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1.
Introduction

In the scope of the work done in 3GPP RAN4 on MIMO OTA, a number of companies have raised the question of the ability of test methodologies to discriminate various antenna designs. The CTIA reference antennas [1] have provided a baseline for the work in 3GPP and CTIA to advance but do not cover the vast and diverse number of antenna design techniques utilized in the industry to improve channel capacity and ultimately throughput. In [2] and [3] it was clearly shown that reverberation chamber based methodologies are incapable of distinguishing antenna designs with polarization diversity..
An aspect of antenna design not addressed with the CTIA reference antennas from [1] is the actively tunable and Adaptive Antenna System (AAS). AASs come in various flavors with many different techniques to tune impedance, pattern, polarization etc. and of course any combination of those together. Every tuning component comes at a dollar cost but also at the expense of total antenna efficiency since the tunable components are typically utilized after the calibrated RF connector. It is very important that the OTA measurement methodology has the ability to quantify the performance of AAS capable UEs.
An AAS is only as good as its control algorithm: the success or failure of an AAS depends on the entire system’s ability to utilize all available information from the real propagation environment therefore the physical antenna element is only one, albeit important, part of the AAS.
In this contribution we demonstrate a simple beam forming antenna design based on the familiar CTIA reference antenna platform from [1]. An analysis of the simulated patterns’ efficiency and mean effective gain (MEG) captures the expected performance considerations of the system.  A comparison of MEG computed in isotropic and directive (SCMe) channel environments motivates the concern that not all testing methodologies are capable of quantifying the performance of AAS capable UEs.
2.
Antenna Design
The sections below describe a simple beam forming design. We have not optimized for efficiency or produced an antenna ready for integration in real devices but simply continued on the original CTIA reference antenna track of demonstrating antennas principles.

2.1
Platform
The platform used is the same as the one for the CTIA reference antennas – Fig. 1. The same size PCB was used with the exception of the main antenna extending to the side. Also the same concept with the RF enclosure is utilized so that a DUT can be placed inside and actual LTE receiver test can be performed.
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2.2
Main Antenna
The main antenna is shown in Fig. 1 bottom right corner. It extends few millimeters out of the PCB. The antenna is passive broadband top loaded monopole. It covers both TX and RX of the European LTE Band 7. The center RX frequency is 2655 MHz and the center TX frequency is 2535 MHz. The figures below show the radiation pattern in 3D and the XY 2D plane. 

[image: image1]
2.3
AAS for Diversity
The diversity antenna covers only the RX LTE Band 7 with a center frequency of 2655 MHz. It consists of four PIFA elements – two on the front and 2 on the back of the platform PCB – see Fig. 1. The elements are fed via two 3dB, 90 degrees couplers implemented as microstrip lines on the PCB and not shown in the EM model from Fig. 1. 

The front two elements shown in Fig. 1 top left corner form a beam forming pair combined at the coupler. The same is done for the back two elements combined at the second coupler. The front pair covers roughly the front hemisphere of the spherical coordinate system and the back pair covers the other hemisphere. By selectively feeding the couplers’ ports the beam can be steered not only between hemispheres but within a single quadrant of one hemisphere. Fig. 3 shows the radiation patterns in the XY plane. If we focus only at the blue curve for example and treat the antenna in standard directive antenna terms we observe that the main beam is around 230 degrees with 3 dB beam width of about 80 degrees. The main lobe gain is roughly 3 dB and the side lobe level is about -11 dB. While not nearly as directive as say a dish antenna, this simple prototype can clear be used for rough sampling of the spatial domain. The other tunable positions have similar properties only in different quadrants. Of course this is true for 2D or 3D evaluation. In this case 2D plane cuts are shown for better visualization.

[image: image2]
2.4
RF Switching and power supply
The RF switching is done with an internally terminated RF switch from Hittite Microwave Corporation [7]. The switch requires a power supply and control bits for the four different states. This is done using a DC-DC converter based on a single chip solution from Texas Instruments [8]. The DC-DC converter schematic is shown in Fig. 4. The battery supply is delivered from a small single Li-Io cell. The circuit is placed on the back side of the RF enclose.

[image: image3]
The RF switching circuit is shown in Fig. 5. The two tri state DC switches SW1 and SW2 are uses manually to operate the beam direction by switching the main RF switch U2 between the four states. Clearly on a real product all of this would be optimized for performance, power consumption and smart algorithm would control the switching.

The truth table for U2 can be found in [7]. The same RF port notation is used here.


[image: image4]
We use CST microwave studio for the EM simulations and Agilent ADS for coupler simulations and combining of results. All design data is available upon request. 
3.
Analysis of Simulated Antenna Metrics
In this section we present an analysis of the antenna metrics (efficiency and MEG) derived from the simulated patterns shown in Fig. 2 and Fig. 3.

