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Abstract - Accurately measuring the polarization of an 

antenna is a topic that has garnered much interest over many 

years. Methods abound including phase-referenced measurements 

using two orthogonal polarizations, phase-less measurements 

using two or three pairs of orthogonal polarizations, spinning 

linear probe measurements, and the rigorous three-antenna 

polarization method. In spite of the many publications on the 

topic, polarization measurements are very challenging and can 

easily lead to confusion, particularly in accurately determining the 

sense of polarization. 

In this paper, we describe a method of accurately and rapidly 

measuring the polarization of an antenna with the aid of a multi-

channel measurement receiver and a dual-polarized probe. The 

method acquires phase-referenced measurements of two 

orthogonal polarizations. To enable such measurements, we 

describe a methodology for calibrating the probe. We also describe 

a tool for automating the polarization measurement and display of 

the polarization state. By automating the process, it is hoped that 

the common challenges and confusions associated with 

polarization measurements may be largely obviated. 

Keywords—Polarization, Dual-polarized probe, Calibration, 

Antenna measurements 

I. INTRODUCTION 

Several polarization measurement techniques are 

described in [1] and [2], and most are still in use today.In its 

simplest form, axial ratio can be obtained by inspecting the 

pattern produced when a linearly polarized probe is rotated one 

full revolution with respect to an antenna under test (AUT). The 

ratio of the peak power to minimum power across the pattern 

yields the axial ratio. The tilt angle can also be determined from 

the physical location of the peaks and nulls. This technique 

works best when measuring nominally linearly polarized 

antennas. For nominally circularly polarized antennas, the axial 

ratio may readily be observed by scanning the AUT while 

simultaneously rotating a linearly polarized probe at a rapid 

speed. The higher frequency variation in the resulting 

amplitude pattern can be observed as the axial ratio. None of 

these pattern analysis techniques require a phase measurement, 

but they also do not determine the polarization sense. 

Polarization methods that require complex phase and 

amplitude measurements can fully characterize the polarization 

state, including the sense. The three-antenna method enables 

determination of the complex polarization ratio as well as gain 

for three arbitrary antennas [3-5]. Variations of this method 

have been proposed to improve accuracy and repeatability, 

especially for measuring antennas with a high axial ratio [6-7]. 

Measurement of polarization using orthogonal components 

can be accomplished with a single linearly polarized probe 

installed on a rotation stage. With the probe oriented at 0 and 

90 degrees, two orthogonal complex polarization 

measurements can be made. These can be used to determine the 

complex polarization ratio, axial ratio, tilt angle, and sense. 

This technique is also commonly used in near-field 

measurement systems. 

In a desire to speed up such measurements, dual linearly 

polarized probes were introduced [8]. For accurate 

measurements, calibration to a known linear standard is 

required, such as a waveguide probe or standard gain horn. 

Adjustments must also be made for channel imbalance in the 

RF paths for two probe ports, which often includes an RF 

switch. As broad band dual-polarized probes have been 

developed (e.g. [9]), techniques have been refined to 

compensate for both channel imbalance and polarization 

distortion [10-14]. 

Further advancements are described in this paper. In our 

measurement system, the RF switch that selects between the 

two ports of the dual-polarized probe has been eliminated. 

Instead, a multi-channel measurement receiver, the NSI-MI 

Vector Field Analyzer, is used to simultaneously measure both 

ports of the probe (Figure 1). This also eliminates the disparity 

in time between the two orthogonal polarization measurements 

that occurs when using an RF switch.  

 

Figure 1. Polarization Measurement System 
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Based on this system, a new polarization measurement tool 

has been developed. It simplifies the calibration process by 

using graphical diagrams of the calibration standard and probe 

orientations as they are installed in the system. The user simply 

selects the correct diagram for what is observed from the range 

perspective. After calibration, the calibration standard is 

replaced by the AUT. On command, the polarization 

measurement tool acquires the two orthogonal polarization 

components from the Vector Field Analyzer. Polarization 

parameters for the AUT are calculated and displayed 

immediately, including the polarization ellipse, axial ratio, tilt 

angle, and sense. The tool can loop indefinitely, providing a 

real-time update as adjustments or alignment procedures are 

performed. 

This tool is described in Section IV. To lay the proper 

foundation, we offer a brief overview of polarization theory in 

Section II and describe the calibration procedure of the dual-

polarized probe, as implemented by the tool, in Section III. 

