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1. Introduction
Contribution [1] proposed an enhancement to the second stage of the two-stage methodology by replacing the cable connection with a calibrated radiated connection in an anechoic chamber. This enhancement enables self-interference to be included in the results and avoids uncertainties due to mismatch error at the cabled antenna ports. The radiated connection also presents a new general purpose calibrated way to connect to any UE where the physical temporary antenna connector ports are not preferred or not present. The calibrated radiated connection is achieved by measuring the MIMO propagation conditions in the anechoic chamber between the test system transmit antennas and the UE receive antennas. The inverse of this channel is then applied to the test signals in order to create a transmission channel representing an identity matrix whereby a high degree of isolation is achieved between transmit and receive antenna pairs. 

The primary challenge for this radiated approach is the creation of transmission channels with sufficiently high isolation to approach what can be achieved with otherwise isolated cabled connections. Contribution [1] provides initial results for verification of the isolation, and this paper will give further experimental updates using a more complex faded signal. Simulation results are also provided to show the impact on receiver performance from non-ideal isolation from which isolation requirements can be derived.
2. Spatial isolation verification experiment
Two test configurations are used as shown in figures 1 and 2. The base station emulator is the Agilent PXT, and the Agilent MXA-PXB-MXG composes an RF to RF fader. Ant V and Ant H are vertical and horizontal dipole probe antennas in the anechoic chamber. 

Test configuration 1 uses the dipole antenna and Agilent instruments to measure the channel amplitude, phase and signal power. This configuration based on test instrumentation has known good accuracy and is straightforward to configure to verify the basic principles. Test configuration 2 uses an HTC phone and its antenna test application to measure received amplitude and relative phase, which is the actual test configuration for radiated two-stage method. 
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Fig. 1 Test configuration 1: Dipole and test instruments to verify isolation
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Fig. 2 Test configuration 2: HTC phone using antenna test app reports to verify isolation
Verification of isolation for a static channel using the HTC phone
The inverse of the spatial transmission matrix should be calculated under static channel conditions. This section shows the isolation achieved with a static channel when applying the inverse matrix.
Fig.3 shows the measured power from the phone when the channel is adjusted to null the signal received on the sub antenna, and Fig.4 shows the measured power from the phone when the channel is adjusted to null the signal on the main antenna. In both cases about 24 dB to 25 dB isolation can be achieved for the two branches. The power measurement sample interval was 10ms. 
The measurements in Fig. 3 identified as Main 1st and Sub 1st were recorded immediately after measuring and applying the inverse channel matrix. To investigate whether dropping the connection or restarting the channel emulator had any impact on the isolation, the channel emulator was stopped. This caused the connection to drop. The phone was then powered off and on again and the connection re-established without changing the phone position in the chamber. The curves in Fig. 3 identified as main 2nd and sub 2nd apply the same channel inversion as measured in the first experiment. The measured isolation following disconnection is seen not to change indicating the isolation is not depending on any short-term parameters that are not fully controlled.
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Fig. 3 Measured power from phone when nulling the signal to the sub antenna
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Fig. 4 Measured power from phone when nulling the signal to the main antenna
Verification of isolation for a fading channel using dipoles and the phone
Once the inverse matrix of the spatial transmission matrix is measured for the static channel, this should then be applied for the fading conditions required for throughput testing. This section verifies whether the isolation is maintained under fading conditions. Some loss of measurement fidelity is expected due to the behavior and dynamic range of the phone measurement functions in the presence of fading although this is not an indication that the applied inverse channel matrix is impaired.
The verification under fading conditions is first carried under using test configuration 1. After applying the inverse matrix and turn fading on, the average received signal power from the dipole with and without the inverse matrix shows 25dB isolation is still maintained for this faded 10 MHz LTE. 
The same experiment was repeated using test configuration 2 with the HTC phone. This time MXA cannot be uses to measure the average power. Instead the UE measured power is used as an approximation of the achieved isolation. Fig. 5 shows the UE measured power when nulling the signal to the sub antenna with fading enabled, and Fig. 6 shows the difference between the main antenna power measurement and the sub-antenna power measurement. This difference shows that the UE-measured isolation is around 18 dB. The difference from the results in Fig. 3 are assumed to be due to the fidelity of the UE power measurement function which is only required to operate in a static channel as part of the antenna pattern measurement application.. 
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Fig. 5 Measured power from phone when nulling the faded signal to the sub antenna
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Fig. 6 Difference between main and sub from Fig. 5 showing around 18 dB isolation
Signal coupling influence on throughput test results 
In order to investigate the influence on throughput results from the achievable signal isolation, some simulations using the Agilent SystemVue OTA workspace were carried out by adding the unwanted coupling component to the receiver according to the desired isolation ratio. For example for an isolation of 20dB, the wanted signal for receiver 1 is multiplied by 0.1 and added into the signal for receiver 2; the same process is done for leakage into receiver 1 from receiver 2. Fig. 7 shows the impact of different levels of isolation on the throughput curves. The difference between 17dB and 40dB isolation is almost not observable. The likely reason for this resistance to unwanted signal coupling is that the channel estimation algorithm in the UE receiver can remove unwanted signal coupling as part of the channel estimation process. Experimentation on real devices will be done to investigate this further. 
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Fig. 7 Throughput simulation results with different signal coupling factors
3. Conclusion
The experimental and simulation results in this contribution demonstrate that the radiated second-stage enhancement is feasible, and the existing test system implementation can maintain isolation under fading conditions even after restarting the eNB emulator, channel fader and phone. The dipole verification method shoed that isolation of around 24 dB is possible suing a faded signal. Verification of this using UE measurements showed around 18 dB isolation, and this drop is assumed to be down to the fidelity of the UE power measurement function under faded conditions for which it was not designed. Simulation results further showed that 17 dB of isolation has very little influence on throughput test results.  
The next stage of the analysis will be to compare conducted and radiated second stage results and the demonstrate the ability of the radiated approach to take account of self-interference.
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		File name				Notes		Test on HW dongle				, 10M bandwidth , but only assign full allocated 10RB

