode

	1
	-
	-
	25 
	50 
	75 
	100 
	FDD

	2
	6 
	15 
	25 
	50 
	501
	501
	FDD

	3
	6 
	15 
	25 
	50 
	501
	501
	FDD

	4
	6 
	15
	25 
	50 
	75 
	100 
	FDD

	5
	6 
	15 
	25 
	251
	-
	-
	FDD

	6
	-
	-
	25 
	251
	-
	-
	FDD

	7
	-
	-
	25 
	50 
	751
	751
	FDD

	8
	6 
	15
	25 
	251
	-
	-
	FDD

	9
	-
	-
	25 
	50 
	501
	501
	FDD

	10
	-
	-
	25 
	50 
	75 
	100 
	FDD

	11
	-
	-
	25 
	251
	251
	251
	FDD

	12
	6
	15
	201
	201
	
	
	FDD

	13
	6
	15
	201
	201
	
	
	FDD

	14
	
	
	
	
	
	
	FDD

	...
	
	
	
	
	
	
	

	17
	6
	15
	201
	201
	
	
	FDD

	…
	
	
	
	
	
	
	

	33
	-
	-
	25 
	50 
	75 
	100 
	TDD

	34
	-
	-
	25 
	50 
	75
	-
	TDD

	35
	6 
	15 
	25 
	50 
	75 
	100 
	TDD

	36
	6 
	15 
	25 
	50 
	75 
	100 
	TDD

	37
	-
	-
	25 
	50 
	75 
	100 
	TDD

	38
	-
	-
	25 
	50 
	-
	-
	TDD

	39
	
	
	25 
	50 
	75 
	100 
	TDD

	40
	
	
	
	50 
	75 
	100 
	TDD

	Note 1:       Maximum number of UL  resources blocks allocated is less than the total resources blocks supported by the channel bandwidth 
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