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5.X Traceable OTA Test Environment

5.X.1 Introduction and Purpose

This section describes the test system required for performing traceable over-the-air RF performance tests on 802.11 DUTs.  It specifies the necessary components and indicates ways to determine the quality of measurements made with these components.  This section addresses combined radio and antenna related performance of single DUTs in free-space with and without near-field loading from items commonly placed near the radiating elements (phantom table top, head, hands, etc.).  This system allows spherical radiation patterns to be measured for both the transmit and receive functions of the wireless radio.  The system allows measuring all components of the RF energy radiating to or from the DUT in any direction.  From this pattern information, single bulk performance metrics such as total radiated power (TRP) and total isotropic sensitivity (TIS) to be computed.  (Total isotropic sensitivity may also be referred to as total radiated sensitivity (TRS).)  In addition, the directional information can be used in conjunction with environmental models (network planning software) to predict actual performance of the DUT in a specific network configuration.  The traceable nature of these measurements ensures that DUTs tested at different sites using different test equipment can still be compared directly to within a known level of measurement uncertainty.  It is not necessary to test two DUTs using the same system in order to be able to compare their performance.  

5.X.2 Test Configuration

5.X.2.1 Resource Requirements

The following equipment is required to carry out this test:

a) A fully anechoic chamber with sufficient shielding to isolate the DUT from outside interference and a quiet zone large enough to encompass the DUT and any associated near-field phantoms.

b) A positioning system with minimal RF impact capable of moving the DUT/Phantom and/or measurement antenna to cover the entire spherical radiation pattern of the DUT.

c) A dual polarized measurement/communication antenna suitable for acquiring both components of the electric field vector at each point on the surface of a sphere.

d) Test instrumentation for establishing a communication link to the DUT, with enough dynamic range and transmit power control to measure radiated power and receiver sensitivity of the DUT at each point on the surface of a sphere.

e) RF cabling, splitters, directional couplers, switches, etc. as needed to connect the test instrumentation to the measurement antenna.

f) Standardized phantom head, hands, table/lap tops for near field impact measurements.

g) Calibrated reference antenna(s) for determining the path loss from the quiet zone through the measurement antenna, cables, etc. to the calibrated input or output of the test instrumentation.

h) Test antennas, cabling, and instrumentation for determining the quality of the quiet zone and the impact of the chamber, positioning system, etc. on the measurement.

5.X.2.2 Test environment

The test environment required for this testing requires RF isolation from the outside environment to ensure that other RF signals including active 802.11 networks do not interfere with the measurements performed on the DUT.  A shielded room is used to provide the necessary isolation.  However, to measure the directional behavior of the DUT, reflections from the inner walls of the shielded room must be suppressed.  This is accomplished by lining the walls with RF absorber material (RAM).  When all walls, ceiling, and floor are completely covered with absorber material, the configuration is referred to as a fully anechoic chamber (FAC) or fully absorber-lined room (FAR).  The performance of the FAC is a function of the overall size of the room, the level of absorber performance, and the quality of absorber coverage.  For accurate representation of the peaks and nulls in a radiation pattern, an extremely high level of performance is required (on the order of 50 dB or more of attenuation at each surface).  By comparison, absorber with only 20 dB of attenuation results in 1 dB or more of error at peaks in the pattern and limits the depth of the nulls that can be measured to 20 dB or less.

The range length (distance between the DUT and the measurement antenna) should be sufficient to ensure that the measurement antenna (MA) is in the far field of the DUT or DUT and phantom combination.  The chamber must be large enough to support this range length, providing sufficient clearance on all sides of the DUT/phantom and the RF absorber.  The standard definition of the far field distance is anything greater than 2D2/, where D is the maximum dimension of the DUT or DUT and phantom and  is the shortest wavelength (corresponding to the highest frequency) to be tested.  Note that for small DUTs, where the measurement antenna may be larger than the DUT, it’s necessary to ensure that the DUT is in the far field of the MA as well, using the same equation, where D now represents the maximum dimension of the MA.  Table 5.X.1 shows typical range lengths for a variety of test volumes suitable for typical wireless DUTs with our without phantoms.  Rather than being concerned with the size of all possible DUT combinations in a chamber, the above equation is typically used to define a maximum DUT size at each frequency for a given range length.  This then defines that maximum test volume available for any DUT tested using that range distance.  

Table 5.X.1  Minimum range length for various test volumes in the 802.11b/g and 802.11a bands.

	802.11 Band
	Highest Test Frequency  
f (GHz)
	Shortest Test Wavelength  
 (m)
	Maximum 
Test Volume 
Dimension 
D (m)
	Minimum 
Range Length 
L (m)

	b/g
	2.5
	0.12
	0.10
	0.17

	
	
	
	0.20
	0.67

	
	
	
	0.30
	1.50

	
	
	
	0.40
	2.67

	
	
	
	0.50
	4.17

	a
	6
	0.05
	0.10
	0.40

	
	
	
	0.20
	1.60

	
	
	
	0.30
	3.60

	
	
	
	0.40
	6.40

	
	
	
	0.50
	10.00


This available test volume is commonly known as the “quiet zone” (QZ).  This refers to the desired uniform field area needed for accurate measurements.  In free space, when the QZ is far enough away from the measurement antenna, the RF wavefront propagating from the measurement antenna appears as a plane wave so that all points within the QZ have the same field level.  Non-uniformity due to proximity to the MA appears as a falloff in signal magnitude from front (MA side) to back of the QZ, and from center to sides of the QZ.  If the MA pattern is too narrow, it can also result in falloff from center to the sides of the QZ.  This non-uniformity is referred to amplitude taper.  On a typical antenna test range, the imperfect performance of the absorber lining in the FAC causes signal magnitude ripple within the quiet zone due to constructive and destructive interference of the different direct and reflected wavefronts reaching each point in the quiet zone.  

The measurement antenna is used to sample the power density at each point on the surface of the test sphere.  The antenna must be able to measure the total field vector at each point, no matter what the orientation of the DUT with respect to the MA.  This is typically done by measuring two orthogonal polarizations at each point and combining the power in each component in order to determine the total power density at that point.  This can be done using two separate orthogonal antenna elements and switching between them electrically, or by mechanically changing the polarization of a single antenna.  Note that it is assumed that the behavior of the DUT is stable between each measurement of the two orthogonal components such that they truly represent components of the same field vector.  For DUTs with multiple antennas, this may not be the case unless a special configuration of the DUT is used to test each antenna separately.