Conclusions are summarized in Section V. 

II. POLARIZATION THEORY 

The electric field of a single-frequency propagating plane 

wave may be written as [15] 

𝐸⃗ (𝑥 , 𝑡) = (𝐸1𝑒̂1 + 𝐸2𝑒̂2)𝑒
𝑗(𝜔𝑡−𝑘⃗ ⋅𝑥 ) (1) 

Here, 𝐸1 and 𝐸2 are complex projections of the field onto 

two polarization bases at some point in time and space where 

𝜔𝑡 = 𝑘⃗ ⋅ 𝑥 . In general, these bases can be any set of orthogonal 

pairs, but for convenience, we will let 𝐸1  indicate horizontal 

polarization and 𝐸2  vertical. And again, for convenience, we 

will let the direction of propagation be along the z-axis in the 

positive direction. Given these assumptions (𝑒̂1 = 𝑒̂𝑥, 𝑒̂2 = 𝑒̂𝑦, 

𝑥 = 𝑧𝑒̂𝑧, and 𝑘⃗ = 𝑘𝑒̂𝑧), we can rewrite the E-field as 

𝐸⃗ (𝑧, 𝑡) = (𝐸1𝑒̂𝑥 + 𝐸2𝑒̂𝑦)𝑒
𝑗(𝜔𝑡−𝑘𝑧) (2) 

We can write the projected fields generically as 

𝐸1 = 𝑎1𝑒
𝑗𝜙1 (3) 

𝐸2 = 𝑎2𝑒
𝑗𝜙2 (4) 

where 𝑎1  and 𝑎2  represent the magnitudes and 𝜙1  and 𝜙2  the 

phases of the two field components. 

We can then write the field components of the wave as 

follows 

𝐸𝑥(𝑧, 𝑡) = ℛ𝑒{𝐸⃗ (𝑧, 𝑡) ⋅ 𝑒̂𝑥} = ℛ𝑒{𝐸1𝑒
𝑗(𝜔𝑡−𝑘𝑧)}

= 𝑎1 cos(𝜔𝑡 − 𝑘𝑧 + 𝜙1) (5)
 

𝐸𝑦(𝑧, 𝑡) = ℛ𝑒{𝐸⃗ (𝑧, 𝑡) ⋅ 𝑒̂𝑦} = ℛ𝑒{𝐸2𝑒
𝑗(𝜔𝑡−𝑘𝑧)}

= 𝑎2 cos(𝜔𝑡 − 𝑘𝑧 + 𝜙2) (6)
 

At a fixed point in space along the z-axis, 𝑧0, if we let 𝑡 

vary over an interval of time equal to 𝜆/𝑐, the tip of the field 

vector will trace an ellipse as the wave propagates through the 

plane defined by 𝑧 = 𝑧0. Here 𝜆 is the wavelength of the single-

frequency wave and 𝑐 is the speed of the propagating wave. 

Thus, we let time progress until one wavelength has passed 

through the plane defined by 𝑧 = 𝑧0. 

Figure 2 below shows an example of such an ellipse, traced 

by a wave whose polarization is defined by 𝐸1 = 1 and 𝐸2 =

0.6𝑒𝑗(0.4𝜋), with positive z-axis pointing toward the reader. 

 

Figure 2. Polarization ellipse associated with 𝐸1 = 1 and 

𝐸2 = 0.6𝑒𝑗(0.4𝜋) (left-handed sense) 

Figure 3 shows a 3-D plot of the same wave at a single 

point in time. The spiral indicates the location of the stationary 

field at various points in space. The z-axis, indicated by the 

large arrow in the center of the diagram, is scaled in units of 

wavelengths. The field vectors, some of which are indicated on 

the figure with arrows pointing from the z-axis toward the 

spiral, are the vectors computed from the field components in 

(5) and (6) at various values of 𝑧 for 𝑡 = 0. The single field 

vector passing through the plane 𝑧 = 𝜆 is highlighted. 

 

Figure 3. Three-dimensional wave representation for 𝐸1 = 1 

and 𝐸2 = 0.6𝑒𝑗(0.4𝜋) at time t=0 (left-handed sense) 

As time progresses, the wave propagates in the positive z 

direction, and the field vectors translate along the axis of 

propagation. Although the field vectors may appear to be 

rotating given the helical nature of the field vectors in space, a 

careful examination of the equations shows that they are fixed 



in orientation when launched from the antenna’s aperture and 

simply translate along the direction of the propagation vector. 