		M20121204_162244.txt				Start RB = 0, RB = 10, RB = 20, RB = 30, RB = 40, RB = 0 in sequence

		M20121204_162525.txt				Start RB = 10

		M20121204_162602.txt				Start RB = 20

		M20121204_162632.txt				Start RB = 30

		M20121204_162702.txt				Start RB = 40

		M20121204_162734.txt				Start RB = 50

		M20121206_145457.txt				Test on HTC phone, Start RB = 0, RB = 10, RB = 20, RB = 30, RB = 40, RB = 0 in sequence

		M20121206_151502				Test on HTC phone, Start RB = 0, RB = 10, RB = 20, RB = 30, RB = 40 in sequence

		M20121206_152220				Test on HTC phone, Start RB = [0:5:45] in sequence

		M20121206_155544				Test on HTC phone, Start RB = [4:6:40] in sequence

		M20121206_162202				Test on HTC phone, Start RB = [4:3:46] in sequence

		Below data is captured under OTA case, for HTC phone

		begin				Rx1				Rx2				Phase

		4				-48.9				-52				111.62

		10				-48.6				-52.3				110.78

		16				-48.4				-52.6				112.57

		22				-48.5				-52.5				110.69

		28				-48.7				-52				110.08

		34				-48.9				-51.4				110.51

		40				-49.1				-51.4				111.45

		begin				Rx1				Rx2				Phase

		4				-50				-53				111.34								50 RB				Rx1				Rx2				Phase

		7				-49.8				-53.1				111.06												-43				-46.1				111.37

		10				-49.8				-53.2				110.88

		13				-49.7				-53.3				110.96								10RB		Begin

		16				-49.7				-53.4				110.09										0		-48.1				-51				110.22

		19				-49.6				-53.4				110.76										10						-51.6				110.64

		22				-49.6				-53.3				110.49

		25				-49.7				-53.3				109.78

		28				-49.8				-53.1				109.92

		31				-49.9				-52.9				110.94

		34				-49.9				-52.7				110.18

		37				-50				-52.5				110.95

		40				-50				-52.5				110.06

		43				-50				-52.6				110.92

		46				-50.1				-52.9				110.12

		HTC cable connection

		begin				Rx1

		4				-67.56

		10				-67.68

		16				-67.91				22				-67.99

		28				-67.82

		34				-67.55

		40				-67.52

		begin

		0				-66.47				20				-66.91

		10				-66.64

		30				-66.47

		40				-66.5

		begin

		4				-68.74				22				-68.99

		7				-68.71				25				-68.96

		10				-68.76

		13				-68.86

		16				-68.9

		19				-69

		28				-68.84

		31				-68.76

		34				-68.68

		37				-68.67

		40				-68.72

		43				-68.73

		46				-68.9
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		0

				Cable

						phase shift				MXA power				DUT output

						45				-45				-41.9

						60				-48				-43.1

						75				-54				-45.5

						80				-55				-46.4

						85				-55				-47.3

						90				-54				-48.1

						115				-48				-49

						135				-40				-45.7

						180				-36.6				-39.59

						225				-34.5				-37

						270				-34.2				-35.8

						315				-35				-36

				Cable

						Phase shift				Sub

						0				-46.1				-52

						30				-45.5				-52

						60				-45.6				-52

						90				-46.3				-52

						120				-47.8				-52

						150				-50.2				-52

						180				-52.5				-52

						210				-61.9				-52

						220				-61.7				-52

						230				-65.1				-52

						235				-71				-52

						240				-69				-52

						270				-54.9				-52

						300				-51				-52

						330				-48.4				-52

						360				-46.7				-52

				OTA case using HTC phone report

						Phase shift				Sub antenna

						0				-37.8				-43.6