Since devices typically don’t operate suspended in free space, it’s often necessary to determine the effects of objects commonly found in the immediate vicinity of the DUT in order to represent an accurate picture of the DUT performance.  The effect of user head, hands, and torso, as well as tabletops or walls on which the DUT would typically be mounted, should be evaluated.  Objects placed in the near field of the DUT can have significant impact on resulting performance.  Near field loading can detune the antenna, changing its impedance.  The resulting mismatch can greatly reduce the efficiency of the antenna, and even cause non-linear effects due to overloading of the output stage of the radio.  Objects near the DUT can absorb or reflect a significant amount of RF energy.  These near field effects cannot be predicted by far field modeling techniques and must be evaluated using test objects (standardized phantoms) used to replicate the real behavior of the DUT in proximity to these objects.  

The final components of the test environment are the support structures and test positioners necessary to hold the DUT and manipulate it relative to the measurement antenna in order cover the surface of a sphere.  While this manipulation could be done manually for each data point to be measured, a desire for repeatability and test speed typically dictates the use of automated positioning equipment to provide the needed manipulation.  All positioning systems typically start with a turntable capable of rotating the DUT 360° around a vertical axis.  This allows measurement of single two-dimensional cuts through the desired three-dimensional surface.  There are then two alternatives to expand this system to measure the full three dimensional surface.  The first option, referred to as a combined axis system, is to place a second positioner on top of the first, with its axis perpendicular to the first (i.e. horizontal), and rotate the DUT about two axes.  This can also be accomplished semi-automatically, by manually rotating the DUT around a horizontal (roll) axis and using the turntable to take great circle cuts through the 3-D surface at each orientation of the DUT on the support.  The second option involves moving the measurement antenna up and down around a rotational axis perpendicular to the turntable axis.  In this case, for full spherical coverage the DUT must be suspended in the middle of the chamber in order to allow the measurement antenna to move from directly over the top of the table to directly underneath.  Typically, the bottom-most point on the spherical surface can ignored, due to the sin() weighting of the spherical integration, allowing the DUT to be supported on a dielectric post in the center of the turntable.  Figure 5.X.0.1 illustrates examples of each of the two positioning systems.
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Figure 5.X.0.1  Illustration of combined axis system (a) and distributed axis system (b), showing conical section cuts in each.  Note the change in orientation of the coordinate system for the DUT in each system.
Each of these systems has its advantages and drawbacks.  The combined axis system simplifies the positioning relative to the test chamber by being one unit.  Since the measurement antenna remains fixed in the chamber, the chamber only needs to be large enough to support the test range distance along one axis, whereas the distributed axis system needs the chamber to be as wide as the required range length and over twice as tall.  The excessive cost of a large test chamber means that this system is usually restricted to short range lengths, implying small devices or near field testing only.  Conversely, DUT mounting is typically much simpler for the distributed axis system, where an expanded polystyrene column can usually be used to support even large DUTs.  For the combined axis system, the DUT must be mounted to the positioner and be able to rotate end-over-end.  The larger the DUT, the more significant the support structure must become to be able to support the additional weight.  This can have an impact on the RF performance of the system.  In either case, for testing the omnidirectional antennas typically seen in 802.11 devices, the support structure must be made of suitably low dielectric materials to minimize the overall impact to the measurement.  The effect of the dielectric support should be accounted for when determining the quality of the quiet zone and the overall uncertainty associated with measurements made using the system. 

5.X.2.3 Test setup

The basic setup of the traceable OTA measurement system is shown in Figure 5.X.0.2.  It includes a test environment as described above, consisting of a fully anechoic chamber, measurement antenna, and positioning system; an RF switch or other polarization control used to measure two orthogonal polarizations, and calibrated test equipment used to perform the actual measurements.  The calibrated test equipment is equivalent to the equipment used for conducted power and sensitivity measurements, with the additional stipulation that the components of the test equipment must have the dynamic range necessary to maintain the connection and accurately measure the quantity of interest at each data point on the surface.  The total path loss between the test equipment and DUT can be expected to be as much as 50 dB at peaks in the DUT pattern.  An additional 20-30 dB of dynamic range is necessary to be able to measure nulls in the pattern and remain far enough above the noise floor to avoid large uncertainties in the power measurements at the peaks in the pattern.
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Figure 5.X.0.2  Basic OTA Performance Test Configuration including test equipment and OTA test range.
Since the test system measures spherical pattern information, the data will be recorded using a spherical coordinate system.  Figure 5.X.0.3 illustrates the angles associated with the spherical coordinate system and provides an example of measurement data points taken every 15° in that coordinate system.  Figure 5.X.0.4 illustrates the definition of each rotation axis and the standard definition of the two orthogonal polarizations typically measured.  The theta () polarization is the polarization parallel to the direction of motion when rotating about the theta axis, and the phi () polarization is the polarization parallel to the direction of motion when rotating about the phi axis.  For the two positioning systems described above, the horizontal axis is the phi axis and the turntable is the theta axis for the combined axis system, while the turntable is the phi axis and the measurement antenna rotation is the theta axis for the distributed axis system.  It’s important to remember that this defines the coordinate system of the DUT.  The angles  and  define the location of the MA with respect to the DUT.
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Figure 5.X.0.3  Definition of angular components and axes for the spherical coordinate system (a) and illustration of data points taken every 15° in  and   (b).
	[image: image6.wmf](

P

h

i

 

A

x

i

s

)

(

T

h

e

t

a

 

A

x

i

s

)

+X

+Y

-Y

-X

+Z

-Z

(

T

o

 

M

A

)

  
	[image: image7.emf] 

(

P

h

i

 

A

x

i

s

)

(

T

h

e

t

a

 

A

x

i

s

)

+X

+Y -Y

-X

+Z

-Z

( T o   M A ) Theta Polarization

Phi Polarization



	(a)
	(b)


Figure 5.X.0.4  Definition of rotational axes (a) and polarization directions (b) corresponding to the spherical coordinate system.
Depending on the type of DUT, the test setup can also include a variety of phantoms for determining the near field impact on the measured quantity.  The IEEE Std 1528 defines one of a number of standardized phantom head and torso configurations for SAR (specific absorption rate) testing, including fluid formulas for simulating body tissue at various frequencies.  CENELEC EN50361: 2001 defines a variant of the Standard Anthropomorphic Model (SAM) head phantom that has been adopted by the CTIA for OTA tests of mobile phone devices.  This SAM phantom defines additional neck and shoulder regions of the phantom.  Since these OTA tests are not concerned primarily with the actual absorption properties of the tissue, but rather the overall near field loading and blocking effects of the phantom, the exact conductivity and permittivity of the phantom is not critical.  The basic sugar water and cellulose solution is typically used (45.3% water, 54.3% sugar, 0.3% hydroxyethylcellulosis (HEC), 0.1% Bactericide (Dowicil™ 75) by weight).  Other solutions may be used as needed for different frequency ranges.  The permittivity and conductivity of the solution should be verified against the specifications of the above references to confirm that the solution is mixed correctly.