3.1
Average Isotropic Propagation Environment
The assumption of the average isotropic environment is that on the average the incoming power is equally probable from any direction of three dimensional space.  This common assumption provides easy mathematical treatment of antenna design metrics such as efficiency, branch power ratio (in an isotropic sense), and mean effective gain (in an isotropic sense).  MEG is defined in [12] and is an estimate of the power collected by an antenna in a particular propagation environment.  Table 1 below lists these results.
Table 1 – Simulated isotropic properties of the antennas in the different diversity states

	Antenna
	Eff. [dB]
	MEG [dB]
	BPR - to main (Isotropic)  [dB]
	Correlation – to main (Isotropic)

	Main
	-0.5
	-3.5
	-
	-

	Diversity state - RF 1
	-2.6
	-5.6
	2.1
	0.0

	Diversity state - RF 2
	-2.3
	-5.3
	1.8
	0.0

	Diversity state - RF 3
	-2.5
	-5.5
	2
	0.0

	Diversity state - RF 4
	-2.7
	-5.7
	2.2
	0.0
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3.2
Directive Propagation Environment
The directive propagation environment, such as SCME UMi and SCME UMa described in [9], allows the antenna engineer to optimize the design for operation under realistic propagation conditions. 
To perform the analysis of antenna performance metrics we use the power angular spectra of the specified channel model and utilize it as the channel’s power distribution function in the mean effective gain, branch power ratio, and correlation integrals. Fig. 5 shows the two in linear (top) and logarithmic (bottom) scales. It can be clearly seen that they are both very spatially selective. If we consider the environments in antenna terms we can clearly define a main lobe direction, gain, 3 dB beamwidth and side lobe level. For the UMi case the main lobe direction is around 0 degrees at about 3 dB gain, the 3 dB beamwidth is roughly 90 degrees and finally the side lobe level is about -2.5 dB. For the UMa case the corresponding values are about 60 degrees for direction at about 1 dB gain, roughly 90 degrees beamwidth and -2 dB side lobe level. If we include the cluster from around 140 degrees as part of the main lobe for the SCME UMa case, we have roughly half a hemisphere with most of the power and the other half mostly quiet. In both environments we have over 10 dB from a minimum to a maximum. 
An environment described in [10], which we term “AAU,” …
The AAU environment is fully described in [10]. In summary it is a full 3D incoming power model based on measurements. A number of base stations scattered around the city were used as transmitters in a typical urban propagation environment. The receive antenna was places in several building, various floors within those building and the full 3D incoming power was measured as well as the environment XPR. The AAU environment model is then derived from the measured data.

The goal of designing an AAS UE is to exploit these spatial characteristics and use a beam forming antenna to gain additional power. 
To demonstrate this, we performed multiple rotations of the simulated patterns of the AAS using the three Euler rotation angles as defined in [11] in the following environments:
· SCME UMi XY plane cut –rotation of the AAS in the XY plane (along phi) with 5 degrees step – results in 72 samples for all antenna metrics.
· SCME UMi Full 3D – rotation of the AAS along all rotation angles with 30 degrees stepping – equivalent to multiple 2D cuts in the model – results in 864 samples for all antenna metrics.
· SCME UMa XY plane cut - rotation of the AAS in the XY plane (along phi) with 5 degrees step – results in 72 samples for all antenna metrics.
· SCME UMi Full 3D – rotation of the AAS along all rotation angles with 30 degrees stepping – equivalent to multiple 2D cuts in the model – results in 864 samples for all antenna metrics.
· AAU 2D XY plane - rotation of the AAS in the XY plane (along phi) with 5 degrees step – results in 72 samples for all antenna metrics.
· AAU 3D - rotation of the AAS along all rotation angles with 30 degrees stepping. – results in 864 samples for all antenna metrics.
The SCME models are 2D models, which means that the environment power is only in the XY plane. Consequently all radiation pattern information in elevation is ignored. The full 3D case is achieved by multiple 2D cuts as the AAS is oriented in the three dimensional space so that various slices of the radiation pattern are evaluated together with the environment.

Figure 6 below illustrates the CDFs of mean effective gain (MEG) of the RF1 antenna tuning position.  We observe that under directive propagation conditions the antenna has a large span in the effective collected power.  When the main beam of the antenna aligns with the directions of high power arriving from the environment the MEG is maximized and vice versa in the case of directions of low power. In all cases there is some 6 to 10 dB of difference.
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The 10, 50 and 90 percent percentiles of the curves – see Table 2 – illustrate the spread of the distribution of MEG away from the mean value. MEG computed in the isotropic sense is -5.6 dB for the RF 1 state, but the results from the directive environments indicate that various values are not equally probable. This is already seen by the median trending lower than the mean. A close look at the PDFs reveals precisely that. Fig. 7-9 clearly show that the antenna is more likely to receive either power in the lower range (hinted in the lower median value) but also it has a peak towards the high power levels. This precisely what one would expect from an antenna that covers roughly quarter of the sphere with its directive beam. Note that the isotropic value for MEG is with low probability in all cases. This means that for most of the possible orientations the antenna will receive power rather different from the average isotropic one. The similar trends are observed for all other RF states.

