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1. Introduction 

This document compares the power that would be seen by a receiver in a radiated environment to that seen in a simulated radiated environment. 

This document will analyze the two conditions and compare the differences in power measurement. This information is offered to give some insight into the operation of the UE when switching between conducted and radiated mode that should prove useful when analyzing the error budget for the 2 stage method in the future.

2. UE Front End Model

To perform the analysis we choose a model for the front end switching circuit. This is shown in Figure 1. This diagram will be the basis for the analysis.

The top branch shows the antenna aperture, a block with losses for the antenna and the matching circuits and then a block for the mismatch loss when the antenna is driving a receiver. The switch represents the test port connector built into the UE.

The lower branch shows test equipment connected to the UE test port, and includes mismatch loss for that impedance interface. This lower connection point is used in the second stage of the 2-stage method. 

In both branches blocks representing the mismatch loss have been included to clearly identify their contribution. 
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 Figure 1 Simplified Block Diagram of UE RX Front End 

3. Antenna Model From the 2-stage Method

The 2-stage MIMO method relies on replacing radiated environment and the UE antenna with simulated representations. The real antenna and the simulated antenna each have a spatial pattern, which includes gain and phase in 3D space. The mismatch loss is included, since the antenna model is created with the antenna connected to the receive circuit.
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Figure 2 Antenna Model In the 2-stage Method

An advantage of this method of antenna patterning is that the antenna is loaded by the UE receiver .In this way the mismatch losses are exactly as they will be during radiated operation. 

Figure 3 shows an example magnitude plot of a single antenna patterned in a commercial UE in Band 13.  This pattern was obtained using the UE measurement capability from the 1st stage of the 2-stage method. The pattern was obtained in a CTIA certified anechoic chamber using Rohde and Schwarz CMW500 Wideband Radio Communication Tester communicating to the UE under test.  The pattern applies to a single antenna only, ultimately we will need to account for both antenna patterns in a MIMO configuration.
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Figure 3 Single Antenna Amplitude Pattern Data, Band 13
4. Comparing Radiated and Simulated Radiated

Figure 4 shows a simplified diagram of the UE equipment as it is connected during radiated testing. Test equipment is connected to eNodeB antennas inside of an anechoic chamber. 

It is instructive to compare Figure 4 to the simulated radiated configuration as shown in Figure 5. In the simulated radiated configuration the radiated environment is simulated inside of the test equipment, including the UE antenna. Note that in the simulated radiated configuration the mismatch loss from the test equipment is added in, making it different from the radiated configuration. 

Since there is a difference here, the question becomes how big could this mismatch loss be? In order to calculate that we need to quantify the receiver impedance and the test equipment impedance and determine the effect of the overall mismatch that results. This may be illustrated by both a calculated method based on the SWR interaction of cascaded RF blocks and a measured example.
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 Figure 4 Radiated Configuration Diagram
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 Figure 5 Simulated Radiated Configuration Diagram

4.1. Exemplary UE Model and Operational Bands
As a measured example, consider a commercial UE design. We shall consider four of the bands supported by this UE: B2, B5, B17 and B23. We acknowledge that ideally we would test B7 and B13 UEs since they are being used for the IL/IT measurement campaign in CTIA MOSG, but we did not have those bands readily available.
Figure 6 shows a picture showing the short length flexible cabling connections as they are made to the UE. Typically this type of cabling would be part of the second stage of the 2 stage method. We acknowledge that it may be possible to eliminate some of the cable losses by building fixture or adapter to between standard test equipment connections and the UE.
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Figure 6 A typical Conducted Calibration UE Cable Setup

Figure 7 shows the detail of the flexible cable connected to a cca with an SMA connector on its end, for measuring insertion loss and SWR of the flexible coaxial cable (it is not part of the test set-up otherwise.. We used this fixture to measure both the cable insertion loss and its SWR.
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Figure 7 Flexible Cable Measurement Fixture
Figure 8 shows a functional block diagram of the RF front end (RFFE) of the UE under consideration and Table 2 shows the SWR for the specific components used. 

In Figure 8 SWR(test) includes the cascaded combination of the test equipment and coaxial cables, while SWR(rx) includes the cascaded components that make up the receiver sub-system in the UE.
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Figure 8 A Block Diagram of the RFFE for B2, B5, B17 and B23
4.2. Maximum Mismatch Loss for Test Equipment Driving the Receiver
4.2.1.Test Connection SWR

We treat the test equipment as a cascade of three SWR values; the 50Ω output impedance of the test equipment, a length of low-loss 50Ω coaxial cable and a short length (~2.5 inches here) of lossier 50Ω flexible coaxial cable that connects to the UE test port. 
For the cascaded test system consisting of the test equipment and cable connections, the following assumptions are made based on vendor data sheets and measured results on a network analyzer (NA):

1) The RF test equipment will typically have a 50±1.0Ω output impedance for an SWR ~ 1.03. 
2) A high quality, low loss coaxial cable (~ 2feet long here) has a typical SWR ~ 1.1 and an IL ~0.2dB. 
3) A short length (~2.5 inches here) of more lossy cable has a typical SWR ~ 1.1 and an IL ~0.4dB.