Work is currently underway for standardization of hand phantoms and a number of such phantoms are available on the market.  For the purpose of body or lap phantoms, a flat phantom with the appropriate width for the application may be used.  Common flat phantom width is 40 cm.

For tabletop and wall mount phantom measurements, stable dielectric materials are recommended for testing purposes.  Wood and other porous materials are not likely to produce repeatable results day to day or between test facilities.  Recommended materials are polycarbonate or polyvinylchloride (PVC), both with relative dielectric constants on the order of 3, and FR4 fiberglass with dielectric constant on the order of 4.5.  Metal phantoms of aluminum or zinc plated steel (i.e. sheet metals with good conductivity) may be used to simulate those environments.  If necessary, phantoms of the specific target material may be used.  In all cases, the exact type and parameters of the material should be listed.  The surface phantom should be at least three wavelengths in diameter and should extend at least one wavelength beyond the maximum dimension of the DUT.  Standard phantom sizes of 0.5, 0.75, and 1.0 m (± 1 mm) diameter or width in circular or square configurations with a dielectric thickness of 12.5 mm (±0.5 mm) are recommended.  Sheet metal phantoms should have sufficient skin depth for the frequencies of interest.  Thickness on the order of 1 mm is typically sufficient.

Prior to use, the site must be validated (see next section) and the range must be calibrated.  The range calibration takes into account the path loss between the DUT and the measurement port of the test equipment, including all cables, switches, measurement antenna gain, range length, etc.  The resulting calibration corrects the measured values so that they are referenced to a theoretical isotropic radiator.  The theory behind this calibration process is documented elsewhere, so this document will only refer to the basic steps necessary for the calibration.  A precision calibrated reference antenna and a network analyzer or signal generator/receiver combination with good linearity is required for this measurement.  

Figure 5.X.0.5 illustrates a typical pattern measurement system for active antenna measurements.  The measurement signal paths to be calibrated are indicated in green.  This includes the radiated propagation path through the chamber and the conducted path through any cables, switches, amplifiers, etc. all the way to the measurement port of the test equipment.  For radiated power measurements, this is the input port to the spectrum analyzer or other calibrated receiver used to measure the radiated power of the DUT.  For sensitivity measurements, this is the output of the signal generator for the communication tester or WLCP used to generate the communication traffic.  Note that there are two paths inherent in the system, one for each polarization.  A range calibration must be performed for each path, as well as for each path combination necessary to reach the test equipment.  Thus, if there are two equipment configurations, one for power measurements and one for sensitivity, then a total of four different range calibrations must be performed.
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Figure 5.X.0.5 Typical Active Pattern Measurement System showing measurement path in green.
Figure 5.X.0.6 illustrates a typical range calibration configuration, highlighting the components that must be added to the system to perform the measurement.  The reference antenna (yellow) is oriented in the center of the quiet zone parallel to the polarization of the measurement antenna to be calibrated.  The cables needed to reach from the vector network analyzer (or other transmitter/receiver pair used to perform the range calibration) to the reference antenna (red cable), and from the end of the cable that would normally connect to the measurement port back to the VNA (purple cable) are not part of the range path to be calibrated (green) and must be removed.  This is done by connecting the cables in a loop as shown in Figure5.X.7 and measuring (or calibrating out) their path loss.  The effects of the reference antenna gain are also not part of the measurement system and must be removed as part of the corrections applied to any measurements performed on the range.  Note that the direction of propagation for the range calibration is configured for transmission from the reference antenna.  While this is correct for the radiated power measurement path, it may be necessary to reverse the connections to the ports of the VNA  (and thus the corresponding propagation direction) for calibrating the sensitivity path if there are any active components (i.e. amplifiers) in the signal path to be calibrated.  If not, the same propagation direction may be used for both transmit and receive range calibrations due to reciprocity.
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Figure 5.X.0.6 Typical Range Calibration Configuration showing additional components.
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Figure5.X.7 Example of Loop-back Configuration for Cable Calibration.
Note:  The following text for this procedure has also been submitted to the CTIA and incorporated into their OTA performance test plan in whole or in part.

The following procedure provides detailed information for precise calibration of the test range, with special attention paid to possible sources of error to ensure that low uncertainty measurements can be made.

The equipment required for range calibration includes:

1. Anechoic chamber meeting desired quiet zone performance.  

2. Reference antenna(s) with valid calibrations to cover the required range of test frequencies.  Low uncertainty precision calibrated sleeve dipoles are recommended as the reference antenna up to 2.5 GHz.  Standard gain horns are recommended above 2.5 GHz.  Other antennas may be used, however, the uncertainty contribution to the resulting measurements due to calibration and phase center issues may be significant.

3. Low dielectric constant support structure (e.g. Styrofoam) for positioning the reference antennas.

4. Measurement antenna(s) (e.g. horn or dipole used to perform measurements of the mobile station).  Note:  If multiple antennas are used to cover the required frequency range, the reference measurement must be repeated each time the antennas are repositioned, unless a permanent mounting fixture is used to guarantee repeatable performance.  

5. Network analyzer, spectrum analyzer with tracking generator, or stable signal generator and measurement receiver (spectrum analyzer, power meter, etc.) having a wide dynamic range and high linearity, all with current calibration(s).

6. All RF cabling, splitters, combiners, switches, attenuators, etc. required to connect the measurement antenna(s) to the test equipment required for measuring radiated power and sensitivity of the AUT.  The connection to the receiver or communication tester used to perform the AUT measurement shall be referred to as the "test port" in this section.  These components will be characterized along with the range length and measurement antenna contributions.