The argument for the average isotropic environment approximating the directive one could only have been true if and only if the PDFs in Fig. 7-9 were Gaussian around the isotropic value. While it is possible this could be the case for some antennas it by no mean certainty as demonstrated here. Note also that branch power ratio and correlation are also functions of the incoming environment power and depend heavily on orientation. For the given realistic environments, the RF1-4 states, the correlation and BPR to the main antenna vary between 0 to 0.45 and 0 to 12 dB respectively.
Table 2 – MEG in [dB] of RF1 State Statistics for All Realistic Environments

	
	XY Plane  - SCME UMi
	XY Plane – SCME UMa
	Full 3D – SCME UMa
	Full 3D – SCME UMi
	XY Plane – AAU
	Full 3D - AAU

	MEG [dB]

	Mean
	-5.94
	-6.53
	-6.23
	-6.29
	-5.84
	-5.63

	10%
	-9.05
	-10.62
	-9.88
	-9.13
	-7.43
	-7.50

	50%
	-6.86
	-6.42
	-6.48
	-6.87
	-6.45
	-6.04

	90%
	-2.14
	-2.64
	-2.21
	-2.73
	-3.31
	-3.22

	BPR [dB]

	Mean
	2.73
	3.05
	3.61
	3.35
	1.32
	2.40

	10%
	0.67
	0.40
	0.71
	0.86
	0.36
	0.56

	50%
	2.71
	2.46
	3.27
	3.30
	1.49
	2.24

	90%
	4.76
	6.50
	6.85
	5.83
	1.85
	4.35

	Correlation

	Mean
	0.25
	0.15
	0.10
	0.07
	0.02
	0.03

	10%
	0.07
	0.00
	0.01
	0.01
	0.00
	0.00

	50%
	0.25
	0.17
	0.07
	0.05
	0.01
	0.02

	90%
	0.41
	0.34
	0.22
	0.16
	0.07
	0.06
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The considerations above are of paramount importance for the MIMO channel capacity and ultimately throughput because of the logarithmic nature of the two. Consider this very simple example with the capacity curve as a function of received SNR – see Fig. 10.  Note that because of the logarithmic nature of the dependency a 5 dB loss or gain of SNR does not result in an equal loss or gain of capacity. Add to that non-linear dependency, the fact that BRP and correlation also change between the two states and it becomes clear that averaging the environment before the actual capacity/throughput is calculated is mathematically inconsistent. Much for the same reasons we convert the low, mid and high channel TRP values to linear scale before averaging out the TRP for a certain band. This procedure is however not straight forward for throughput, therefore the best solution is to present a realistic channel model to the DUT.

[image: image8]
4. Conclusions

In the paper we present a simple AAS design capable of exploiting the directive nature of the real propagation channel modelled via the two variants of the SCME model and the AAU model. We show that:
· 2D environments behave statistically the same as 3D environments – as long as both are directive of course. The more directive an environment is the more selective is will be in the spatial domain. 

· Single or multiple 2D plane cuts in the SCME models result in very similar statistics – see Fig. 5 and Table 2 - but not the average isotropic values. There is no reason to expect that measuring DUTs in multiple 2D cuts in an anechoic chamber would result in different statistics. Moreover not all orientations are equally probable.
· Once again, note that because of the logarithmic nature of the dependency a 5 dB loss or gain of SNR does not result in an equal loss or gain of capacity. Add to that non-linear dependency, the fact that BRP and correlation also change between the two states and it becomes clear that averaging the environment before the actual capacity/throughput is calculated is mathematically inconsistent.
· This contribution is limited to antenna only metrics. Further [14] and [13] show a system level view on the AAS.
· Full system simulations with the antenna patterns in various environments are shown in [13].
· The AAS described above was manufactured and radiated tests were done. Details are presented in [14]. Some photographs of the prototype are shown in the figure below courtesy of Motorola Mobility LLC.
[image: image9]
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Figure 1 – AAS platform and antenna overview
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Figure 2 – 3D radiation pattern (left) and XY plane cut (right) of the main antenna





Figure 3 – Four distinct beam directions covering the four quadrants of the circle.





Figure 4 – DC-DC 5 V converter





Figure 4 – RF Switch schematic. Note the four distinct RF feed ports.





Figure 5 – SCME UMi (left top linear and left bottom logarithmic) and SCME Uma (right top linear and right bottom logarithmic) normalized summed total power as a function of azimuth.





Figure 6 – MEG for RF1 State in the Various Realistic Environments and the isotropic single point.





Figure 7 – PDF Statistics for the SCME UMi environment in the XY plane (top) and the Full 3D (Bottom) cases





Figure 8 – PDF Statistics for the SCME UMa environment in the XY plane (top) and the Full 3D (Bottom) cases








Figure 9 – PDF Statistics for the AAU environment in the XY plane (top) and the Full 3D (Bottom) cases





Figure 10 – Channel capacity as a function SNR – not a linear function!





Figure 11 – AAS back (left), front with cover closed (center) and front with cover open (right)
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