The cascaded SWR of these three elements is 1.24, as shown in Section 8, the appendix.

For this example the total cable loss was measured to be 0.6 dB, which included the SMA barrel connector between the low and higher loss coaxial cable. This loss may be calibrated out of the test setup. In general the total loss of the cascaded coaxial cables and SMA connector should be measured for each individual test set-up.
The cable was connected to a 50 ohm load representing the output impedance of the test equipment and a network analyser was used to measure the SWR in Bands 2, 5, 17 and 23. The measured maximum in band SWR is found to be:

1) Band 2: SWR = 1.30

2) Band 5: SWR = 1.25

3) Band 17: SWR = 1.21

4) Band 23: SWR = 1.28

So the calculated cascaded SWR(test) value of 1.24 agrees well with measured SWR data in this case.

4.2.2. Receiver SWR 
This RX input specification is dominated by the SWR of the switch-plexer/BPF. Several RF simulations using RX BPF models (or models for the RX BPF portion of a duplexer) with cascaded switch models confirm this, with simulated SWR values closely aligned with specifications provided by different high volume filter/switch-plexer vendors. 

Table 1 shows sample SWR data from several BPF/duplexer or switch-plexer/BPF vendor datasheets.

	Vendor
	SWR (typ/max)  (n:1)
	Bands Covered
	Comments

	BPF/duplexer A
	1.75/2.0
	Cell-; L-Band
	Maximum SWR ( Band edge)

	BPF/duplexer B
	1.75/2.0
	Cell-; L-Band
	Maximum SWR (Band edge)

	BPF C
	2.0/2.5
	Cell-; L-Band
	Maximum SWR (Band edge)

	Switch-plexer A
	1.6/2.5
	Cell- and L-Band
	Maximum SWR, TX and RX paths


Table 1 Some Sample BPF and Switch-plexer SWR Data From High Volume Vendors

Beyond the BPF/switch-plexer, assuming that a commercial UE receiver has an SWR of 1.2:1 is reasonable for worst case SWR.

Since a switch-plexer has relatively low loss, ~ 0.5 ~ 0.8dB, the effect of the SWR of a BPF that follows it will be significant and need to be accounted for. This has been validated by RF circuit simulation.

As a result, from the examples given in Table 1 the maximum SWR for the receiver sub-system may be taken to be that of the BPF/switch-plexer cascade, or ~2.8:1. 

For the UE measured, only typical values were provided by the vendors in their data sheets.

	Vendor
	Device
	Bands Covered
	SWR(typ)

(n:1)
	IL(typ)

(dB)

	Murata
	SP12T Switch
	B2, 5, 17 and 23
	1.3
	0.5 (B5, 17)

0.8 (B2, 23)

	Avago
	Duplexer, RX BPF
	B2
	1.3
	1.9

	Murata
	Duplexer, RX BPF
	B5
	1.5
	1.6

	Murata
	Duplexer; RX BPF
	B17
	1.8
	1.8

	Avago
	Duplexer; RX BPF
	B23
	1.8
	1.8


Table 2 The Switch-plexer and RX Filter (from the duplexer) SWR Values As Provided On Vendor Data Sheets.
4.2.3. Maximum Mismatch Loss at the Interface

We have two calculated SWR values, SWR(test) = 1.29:1 for the test equipment and cabling, and SWR(rx) = 2.8:1 for the estimated BPF/switch-plexer combination as described above. From that we can compute the maximum value of SWR(rx) and the mismatch loss using the equations shown in the appendix. Based on the data in Table 1:

The cascaded maximum SWR is 3.92:1 and so the maximum calculated mismatch loss is 1.89 dB for both Bands.

Note that this estimate may be somewhat affected by and matching components that may be associated with a SPnT switch or layout and routing-generated mis-matches.

Table 3 shows the measured results for SWR(rx) for Bands 2, 5, 17 and 23, both the primary and secondary RX paths as obtained with a NA. This data was obtained by de-embedding the coaxial cable to the UE test port as indicated in Figure 8. 

The NA port power was set to -50dBm when measuring SWR(rx) and Zin(rx) so as not to saturate the RX sub-system.

