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Abstract— This paper provides an overview of measurement 

uncertainties associated with a planar near-field test methodology 

for measuring typical system level characteristics of transceiver 

payloads. We describe a framework for analyzing the 

uncertainties when measuring these system level RF parameters 

in a near-field range. More specifically, saturating flux density 

(SFD), equivalent isotropic radiated power (EIRP), gain-to-noise 

temperature (G/T) and end-to-end gain vs. frequency are 

addressed. Results from a set of validation measurements, 

performed on a frequency converting simulated payload are used 

as baseline. A combination of analysis and direct measurements 

are presented to validate the measurement methodology for each 

parameter and estimate corresponding uncertainties. The 

contribution of this paper is the presentation of these 

methodologies and establishing an initial set of uncertainty 

boundaries to qualify the near-field test approach for this 

purpose. 

Index Terms—Antenna measurements, System-level testing, 

Group delay, Equivalent isotropic radiated power, Saturating 

flux density, Near-field, Satellite testing, Uncertainty. 

I. INTRODUCTION 

System-level testing of antennas with integrated electronics 
has long been conducted on both near-field and far-field test 
ranges. End-to-End (E2E) testing of satellite transponders, 
however, has historically been performed almost exclusively 
using long focal length compact antenna test ranges (CATR). 
The long focal length allows the facility to be defocused, so 
that both uplink and downlink feeds can be installed 
simultaneously. This creates two effective quiet zone regions, 
thereby illuminating the spacecraft’s uplink and downlink 
antennas at the same time. This setup supports E2E testing, 
where a signal is injected into the uplink path, frequency 
translated, and subsequently transmitted back through the 
downlink path. This type of E2E setup supports measurements 
of many common system-level parameters, including G/T, 
EIRP, SFD, and amplitude/phase responses through the 
transponder. 

Planar near-field (PNF) systems have historically been used 
for the accurate measurement of antenna performance 
characteristics, including gain, directivity, patterns, polarization 
properties, beam pointing, and more. They are also routinely 
used for some limited system-level measurements, like EIRP 

and SFD. It is becoming increasingly desirable, however, to 
perform full E2E testing of satellite transponders using PNF 
ranges [1-6]. With the number of measurement systems 
designed specifically for E2E testing on the rise, a thorough 
understanding of the expected measurement uncertainties 
associated with E2E parameters is critical. 

Building upon prior work, in this paper we describe a 
framework for analyzing the uncertainties when measuring 
these system level RF parameters in a near-field range. In 
addition to the parameters addressed in [4, 5], the uncertainty 
of E2E gain vs. frequency (i.e. channel amplitude response) is 
also addressed. 

Validation measurements were performed on a frequency 
converting simulated payload. The measurement 
methodologies previously developed were validated using a 
combination of analysis and direct measurements, which also 
provides a framework for estimating the corresponding 
uncertainties. 

In Section II, we provide an overview of the methodology 
used to estimate and combine uncertainties to produce a 
comprehensive uncertainty budget. Section III includes 
condensed measurement procedures, outlines the most 
significant sources of errors, and groups these errors into 
classes for A. EIRP, B. SFD, D. G/T, and E. E2E Gain vs. 
Frequency. Finally, some concluding remarks and next steps 
are shared in Section IV. 

II. NEAR-FIELD MEASUREMENT UNCERTAINTIES 

The National Institute of Standards and Technology (NIST) 
18-term error analysis technique has become the industry 
standard for the estimation of near-field range measurement 
uncertainties [7]. In this method, each individual term is 
evaluated, by measurement or analysis, for an antenna under 
test (AUT) at specific frequencies. The individual contributions 
are then combined by the root sum squared (RSS) method to 
provide a total estimated standard uncertainty for the 
measurement system. Often, this standard uncertainty will be 
multiplied by a coverage factor k such that it may be expressed 
as an expanded uncertainty with a confidence level of 95% 
(i.e., k = 2) or 99% (i.e., k = 3). Unless otherwise stated, 
standard uncertainty (i.e., k = 1) values will be presented 
below. 



The largest contributors to the uncertainty in the 
measurement of the absolute gain of an AUT, when using the 
direct method in the near-field, are typically the knowledge of 
the far-field gain of the measurement probe, impedance 
mismatch errors, and the normalization constant. Uncertainties 
in the far-field gain of the probe can be minimized through 
accurate gain calibration. Ideally, the calibration is performed 
by the 3-antenna extrapolation method resulting in an 
uncertainty of < ± 0.1 dB [8]. 