The perception of rotation occurs as the field vectors pass 

through a fixed z-plane over time. The highlighted cross-

section at 𝑧 = 𝜆 indicates a slice of space where a polarization 

ellipse is traced over time. In this example, the field at 𝑧 = 𝜆 

rotates clockwise as shown in Figure 2, indicating a left-handed 

polarized wave. 

III. PROBE CALIBRATION 

In this section, we will discuss the calibration of a dual-

polarized probe for accurate polarization state measurements. 

The procedure here makes some assumptions in order to 

quickly calibrate the probe. As such, this method will not be as 

accurate as the three-antenna method for measuring 

polarization [6], but it can offer a quick snapshot of reasonably 

accurate fidelity to give the user a good idea of polarization 

state of an AUT. 

Our first assumption is that we have access to an antenna 

that can act as a standard for polarization. We recommend using 

standard gain horns (SGH), which typically have very pure 

polarization characteristics. We use the standard to calibrate for 

the polarization response of the dual-polarized probe including 

any feed network, multiplexer, cables, etc. Note that the 

calibration is highly sensitive to changes in the feed network, 

cable length, permittivity, etc. Calibration should be performed 

every time the feed network is changed, including the 

disconnection and reconnection of cables within the feed 

network, even if the same cable is reconnected. Failure to do so 

will degrade the accuracy of the calibration data. 

After mounting the SGH in the AUT position, the user 

should make reasonable efforts to align the antenna along the 

range axis and should very carefully align the polarization 

vector of the SGH relative to gravity using a level placed 

against the side wall of the horn. 

With the SGH horizontally polarized and feed port 

pointing in the positive x-direction of the AUT coordinate 

system (pointing right when we’re looking into the face of the 

SGH), we collect a Jones vector using the dual-polarized probe. 

This configuration is represented graphically in Figure 4 (probe 

orientation) and Figure 5 (SGH orientation). Note we assume 

an AUT coordinate system of (𝑥̂, 𝑦̂, 𝑧̂) and a probe coordinate 

system of (𝑥̂𝑝, 𝑦̂𝑝, 𝑧̂𝑝). 

 

Figure 4. Orientation of dual-polarized probe for calibration 

The resultant Jones vector represents the polarization state 

of the H-pol wave from the perspective of the probe. With the 

probe oriented such that its vertical port points up and its 

horizontal port points to the left when looking into the face of 

the aperture, we call the probe’s H-port response to this wave 

𝐸𝐻,𝐶𝑃 and the probe’s V-port response to this wave 𝐸𝐻,𝑋𝑃. Note 

we are trusting the polarization of the SGH to be purely H-pol, 

so we use notation to that effect. Each of these is a complex 

value, so phase-referenced measurements must be made.  

 

 

Figure 5. Orientation of SGH for H-pol calibration 

We now rotate the SGH so that it’s vertically polarized, 

with the feed port pointing in the positive y-direction (pointing 

up) and collect another Jones vector using the dual-polarized 

probe. This configuration is represented graphically in Figure 

6. The resultant Jones vector represents the polarization state of 

the V-pol wave from the perspective of the probe. With the 

probe oriented such that its vertical port points up and its 

horizontal port points to the left when looking into the face of 

the aperture, we call the probe’s H-port response to this wave 

𝐸𝑉,𝑋𝑃 and the probe’s V-port response to this wave 𝐸𝑉,𝐶𝑃.  

 

Figure 6. Orientation of SGH for V-pol calibration 

It isn’t strictly necessary to collect the data in the 

orientations described and pictured above. If the orientation of 

one of the ports is in the opposite direction from what is 

specified, we can simply negate the measured result to simulate 

the effect of rotating the SGH or probe 180 degrees. We can 

also use this trick to average two to four measurements with 

different combinations of SGH and probe orientations. This 

may help somewhat to minimize the effect of room reflections 

[12]. 

A single-reflector compact antenna test range (CATR) will 

reverse the x-axis relative to a near-field or far-field 



configuration as the wave reflects off the paraboloidal reflector. 