	Band
	Primary
	Secondary
	UE Downlink Frequencies

	
	SWR(rx) min
	SWR(rx) max
	SWR(rx) min
	SWR(rx) max
	

	
	(n:1)
	(n:1)
	(n:1)
	(n:1)
	(MHz)

	2
	1.09
	2.00
	1.10
	2.92
	1930 - 1990

	5
	1.13
	1.49
	1.45
	2.76
	869 - 894

	17
	1.13
	1.49
	1.37
	2.04
	734 - 746

	23
	1.34
	3.10
	1.59
	1.97
	2180 -2200


Table 3 Minimum and Maximum Measured SWR and Zin(rx) Values Bands 2, 5, 17 and 23, Primary and Secondary
The same coaxial cable was used for the primary and secondary measurements, it was transferred from the primary connector to the secondary connector and the SWR data was for that path. Note the difference in SWR values between the primary and secondary paths. 

The relatively large value for SWR(rx) max ~ 3.1 for Band 23 occurs at the band edge where SWR tends to be the worst. 

Using the SWR values in Table 3 and the individual Band Test Equipment SWR measured and repeated here: 

Band 2: SWR = 1.30

Band 5: SWR = 1.25

Band 17: SWR = 1.21
Band 23: SWR = 1.28

Using Equation (6) in the appendix, the resulting RX ML is calculated to be that given in Table 4, below.
	Band
	Primary
	Secondary
	UE Downlink Frequencies

	
	ML(min)
	ML(max)
	ML(min)
	ML(max)
	

	
	(dB)
	(dB)
	(dB)
	(dB)
	(MHz)

	2
	0.14
	0.96
	0.01
	1.19
	1930 - 1990

	5
	0.13
	0.41
	0.15
	1.07
	869 - 894

	17
	0.11
	0.37
	0.10
	0.54
	734 - 746

	23
	0.32
	1.92
	0.23
	0.49
	2180 -2200


Table 4 Minimum and Maximum ML Values Calculated From Measured Data
Note that the measured maximum ML based on measured data, 1.92dB, is quite close to that obtained by the calculated cascade (1.89 dB).

Note that there is a difference in ML between the primary and secondary receivers as well.
5. Conclusions on Difference Between Radiated and Simulated Radiated Testing
During radiated testing the UE’s antenna is connected to its test port and the test equipment is connected to eNodeB antennas inside of an anechoic chamber. As a result, in the radiated configuration there is no effect on receiver performance from mis-match loss due to the test equipment.

In the simulated radiated configuration (the second stage of the 2-stage method) the radiated environment is simulated inside of the test equipment and this simulation includes the UE antenna. In the simulated radiated configuration the mismatch loss from the test equipment and its interaction with the receiver is added in, making it different from the radiated configuration. In the measured example considered here the difference was as little as 0.11dB for Band 17 as much as 1.9dB for operation in Band 23. 

It's important to also note that this ML may be compensated for; if RX impedance is measured with a NA.  With that information the signal can be increased inside the test equipment by an amount equal to the mismatch loss.  In this way this offset between simulated radiated and radiated tests can be removed, bringing the results closer together.
Conclusion 1: There is an offset between simulated radiated and radiated testing arising from ML, up to approximately 1.9 dB. This ML may be measured and compensated for, thus more accurately aligning radiated testing with the 2-stage method. 
Conclusion 2: Fixed losses, like coaxial cable and connector loss, may be measured and calibrated out before calibration
Conclusion 3: The ML for the primary and secondary receiver paths may be different for the same UE.
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7. Appendix: Impedance Matching Definitions and Lossless SWR Cascade

This section presents the equations that are used to calculate the SWR and ML for a given arbitrary complex source and load impedance. These are common expressions that can be found in any text book on RF, microwave or antenna engineering. They are repeated here for clarity and reference.

For a network with an arbitrary source impedance Zs = Rs ± jXs and a load impedance Zl = Rl ± jXl, define

Reflection coeff: Γ = (Zl - Zo)/(Zl + Zo) 







(1)

ρ = mag(Γ) = ([(Rl - Ro)2 - (Xl ± Xs) 2]/[(Rl + Ro)2 + (Xl  ± Xs) 2])0.5  




(2) 

SWR = (1 + ρ)/(1 - ρ)  









(3)

Ret. Loss = RL = 10*log(1/ρ2) 








(4)

ML = -10*log(1-ρ2)  









(5)

Here Zs represents the antenna as the source driving the RX load. Zs and Zr are frequency dependent.

For the case of test equipment and/or coaxial cable is driving the load, Zs ~ 50Ω real.  In that case the expression for ρ in (2) has Xs set to 0Ω. 

For the general case of n, lossless complex impedances represented by SWR1, SWR2, SWR3,…SWRn the interaction between them may be determined from [1] and is given by:

SWR(max) = SWR1*SWR2*SWR3*…SWRn


 



(6)

Equation (6) is valid for a cascade of lossless or very low loss elements such as test equipment output impedance, coaxial cables and connectors.

For the general case of cascaded elements with either loss, like filters and switch-plexers, or gain, like amplifiers, the cascaded expression in equation (6) should be replaced by the SWR expression in equation (3) which is based on an arbitrary complex source and load impedance of the cascade.

Connections to Test Equipment cables
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