During the bypass measurement, which results in 
normalization constant error, an attenuator is typically placed 
between the probe and AUT cables to minimize the effects of 
receiver nonlinearity [7]. This also serves to reduce the 
mismatch error between the two cables. The tradeoff for using 
the additional attenuation in the system is the reduction of 
system dynamic range so a balance must be found to minimize 
the total uncertainty budget. 

Other sources of uncertainty will be present in the overall 
near-field measurement uncertainty budget, but the three terms 
described above will be dominant. The remaining terms can 
more easily be controlled and minimized for the purposes of 
transponder payload characterization. 

III. SYSTEM-LEVEL PARAMETERS 

We list the system-level parameters of interest below and 
describe the uncertainty terms impacting each of these. Typical 
values are given for each term as determined in our 
measurement campaign and we accumulate these to obtain RSS 
values as shown. 

A. Equivalent Isotropic Radiated Power (EIRP) 

The EIRP, defined as the sum of the input power to an 
antenna and its gain in dB, is determined in the near-field by 
evaluating (1) below. To measure EIRP in an indoor chamber, 
a traditional planar near-field (PNF) scan of the transmit 
antenna is first collected. A reference position in the high SNR 
region of the scan plane is chosen and the value of the un-
normalized near-field at that position is recorded. Finally, using 
a power meter, the power at the output of the receiving probe is 
determined.  
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In (1), k  is a vector indicating the direction in which the 
EIRP is sought and P0 is the power received by the near-field 
probe. The uncertainty of power meter measurements is 
discussed in detail in [9]. It is shown that the major contributor 
of the uncertainty is due to mismatch loss, while the imperfect 
effective efficiency of the power sensor is the second largest 
term. Other, typically smaller, contributors to the power 
measurement uncertainty are the reference oscillator 

uncertainty, reference oscillator mismatch uncertainty, 
instrumentation uncertainty, zero-set error, noise, drift and 
power linearity. Manufacturers often supply tools to calculate 
the uncertainty in a measurement given the measured power 
level at given frequency, the VSWR of the device under test, 
the number of averages and other instrument measurement 
settings. 

Of the terms on the right-hand side of (1), the second term 
is an impedance mismatch correction term, and its uncertainty 
can be dealt with as part of the power sensor measurement 
described below. The summation term in (1) is related to the 
PNF measurement conducted on the transmitting antenna and 
contributes to the uncertainty of the EIRP measurement and is 
addressed in Section III.C. 

B. Saturating Flux Density (SFD) 

The SFD parameter, defined as the power flux density that 
results in the saturation of a receiving AUT’s electronics, is 
determined in the near-field by evaluating (2) below. To 
measure SFD in an indoor chamber, a traditional planar near-
field (PNF) scan of the receive antenna is first collected and 
allows for evaluation of the summation term in (2). A reference 
position in the high signal region of the near-field scan plane is 
chosen and the value of the un-normalized amplitude is 
recorded. After gradual increase of the transmit power level 
from the near-field probe until saturation of the receiver on the 
payload is determined, a power meter is used to record the 
actual power at the port of the probe as Pi. 
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In (2), k  is a vector indicating the direction in which the 
SFD is sought and Pi is the power accepted (corrected for port 

mismatch) by the transmitting near-field probe. ( )rG k denotes 

the far-field gain of the probe used to measure the uplink AUT 
and will have an associated uncertainty derived from the probe 
calibration process. 

C. EIRP and SFD Uncertainty Estimates 

A Keysight U2022XA Power Sensor, for which an Excel 
measurement uncertainty calculator is available, was used for 
the EIRP and SFD power measurements. At the frequencies 
and power levels (±10 dBm) used in the payload simulator in 
[5], the overall uncertainty of the power measurements is 
approximately ±0.25 dB, provided that the mismatch loss is 
minimized. If the power level falls below that threshold, or if 
attenuation cannot be used to compensate for poor AUT 
VSWR, the uncertainty will increase significantly. It should 
also be noted that the power meter used has a limited dynamic 
range. Since the power levels in a true payload are likely to 
have a much wider range, a power meter with a larger dynamic 
range and/or a well-characterized attenuator may be needed to 
achieve the mentioned power measurement uncertainty. 