7. Additional cabling to reach from the signal source to the reference antenna (the reference port), and from both the reference antenna location and the test port to the receiver input.  The source cabling to the reference antenna should be treated with ferrite beads and routed to minimize its influence on the reference measurement.  The effects of these cables will be removed from the reference measurement, however, cable lengths should be kept as short as possible to reduce the associated path loss.  

8. Low loss cable adapters for performing various interconnects.  These should be characterized to determine their influence on the measurements.  That influence may be corrected for if measured, or applied to the measurement uncertainty if estimated.

9. Optional 3 to 10 dB fixed attenuators for reducing standing wave effects in cables.

10. Optional 50  terminations.

The range calibration is performed in a two-step process whereby the effects of the cables and equipment external to the normal operation of the range are removed from the resulting reference values.  By performing the measurement in this manner, the measurement uncertainty is reduced, since the result relies on the linearity of the receiver rather than its absolute value accuracy.  Additionally, measuring all components of the signal path at once results in only one measurement uncertainty contribution to the total measurement uncertainty of the path loss measurement; as opposed to measuring the loss of each component and combining them for a total loss, which increases the uncertainty by the square root of the number of measurements required.   

Measurement Step 1:  Cable Calibration

The first step involves measuring the frequency response of all cabling, connectors, and equipment that is not a part of the test system.  This step is normally only done once, provided all required test frequencies can be covered with one set of cables.  If different cabling configurations are required for each polarization of the reference antenna, etc., this step must be repeated for each configuration.  The two steps should be performed sequentially for each configuration to avoid additional uncertainty contributions due to changes in connections, etc.

For each configuration, perform the following steps:

1. Route the source cable(s) from the signal generator or output port of the network analyzer to the mounting location of the reference antenna.  A minimum of 3 dB (preferably 10 dB) pad is recommended at the output (reference antenna side) of the cable to minimize standing waves.  This output connection is defined as the reference port.

2. Connect the output of the source cable to the receiver or input port of the network analyzer, either directly (if the receiver can be moved to accommodate this connection) or through another cable.  An additional pad is recommended at the input port of the receiver.

3. Ensure all equipment has been powered on long enough to have stabilized.

4. Perform a frequency scan or sweep to cover the required test frequencies and record the result.  The power level of the signal source must remain fixed for all measurements.  Ensure that the received signal is below the compression point of the receiver (linear region) and sufficiently far above the noise floor of the receiver to account for the expected range path loss.  It is recommended that all receivers be set to narrow bandwidth to obtain the lowest possible noise floor.  Depending on the equipment used, refer to the following procedure:

a. For a vector network analyzer, first record the swept frequency response curve with no calibration applied.  This will be used for verifying that the analyzer is in the appropriate linear region (not overloaded) and has enough dynamic range.  Perform a calibration of the analyzer to normalize out the response of the cable loop.  This calibration will serve as the source reference test.  While a full two-port calibration is desirable to provide the lowest measurement uncertainty and account for standing wave issues, etc., flexing of cables, movement of rotary joints, and other variations may make the calibration less accurate in practice.  A through response normalization, while having a higher level of uncertainty specified by the manufacturer, may actually be more accurate in practice due to the cable variations involved.  Refer to step 5 below for information on estimating these effects.  

b. For scalar swept frequency devices (scalar network analyzers, spectrum analyzers with tracking generators, etc.) record the swept frequency response curve of the cable loop.  If the analyzer contains a scalar calibration or trace math function, it may be used to subtract this reference curve from subsequent measurements.

c. For discrete signal generator and receiver combinations, tune the receiver and signal generator to each frequency and record the reading of the receiver.

5. Prior to proceeding to the next test step, move the cables around and monitor the frequency response.  Any gross changes in response indicate bad cables or connections and should be rectified prior to continuing.  Minor variations (fractions of a dB) are expected and should be accounted for in the measurement uncertainty of the reference measurement. 

Measurement Step 2:  Range Calibration

The second step measures the frequency response of the reference antenna, range, and all cabling, connectors, switches, etc. between the reference port and the test port, as well as the cabling and equipment included in step 1.  This step is required for each polarization of the receive antenna and for each separate signal path between the DUT and any different test ports connecting to test equipment used for the DUT measurement.  Only the paths used to record data (i.e. the paths to the receiver used for TRP measurements, or the output path from the communication tester for TIS measurements) need to be measured.

For each polarization and configuration, perform the following steps:

1. Connect the receiver or input port of the network analyzer to the test port connection to be characterized using the same cable configuration used to attach it to the reference port.  Any cable adapters added or removed from the system to make the required connections must be accounted for as mentioned previously.  Terminate any unused connections to the appropriate test equipment or by using 50  loads.

2. Prior to connecting the source to the reference antenna, attach a 50  termination to the reference port (or otherwise ensure no output from the signal generator) and record the noise floor of the analyzer or receiver at each frequency point.  Use a frequency response sweep or discrete points as necessary based on the configuration.  If available, use a max-hold function to obtain the maximum noise level for several sweeps. 

3. Connect the reference antenna to the reference port and use a low dielectric support to hold the antenna in the middle of the quiet zone, boresight with the measurement antenna, and parallel to the polarization being characterized.  For directional reference antennas, ensure that both the reference and measurement antennas are boresight to each other.  Ensure that the support structure is out of the measurement path such that it has a minimal impact on the reference measurement.

4. Ensure that all equipment has been powered on long enough to have stabilized.  The equipment should normally have been left on from the cable calibration step.  All settings of the equipment should be identical to those for the cable calibration.  The power level of the signal generator must be the same as that for the reference sweep (unless a vector network analyzer is used to obtain relative power data) and must remain stable over time in order to obtain valid data.