Thus, when looking into the aperture of the dual-polarized feed 

antenna, the direction of the port along the x-axis should be 

opposite that of the configuration shown in Figure 5 and 6 

above. This reversed configuration for a CATR is shown in 

Figure 7. Once again, we can handle other orientations by 

simply negating the response of that port.  

 

Figure 7. Orientation of dual-polarized CATR feed 

Having collected a Jones vector for an H-pol wave and a 

Jones vector for a V-pol wave, we can now stack these Jones 

vectors side by side to form a Jones matrix. This matrix 

represents the transformation from the polarization bases of the 

SGH (which we assume to be purely H- and V-polarized) to the 

polarization bases of the probe (including its feed network, 

cables, switches, etc.). That Jones matrix has the form 

𝐽 = (
𝐸𝐻,𝐶𝑃 𝐸𝑉,𝑋𝑃

𝐸𝐻,𝑋𝑃 𝐸𝑉,𝐶𝑃
) (7) 

For each element of the matrix, we assume the H-port of 

both probe and SGH point in the +𝑥̂ = −𝑥̂𝑝 direction and the 

V-port of both probe and SGH point in the +𝑦̂ = +𝑦̂𝑝 

direction. The following table summarizes the four elements of 

the Jones matrix in terms of antenna pair orientations. 

Jones matrix 

element 

Probe port 

orientation 

SGH port 

orientation 

𝐸𝐻,𝐶𝑃 H-pol H-pol 

𝐸𝐻,𝑋𝑃 V-pol H-pol 

𝐸𝑉,𝑋𝑃 H-pol V-pol 

𝐸𝑉,𝐶𝑃 V-pol V-pol 

 

If we denote pure H-pol as 𝐸𝐻, pure V-pol as 𝐸𝑉, and the 

probe’s nominal H-pol and V-pol states as 𝐸̃𝐻  and 𝐸̃𝑉 , 

respectively, we can write the coupling equation as 

(
𝐸̃𝐻

𝐸̃𝑉

) = (
𝐸𝐻,𝐶𝑃 𝐸𝑉,𝑋𝑃

𝐸𝐻,𝑋𝑃 𝐸𝑉,𝐶𝑃
) (

𝐸𝐻

𝐸𝑉
) (8) 

Now that we have this Jones matrix, we know how to 

convert from one set of bases to another. This means that for 

any acquisition we make with the dual-polarized probe, as long 

as we don’t change its configuration and perturb the Jones 

matrix, we now have the information needed to transform from 

the probe’s polarization bases to the polarization bases of the 

SGH, which we assume to be very pure. Note that it is critical 

to carefully align the SGH’s walls with gravity so that we aren’t 

unintentionally introducing some tilt into the polarization 

vector when we make our calibration measurements. 

At this point, we introduce our second assumption. In 

transforming from one set of bases to another, we are implicitly 

assuming that what we measure in the calibration step to create 

our Jones matrix includes only the coupling coefficients 

between our antennas. But in reality, it will include other 

effects, most notably room reflections. These will perturb the 

Jones matrix and introduce error, so it is strongly recommended 

to make the calibration and subsequent test measurements in a 

properly treated anechoic chamber to minimize the effect of this 

error. 

To perform our transformation, we simply need to invert 

the Jones matrix and apply it to all measurements of the dual-

polarized probe. However, to avoid normalizing the post-

transformed signals relative to the inputs, we preserve the 

magnitude of the first port to allow us to fix the energy of the 

transformation for at least one port. We can’t do this for both 

ports simultaneously because we are mixing power levels of co- 

and x-pol terms when we transform polarization bases, so we 

must pick one port whose energy we wish to preserve. Thus, we 

write our transformation matrix as 

𝑇 = 𝐸𝐻,𝐶𝑃𝐽
−1

=
𝐸𝐻,𝐶𝑃

𝐸𝐻,𝐶𝑃𝐸𝑉,𝐶𝑃 − 𝐸𝑉,𝑋𝑃𝐸𝐻,𝑋𝑃

(
𝐸𝑉,𝐶𝑃 −𝐸𝑉,𝑋𝑃

−𝐸𝐻,𝑋𝑃 𝐸𝐻,𝐶𝑃
) (9)

 

When this transformation matrix is applied to the probe’s 

response to the SGH, we obtain 

𝑇 (
𝐸̃𝐻

𝐸̃𝑉

) = 𝑇 (
𝐸𝐻,𝐶𝑃 𝐸𝑉,𝑋𝑃

𝐸𝐻,𝑋𝑃 𝐸𝑉,𝐶𝑃
) (

𝐸𝐻

𝐸𝑉
) = 𝐸𝐻,𝐶𝑃 (

𝐸𝐻

𝐸𝑉
) (10) 

which is the Jones vector of the SGH when rotated in two 

different orientations. When we apply this transformation 

matrix to data obtained with the dual-polarized probe, this is 

analogous to taking that data with an SGH in those two 

orientations. 