						30				-37.59				-43.6

						45				-37.7				-43.6

						90				-38.8				-43.6

						135				-42.2				-43.6

						165				-46.9				-43.6

						175				-48.8				-43.6

						180				-50.2				-43.6

						185				-52.7				-43.6

						190				-55.1				-43.6

						200				-64				-43.6

						210				-65.5				-43.6

						215				-59.4				-43.6

						245				-47.2				-43.6

						270				-43.2				-43.6

						300				-40.2				-43.6

						315				-39.1				-43.6

						330				-38.5				-43.6

						Phase shift				main antenna

						0				-34.6				-40.5

						30				-34.4				-40.5

						60				-34.9				-40.5

						90				-36				-40.5

						120				-38				-40.5

						150				-41.3				-40.5

						180				-47.8				-40.5

						190				-51.6				-40.5

						200				-58.5				-40.5

						205				-60.4				-40.5

						208				-59.1				-40.5

						210				-57.7				-40.5

						240				-44.6				-40.5

						270				-39.4				-40.5

						300				-37.09				-40.5

						330				-35.5				-40.5

				Turn on 2 by 2 channel from PXB, and do isolation test for two channels

				RF1		Phase shift				main antenna				Sub antenna

						0				-58.3				-58.1

						90				-61.84				-54.5

						180				-54.3				-57.3

						270				-53.5				-73.69

						275				-53.7				-75

						280				-53.7				-74.6

						290				-54				-69

				RF2		Phase shift				main antenna				Sub antenna

						0				-62.5				-60.3

						40				-70.4				-58.2

						50				-76.4				-57.7

						60				-77.1				-57.4

						80				-71				-57.2

						90				-67.8				-57.2

						180				-57.8				-59.4

						270				-56.7				-67.8
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		Wo coupling

				-123.782		-121.782		-119.782		-117.782		-115.782		-113.782		-111.782		-109.782		-107.782		-105.782		-103.782

				0		0		0.985		3.655		8.398		15.111		22.317		22.628		23.198		23.328		23.328

				-123.782		-121.782		-119.782		-117.782		-115.782		-113.782		-111.782		-109.782		-107.782		-105.782		-103.782

				0		0		0.57		2.722		10.731		16.459		20.788		22.654		23.328		23.328		23.328

		36dB coupling,16QAM		0		0.181		0.752		2.748		6.765		14.489		20.399		22.991		23.172		23.328		23.328

		50dB coupling,16QAM		0		0.181		0.726		2.722		6.713		14.463		20.399		23.043		23.302		23.328		23.328

		30dB coupling,16QAM		0		0.181		0.778		2.748		6.765		14.567		20.373		22.965		23.069		23.095		23.198

		80dB coupling,16QAM		0		0.181		0.726		2.696		6.661		14.463		20.425		23.043		23.302		23.328		23.328

		20dB coupling,16QAM		0		0.207		1.037		3.059		7.076		14.774		20.477		22.965		23.069		23.095		23.095

		64QAM modulation

				-113.782		-111.782		-109.782		-107.782		-105.782		-103.782

		20dB coupling,64QAM		2.327		6.886		14.081		26.873		33.735		35.308

		80dB coupling,64QAM		1.817		6.019		13.217		26.406		33.103		34.835

		power		-117.782		-115.782		-113.782		-111.782		-109.782		-107.782		-105.782		-103.782		-101.782		-99.782

		SNR		14.458		16.458		18.458		20.458		22.458		24.458		26.458		28.458		30.458		32.458

		40dB coupling,64QAM		0		0.354		1.854		6.218		13.254		26.486		33.024		34.835		34.835		34.874

		17dB coupling,64QAM		0		0.434		2.208		6.608		13.806		26.483		33.265		35.109		35.07		35.07
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