5. Perform a frequency scan or sweep to cover the required test frequencies and record the result.  Ensure that the received signal is below the compression point of the receiver (linear region) and at least 20 dB above the noise floor as measured in step 2 above in order to have less than 1 dB measurement uncertainty due to the noise.  Depending on the equipment used, refer to the following procedure:

a. For a vector network analyzer, record a frequency response curve with the calibration applied.  This curve is the desired range response measurement.

b. For scalar swept frequency devices (scalar network analyzers, spectrum analyzers with tracking generators, etc.) record the swept frequency response curve of the cable loop.  If the analyzer has been configured to automatically subtract the cable calibration reference curve, then the resulting curve is the desired range response measurement.    If not, the resulting curve is the range response plus the cable contribution, which will be subtracted out later.

c. For discrete signal generator and receiver combinations, tune the receiver and signal generator to each frequency and record the reading of the receiver.  The resulting curve is the range response plus the cable contribution, which will be subtracted out later.

Calculating the Range Calibration Path Loss

Once the data has been acquired as described above, it’s necessary to convert it to a loss value and combine it with the reference antenna gain in dBi to obtain the total path loss to be used as the reference correction.  Once this value has been determined, it can be added to the power readings of the DUT test equipment (in dBm) to represent the reading relative to an isotropic source. 

5.X.2.4 Permissible Error Margins and Reliability of Test

With suitable selection of the test environment and test equipment, the total measurement uncertainty should be below ±2 dB for radiated power measurements and ±2.5 dB for sensitivity measurements.  The uncertainty budget should account for a variety of factors including the quality of the quiet zone, including the effect of support structure and range length, the uncertainty of the range calibration, the uncertainty of the traceable test equipment, the resolution (step size) used for sensitivity measurements, the repeatability of the test setup, including placement against the phantom, and the repeatability/stability of the DUT itself.   

There are a variety of methods for validating the quality of the quiet zone.  The oldest method is the free space VSWR approach, where directional antennas are scanned across the quiet zone and the ripple magnitude is used to determine the reflectivity from the chamber wall(s) relative to the direct signal.  Since the received signal is the vector sum (magnitude and phase) of the direct and reflected signals, deviations from a flat response are either due to reflections from the walls (ripple) or due to non uniformity of the measurement antenna beam (amplitude taper).  The ripple oscillations are separated from the amplitude taper and the reflectivity is determined by calculating the max (direct + reflected) to min (direct – reflected) for a range of orientations of the directional test antenna.  A modern modification of this procedure uses a vector network analyzer to capture both magnitude and phase information and separate the direct signal from the reflected at each point using time domain gating.  While these techniques are fine for determining the performance of individual regions of absorber on the walls of the chamber, and are popular for microwave antenna testing where the DUT commonly uses a directional antenna, they are not as useful for validating sites used for testing omnidirectional antennas such as those typically seen in 802.11 devices.  Since an omnidirectional antenna illuminates most of the chamber simultaneously, the error in measurements will be due to the effect of all illuminated surfaces combined.  There is currently no accepted simple way to combine the individual free space VSWR results to predict a total measurement uncertainty for an omnidirectional DUT. 

An alternate method involves measuring the ripple using omnidirectional source antennas.  Since the chamber is illuminated similar to the illumination that will occur from an omnidirectional DUT, the ripple behavior more accurately reflects the error that may be expected in a measurement of the DUT.  Sleeve dipoles and resonant loop antennas are used to create omnidirectional illumination with orthogonal polarizations.  By orienting the polarization direction of each antenna parallel to each of the two measurement polarizations, all surfaces of the chamber are tested with both normal and transverse polarizations.  Moving the antenna throughout the quiet zone and measuring the ripple gives an indication of the expected magnitude uncertainty of each individual measurement point in the pattern.  The surface standard deviation (SSD) method can be used to predict the error of surface integral quantities such as TRP and TIS based on the ripple test results.  A version of this method has been adopted by the CTIA for qualifying test systems for this type of OTA testing.  It assumes omnidirectional radiation and includes the positioning system in the measurement.  If care is taken to orient the DUT such that support structure remains in the null of the antenna(s), or when phantoms are used that obscure the support structure behind them, the real uncertainty is typically much less than predicted by this worst-case approach.

Several other site validation methodologies are currently being considered by ANSI C63, CISPR, and 3GPP.  One method that shows promise is the use of isotropic field probes in place of the reference source antenna to determine the field uniformity in the quiet zone.  By using an isotropic field probe offset to different positions in the quiet zone, and performing a pattern measurement at each position within the quiet zone, a good indication of the uncertainty of both individual points and integrated power quantities can be determined.

The site should be validated at least annually starting before its first use and after any physical change that could affect the quiet zone performance (removal/replacement of absorber, movement of the test positioner, change of the antenna location relative to the quiet zone, etc.)  No matter which method is used, the effect of ripple and amplitude taper due to the range length, the chamber, and the support structure should be evaluated to determine the uncertainty component.  The amplitude taper due to range length can be predicted by simply converting the relative distances to dB.  Thus, if the range length is L and the quiet zone is a sphere of radius r, the distance taper is given by 20 log10((L ± r) / L).  For an amplitude taper of ±1 dB across the QZ (+1 dB at the front, -1 dB at the rear, for a total of 2 dB variation), the QZ must have a radius less than 11% of the path length to the center of the QZ.  To reduce that to ±0.25 dB, the QZ radius must be less than 3% of the path length.  Table 5.X.2 shows the error due to the amplitude taper for the minimum range lengths based on the far field equation.  From this it’s obvious that using the far field equation only to determine a suitable range length is not sufficient to guarantee a low uncertainty.  The wavefront at the DUT may be coherent, such that it appears to come from a point source, but it is still not sufficiently planar across the quiet zone at short distances.  Longer range lengths also reduce the uncertainty due to placement of the DUT relative to the MA.

Table 5.X.2 Indication of Amplitude Taper Error for Various Quiet Zone Diameters base on the Far Field Limits.

	802.11 Band
	Maximum 
Test Volume 
Dimension 
D (m)
	Minimum 
Range Length 
L (m)
	Error at Front of QZ (dB)
	Error at Back of QZ (dB)

	b/g
	0.10
	0.17
	2.3
	-3.1

	
	0.20
	0.67
	1.2
	-1.4

	
	0.30
	1.50
	0.8
	-0.9

	
	0.40
	2.67
	0.6
	-0.7

	
	0.50
	4.17
	0.5
	-0.5

	a
	0.10
	0.40
	1.0
	-1.2

	
	0.20
	1.60
	0.5
	-0.6

	
	0.30
	3.60
	0.4
	-0.4

	
	0.40
	6.40
	0.3
	-0.3

	
	0.50
	10.00
	0.2
	-0.2


To obtain absolute value measurements using the test system described, the range must be calibrated.  The principal contributions to the uncertainty of the range calibration are in the gain calibration of the reference antenna and the linearity of the test instrumentation used to measure the total path loss.  Other contributions include positioning accuracy, cable effects such as mismatch (standing waves) and stability when moved, and overall repeatability/stability.  To achieve suitable range calibration accuracy, precision calibrated reference antennas with uncertainties on the order of a few tenths of a dB are required.  Special calibration techniques are required to achieve this low uncertainty.  With appropriate reference antenna and instrumentation, uncertainties on the order of ±0.5 dB can be achieved.