IV. POLARIZATION MEASUREMENT TOOL 

The methodology appears straight forward, but there are 

several places where one can invert a convention, making it 

difficult to perform the method correctly without some form of 

automation. Inverting one of the fields typically has the effect 

of inverting the sense of the polarization state. This may not be 

critical when measuring antennas that are nominally linearly 

polarized, but it can disruptive, if not catastrophic, when 

measuring antennas that are nominally circularly polarized. 

It is therefore advisable to employ a tool for automating the 

process. The use of such a tool with a Vector Field Analyzer 

and a dual-polarized probe also enables instantaneous 

measurements of polarization state over multiple frequencies 

for a given aspect angle. This section describes such a tool. 

The first step in the method is to calibrate the probe. In 

order to do this, we must know the orientation of the probe and 



the way it is cabled. The tool allows the user to select these with 

simple graphics to ensure that the correct conventions are 

employed. The tool will then transform the data to a common 

convention as described in Section III. This selection is shown 

in Figure 8. An option also exists to tell the tool that the probe 

is actually a feed in a compact range. The tool would then invert 

the horizontal component to accommodate that configuration. 

 

Figure 8. Selection of probe orientation in polarization 

measurement tool 

The cabling of the probe is also selectable, allowing a user 

to connect the cables in whatever order is convenient and then 

telling the tool which channel belongs to which port. This 

portion of the tool is shown graphically in Figure 9. In the 

figure, we see that channel A is connected to the horizontal port 

while channel B is connected to the vertical port. The tool will 

re-order channels as necessary to ensure a common convention 

for the collected Jones vectors. 

 

Figure 9. Selection of probe cabling in polarization 

measurement tool 

Once the correct probe orientation has been selected, 

calibration data can be collected using one or both orientations 

of vertical and horizontal SGH polarizations. At least one 

vertical and one horizontal Jones vector must exist in order to 

generate a complete calibration file. This capability is shown 

graphically in Figure 10. The user simply pushes a button to 

collect data, but the button chosen must correspond to the 

orientation of the SGH. The tool automates the collection by 

communicating directly with the Vector Field Analyzer and 

storing the calibration data in memory. 

 

Figure 10. Calibration data acquisition panel in polarization 

measurement tool 

After calibration data has been acquired, multi-channel 

data can be collected on an arbitrary AUT. The calibration data 

can be applied if desired, as controlled by the user. The user 

may also select a frequency among the list of frequencies 

acquired for plotting purposes. These controls are shown in 

Figure 11. 

 

Figure 11. Plot control panel in polarization measurement 

tool 

Having collected complete polarization information using 

a calibrated dual-polarized probe, we can now plot the 

polarization information any way we choose. The tool can 



automate the plotting of axial ratio, tilt, and sense. The plotted 

tilt angles for a sinuous antenna [13] are shown in Figure 12. 

 

Figure 12. Tilt angle of a sinuous antenna displayed in 

polarization measurement tool 

The tool can also plot the polarization ellipse for a single 

frequency as described in Section II. The polarization ellipse 

for the sinuous antenna at 2.5 GHz is shown in Figure 13. 

 

Figure 13. Polarization ellipse of a sinuous antenna at 2.5 

GHz displayed in polarization measurement tool 

V. CONCLUSIONS 

A methodology has been developed for making 

instantaneous measurements of the polarization of an antenna 

using a dual-polarized probe and a multi-channel measurement 

receiver. The methodology includes the calibration of the probe 

and a transformation of polarization bases to yield accurate 

polarization state information of an arbitrary antenna. A tool 

has also been described to automate the measurement process 

including the display of polarization information in the form of 

axial ratio, tilt, sense, and/or the polarization ellipse. 
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