To meet the target total measurement uncertainty, the uncertainty of the test instrumentation must also be well controlled.  Power measurement instruments (spectrum analyzers, vector signal generators, power meters) are available with measurement uncertainties on the order of ±0.5 dB.  Sensitivity measurements are expected to have larger uncertainties, since the uncertainty is the combination of the power step size and the absolute output power calibration of the test equipment.  Uncertainties better than ±1.25 dB should be achievable with current technology.

All of these uncertainty contributions must be combined by converting each contribution to a standard uncertainty and then performing a root sum of squares calculation to determine the total standard uncertainty.  The total measurement uncertainty is then give by multiplying the total standard uncertainty by a k factor of 2.  Refer to ISO 17025 or other references on the treatment of measurement uncertainty for more information.

5.X.3 Approach

5.X.3.1 Configuration Parameters

This sub-clause provides guidance on setup and configuration of the DUT for traceable OTA tests.  Repeatable setup is necessary to ensure traceable results.  Since the OTA tests are primarily for physical layer metrics, this section primarily addresses physical configuration of the DUT.  Other DUT test parameters are referenced from the associated conducted metrics. 

5.X.3.1.1 Baseline Configuration

The baseline physical setup is for the free space measurement of the DUT without other near field influences.  The standard orientation of any DUT is with the “front” of the DUT facing along the +X ( = 90°,  = 0°) direction, and the “top” of the DUT facing along the +Z ( = 0°) direction.  For DUTs with adjustable antennas, the standard orientation of the antennas is along the +Z direction as well.  If the antennas cannot be oriented along this direction, the secondary orientation is perpendicular to the surface of the DUT.

The baseline configuration for battery powered devices is to run under battery power with no extra cables.  For line powered devices and devices requiring additional wired connections (network cables, etc.) the cables should be neatly dressed to extend away from the DUT and along the –Z direction.  The cables should be dressed with ferrite clamps as needed to eliminate surface currents along the cables that can affect the measurement results.  All cables should be restrained to ensure that they maintain consistent position and orientation as the DUT rotates.  Cables that move relative to the DUT during the test will significantly alter the measurement results.

DUTs with multiple antennas should be configured to test with only one antenna active at a time.  This procedure does not cover additional requirements for testing with multiple antennas active simultaneously.

Other DUT configuration parameters are the same as those from the associated conducted metrics. 

5.X.3.1.2 Modifiers

The baseline DUT setup parameters may be modified as follows to enable additional test configurations. 

a) Change of antenna orientations for adjustable antennas.  Three orthogonal positions are recommended for each antenna, with one position along the +Z direction, one position normal to the surface of the DUT, and the third position orthogonal to the first two.  The three orthogonal positions should be chosen in the direction that provides the best “air” exposure to the antenna (i.e. minimize blocking due to the body of the DUT).  In the case where the +Z direction coincides with the orientation normal to the DUT, or is unavailable, the preference is to orient the antennas along major axes of the DUT (X, Y, Z).

b) Various phantoms may be used to simulate real world use.

· For phone devices and other head-worn gear, the DUT should be mounted to a SAM phantom head and the phantom should be mounted on the positioner so that the nose faces in the +X direction and the top of the head faces in the +Z direction.  SAM phantoms are designed with alignment guides, and the earpiece of the DUT should be at the intersection point marked on the ear with the center axis along the line between the ear and mouth.  The DUT should maintain contact with the ear and tilt towards the head until it contacts the “cheek” surface without losing contact with the ear.

· Left ear and right ear variants should be measured

· Head plus hand variants may be measured. 

· For handheld devices (PDAs, etc.), hand phantoms may be used.  The DUT should be positioned as normally held with the tip of the hand or the top of the device facing along the +Z axis and the face of the DUT along the +X axis.  Variations on orientation should be documented in the test report.

· For other portable or body worn devices, hand and/or torso phantoms may be used as needed.  The DUT should be positioned as expected for typical use.  It is not possible to list all possible variants here.  The mounting used should be recorded in detail to allow duplication of the measurement results.

· Desktop/wall phantoms may be used for devices typically placed or mounted on those surfaces.  Standard mounting orientation of the DUT should be maintained, with the exception that for wall mounted DUTs, if desired, the definition of the “top” and “front” of the DUT may be reversed for both the phantom and free space measurements so that the top is normal to the surface of the phantom.  This change should be documented in the test report.

· Cables should route radially out from the DUT along the phantom surface and then route underneath the phantom.

· Alternatively small cables may be routed through the surface of the phantom at least 1/2 wavelength away from the DUT using the smallest allowable hole.  In no case should a hole be larger than 10% of a wavelength, and each hole must be at least one wavelength apart.  The total number of holes should be make up less than 1% of the total surface area of the phantom.

c) Different cable configurations and routings may be tested.

· Additional cables can be added or removed to see the effects of cabling on measurements.

· Battery powered devices can be run on cabled power supplies.

· Testing with and without ferrite suppression can be used to just the amount of cable coupling involved with the DUT.

· Different orientations of the cables can be evaluated.

d) Tests with other radio sources active in DUT to evaluate desensitization of 802.11 radio for converged devices.

5.X.3.1.3 Test conditions

There are a variety of metrics that can be determined using this test system.  The first order metrics are measured at individual orientations of the DUT, while the second order metrics are determined by integrating various first order metrics across the entire pattern surface.  The test conditions for these metrics match those of the conducted tests with the following additions and exceptions:

a) Spherical pattern data should be acquired at angular resolutions sufficient to resolve any pattern effects that have significant effect on the desired metrics.

· A maximum of 15° step is recommended for radiated power measurements.

· A maximum of 30° step is recommended for radiated sensitivity measurements, allowing for the longer duration of each sensitivity measurement.

· Finer steps should be used for larger DUTs and DUTs that have more complicated patterns.

· Spherical patterns are measured across the entire surface for the range of  = 0-180°,  = 0-360° (conical cuts), or  = 0-360°,  = 0-180° (great circle cuts). 

b) The sensitivity search should be configured to look for the 10% PER point as quickly as possible.

· Ensure that uplink connection from DUT to test equipment is sufficient to ensure 0% PER on this link at all points.

· Use large downlink power steps with low frame count until sensitivity region is reached.

· Switch to finer step with more frames near sensitivity.

· Last step size should be no greater than 1 dB.

· Report power level of last PER < 10% consistent with a 95% confidence interval at 1000 frames.

· Ensure that search does not erroneously stop at over-range PER points near top of PER vs. power sweep.

c) Other parameters can be varied similar to other conducted or un-traceable OTA tests in order to determine the effect on or degradation of the associated traceable OTA metrics.

6.X.X Traceable OTA Measurement procedure

6.X.X.1 Specification of metrics

There are a number of OTA metrics possible using the traceable OTA system.  The fundamental or first order metrics are based on the conducted transmit power and conducted sensitivity measurements.  The following metrics are determined by measuring either of these metrics at any position/orientation of the DUT using the traceable OTA system and applying the range calibration correction (in dB):

Effective Isotropic Radiated Power (EIRP) = transmit power of the DUT measured at the test equipment receiver plus the range calibration correction.  The EIRP represents the power that would have to be radiated by a theoretical isotropic radiator in order to produce the power level received at the test equipment.

Effective Isotropic Sensitivity (EIS) = sensitivity level of the DUT measured at the test equipment receiver minus the range calibration correction (better sensitivity is a lower value).  The EIS represents the sensitivity of a theoretical isotropic receiver when illuminated with a plane wave transmitted from the test equipment at the power level recorded for the DUT.

Note that these values are calculated for each component of the total field (since the correction is likely to be different for each polarization of the measurement antenna) and then combined to determine the total EIRP or EIS value at each data point.  The total values are determined by converting the power values in dBm to power values in linear units (mW) and then combined.  (P(mW) = 10P(dBm)/10)  The following equations are used to determine the (linear) total EIRP or EIS at each data point.
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The EIS sums as an inverse value since better performance is represented by smaller values. Thus, the total EIS is smaller than either orthogonal component of the EIS.

Some other metrics can be determined from the surface values:

Peak EIRP is the maximum (best) EIRP found throughout the entire pattern.  This value is used to determine directivity and peak gain, and corresponds to the value typically controlled by regulatory agencies as the strongest signal radiated from the DUT.

Minimum EIS is the best EIS found throughout the entire pattern and is analogous to the Peak EIRP.  This value can also be used to determine directivity and peak gain of the DUT.

The individual effective isotropic data points can be integrated across the surface to create the following total power metrics:

Total Radiated Power (TRP) is the total power radiated by the DUT in all directions.  Includes losses due to the efficiency of the antenna.

Total Isotropic Sensitivity (EIS) or Total Radiated Sensitivity (TRS) is the total sensitivity level of the DUT, representing the sensitivity of the DUT to an incoming isotropic wave, accounting for losses due to the efficiency of the antenna.

Assuming N even steps between 0 and 180°, with  0 = 0°,  N = 180°,  0 = 0°, and  2N = 360° (conical cut data acquisition order), then the total surface integral can be calculated from the following equation:
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where  n =  n  / 180° is the theta angle expressed in radians, P is the measured EIRP or 1/EIS at each data point, and T is the resulting TRP or 1/TIS.  Note that again, the EIS terms must be inverted, summed, and then the result is inverted to determine the final TIS value.  Note that the  0 = 0°,  N = 180° points don’t actually appear in the sum.  That is because the sin() term at each of those points is zero.  

There are a number of useful ratio metrics that can be determined from this data:

Directivity is the ratio of Peak EIRP to TRP (difference in dB).  It represents the increase in performance in the peak direction over that of an isotropic radiator for the same total radiated power.  It can also be determined as the ratio of TIS to Minimum EIS.

Front to Back Ratio is the ratio of the Peak EIRP to the value of the data point on the exact opposite side of the pattern.  This term is important for highly directional antennas and should be small for omnidirectional antennas.  It can also be determined similarly using minimum EIS.

If the conducted transmit power or sensitivity are known, then these ratios can also determined:

Gain is the ratio of Peak EIRP to conducted transmit power (assuming that this is the power applied to the antenna of the DUT).  It represents the apparent increase in radiated power over that of an  isotropic radiator for the same antenna input power.  Thus, it includes losses due to the antenna efficiency.  It can also be determined as the ratio of conducted sensitivity to Minimum EIS.

Efficiency is the ratio of TRP to conducted transmit power (assuming that this is the power applied to the antenna of the DUT).  It accounts for the effects of the antenna VSWR and the internal losses of the antenna.  It can also be determined as the ratio of conducted sensitivity to TIS.   

Other partial power metrics can be calculated by integrating only portions of the surface to represent specific information about the DUT.  More complicated analysis of the EIRP/EIS pattern information, such as mean effective gain (MEG) can be used to evaluate the data in different contexts.  In addition, the pattern data can be applied directly to environment modeling tools to determine real world performance of networks made up of multiple DUTs tested using this methodology.

6.X.X.2 Procedure

Mount the DUT in the test environment and configure as described in the baseline configuration.  If single position EIRP/EIS points are to be measured, move the positioner to those points, measure the corresponding power or sensitivity, and correct as described above.  If full spherical pattern information is to be acquired in order to determine TRP/TIS, follow these steps:  (Note:  This procedure is for conical section data acquisition.  However, great circle acquisition order is allowed as well.)

Choose one positioner axis ( or ) as the primary positioner.  This positioner will typically be stepped from 0-180°, while the secondary positioner will be stepped from 0-360° at each position of the primary positioner.  Provided the DUT is stable over time, this order can be varied without affecting the measurement result provided full and unique coverage of the surface is obtained.  

a) Choose a step size that evenly divides into 180°.

b) Move both positioners to 0°.

c) Switch to the first polarization

d) Measure and record the power level received at (TRP) or transmitted from (TIS) the test equipment at this polarization and position.  Note that both values can be measured and recorded during the same test.

e) Switch to the second polarization.

f) Repeat step f for the second polarization.

g) Move the  positioner to the next position (take a step).  Note that there is only one data point at the top and bottom of the pattern, so there is no reason to measure for each  angle at the top and bottom of the pattern.

h) Repeat steps c-f to measure this data point.

i) While the current  position is less than 360° minus the step size, move the  positioner to the next position (take a step).  Note that  = 360° is the same point as  = 0°, so there is no reason to measure it twice.

j) While the current  position is less than 180° minus the step size, move the  positioner to the next position (take a step) and go to step c.  (Note that the step direction can be reversed every other cut to reduce test time, stepping from the last  position to  = 0° for even cuts.)

k) Move the  positioner to  = 180° (take last step).

l) Repeat steps c-f to measure the last data point.

The measurements can be repeated for all of the different test and DUT conditions defined for the traceable OTA system.  Data is then processed and presented as shown below:

6.X.X.3 Reported Results

The results can be reported as tables and graphs of the EIRP and/or EIS for each polarization and the total patterns.  Views of each cubic face of the total spherical pattern in 3-D are useful for understanding the actual pattern shape.  The individual metrics calculated from the total patterns should be reported in tabular format.  The report should include all details required by the corresponding conducted test, as well as details on each variant used in setting up the DUT.  Photographs are recommended for documenting the exact physical setup, otherwise detailed text descriptions are required to ensure the test can be repeated.  

References

1. IEEE 802.11-1999.

2. IEEE 802.11-04/1540r1, “Task Group T (WPP) Metrics Template,” Tom Alexander. 

3. IEEE 802.11-05/1641r1, “Metrics Template Example,” Tom Alexander.

4. P802.11.2-D0.5, “Draft Recommended Practice for the Evaluation of 802.11 Wireless Performance.”

5. IEEE Std 299-1997, “IEEE Standard Method for Measuring the Effectiveness of Electromagnetic Shielding Enclosures.”

6. IEEE Std 1528-2003, “IEEE Recommended Practice for Determining the Peak Spatial-Average Specific Absorption Rate (SAR) in the Human Head from Wireless Communications Devices.”

7. EN50361:2001, “Basic standard for the measurement of specific absorption rate related to human exposure to electromagnetic fields from mobile phones (300 MHz - 3 GHz).”

8. CTIA Test Plan for Mobile Station Over the Air Performance, “Method of Measurement for Radiated RF Power and Receiver Performance,” Revision 2.1, April 2005.

9. COST 273 TD(05)051, “Pre-Standard for Measuring Radio Performances for UMTS Terminals in Speech Mode,” COST273 SWG2.2, (2005).
10. IEEE 802.11-04/0674r1, “Passive Antenna Measurements vs. Over-The-Air Active Measurements and Associated Metrics for Wi-Fi Testing,” M.D. Foegelle.
11. IEEE 802.11-05/0943r0, “Conducted Power and Sensitivity Measurements,” M.D. Foegelle.

12. IEEE 802.11-05/0944r0, “OTA TRP and TIS Testing,” M.D. Foegelle.
13. M.D. Foegelle, “Antenna Pattern Measurement: Concepts and Techniques,” Compliance Engineering, Compliance Engineering 19, no. 3 (2002):  22-33.

14. M.D. Foegelle, “Antenna Pattern Measurement: Theory and Equations,” Compliance Engineering, Compliance Engineering 19, no. 3 (2002):  34-43.
15. M.D.Foegelle, “Spherical Pattern Measurement Techniques for Low Directivity Antennas,” AMTA Proc., Cleveland, OH, Oct., 2002.

16. M.D.Foegelle, “The Surface Standard Deviation Method For TRP Measurement Uncertainty,” AMTA Proc., Irvine, CA, Oct., 2003.
17. K. Liu, “Anechoic Chamber Quiet Zone Requirements for Mobile Handset Testing,” AMTA Proc., Irvine, CA, Oct., 2003.

18. K. Liu, “EMC Products: Chambers,” Conformity 2005, The Annual Guide,  p. 102.

19. NIST Technical Note 1297-1994, “Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results”, Barry N. Taylor and Chris E. Kuyatt.

20. NIS-81, “The Treatment of Uncertainty in EMC Measurements”, NAMAS

21. ISO/IEC Guide 17025, “General requirements for the competence of testing and calibration laboratories.” 

Notice: This document has been prepared to assist IEEE 802.11. It is offered as a basis for discussion and is not binding on the contributing individual(s) or organization(s).  The material in this document is subject to change in form and content after further study. The contributor(s) reserve(s) the right to add, amend or withdraw material contained herein.





Release: The contributor grants a free, irrevocable license to the IEEE to incorporate material contained in this contribution, and any modifications thereof, in the creation of an IEEE Standards publication; to copyright in the IEEE’s name any IEEE Standards publication even though it may include portions of this contribution; and at the IEEE’s sole discretion to permit others to reproduce in whole or in part the resulting IEEE Standards publication.  The contributor also acknowledges and accepts that this contribution may be made public by IEEE 802.11.





Patent Policy and Procedures: The contributor is familiar with the IEEE 802 Patent Policy and Procedures <� HYPERLINK "http://%20ieee802.org/guides/bylaws/sb-bylaws.pdf" \t "_parent" �http:// ieee802.org/guides/bylaws/sb-bylaws.pdf�>, including the statement "IEEE standards may include the known use of patent(s), including patent applications, provided the IEEE receives assurance from the patent holder or applicant with respect to patents essential for compliance with both mandatory and optional portions of the standard."  Early disclosure to the Working Group of patent information that might be relevant to the standard is essential to reduce the possibility for delays in the development process and increase the likelihood that the draft publication will be approved for publication.  Please notify the Chair <� HYPERLINK "mailto:stuart.kerry@philips.com" \t "_parent" �stuart.kerry@philips.com�> as early as possible, in written or electronic form, if patented technology (or technology under patent application) might be incorporated into a draft standard being developed within the IEEE 802.11 Working Group. If you have questions, contact the IEEE Patent Committee Administrator at <� HYPERLINK "mailto:patcom@ieee.org" \t "_parent" �patcom@ieee.org�>.





Abstract


This document introduces the test environment and metrics necessary for traceable over-the-air performance testing of the wireless radios in 802.11 devices.  
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