Accumulating the estimated power sensor uncertainty, with 
the terms described above, into Table I. we note that: 

• The impedance mismatch between the probe and receiver 
in (1) can be effectively mitigated by use of attenuation. 

• The uncertainty in the power meter measurement will 
typically dominate the overall budget. 

• There will be a small but finite error induced by re-
locating the probe at the reference positions after the initial 
near-field scans. 

As stated in Section II, depending on the method of 
calibration, the uncertainty in the measurement probe will be 
the second largest overall contributor. 

TABLE I.  EIRP AND SFD UNCERTAINTY BUDGET FOR XN AND 

X BAND ANTENNAS 

# Term EIRP 

Uncertainty 

(±dB, 1-σ) 

SFD 

Uncertainty 

(±dB, 1-σ) 

1 Transmit  Probe FF measurement 
uncertainty 

N/A 0.200 

2 Receive Probe FF measurement 
uncertainty 

0.200 N/A 

3 Transmit probe location error 0.010 N/A 

4 Receive probe location error N/A 0.010 

5 Power Meter measuremet 0.250 0.250 

6 Polarization mismatch (probe/DUT) 
impacting P2 meas. 

0.010 0.010 

Uncertainty (RSS) 0.321 0.321 

D. Gain-over-Noise Temperature (G/T) 

Gain (G) over noise temperature (T), denoted as G/T, is a 
parameter used to quantify the sensitivity of a receiving 
antenna system, typically reported in dB/K. This parameter is 
typically required for engineers to estimate the signal-to-noise 
ratio available at the output of the antenna system. G/T is 
especially important when the passive aperture of the antenna 
is inseparable from the system’s active devices (amplifiers, 
mixers, etc.), meaning that these components cannot be 
independently characterized. As a result, G/T must be 
measured for the complete receiving system [10]. 

G/T measurements have long been conducted using various 
far-field systems and techniques. In recent years, these 
techniques have been adapted for use on planar near-field test 
ranges [2, 6, 10, 11]. Some recent work characterized G/T in 
the near-field using a Y-factor technique [2, 11], but this 
method requires that the antenna aperture be separable from the 
back-end electronics. Since antenna aperture separation is not 
always possible, a generalized approach has been developed [6] 
and more recently refined [10]. The G/T uncertainty analysis 
presented herein will be based on this method, known as the 
CW-Ambient G/T measurement technique. 

To measure G/T in an indoor chamber using the CW-
Ambient technique, a traditional planar near-field (PNF) scan is 
first completed. Next, three static power measurements are 
made with the same probe used in the PNF scan. When 

estimating overall G/T uncertainty, one needs to consider the 
uncertainties associated with both the PNF scan and the three 
power measurements. The static power measurements include 
the following: 

1) P1: the first static power measurement consists of 
estimating the noise power seen by the DUT when no active 
sources are present. 

2) P2: the second static power measurement consists of 
estimating the signal plus noise power seen by the DUT when 
an active CW tone is transmitted from the probe at a fixed 
location within the planar near-field scan plane. 

3) P3: the third static power measurement is a measure of 
the CW signal power at the probe’s input reference plane. 

These measurements are typically conducted using a 
spectrum analyzer with a very low displayed average noise 
level (DANL) to enable measurements as close to the noise 
floor as possible. Measurements P1 and P2 contain estimates of 
noise power, so non-coherent averaging should be used in the 
receiver. P3 assumes that noise power is minimal, so coherent 
averaging may be used. 

Combining the resulting far-field radiation pattern from our 
PNF scan with the three power level measurements allows us 
to approximate G/T using [10]: 
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where: 

k = Boltzmann’s constant (k ≈ 1.38065 x 10-23 J/K), 

B = Equivalent noise bandwidth, 

probeG = On-axis, co-pol, peak gain of the probe used for 

PNF measurements, 

0 )(PNFG P = PNF coupling factor between probe and DUT 

at the location defined by the vector 0P , 

and P1, P2, P3, G/T as previously described. 

Equation (3) is a simplification of equation (20) described 
in [10] and its derivation makes some assumptions and 
simplifications which are not described here. In support of the 
delivery of the dual-band, high power PNF system described in 
[12], we have developed a methodology to estimate the 
uncertainty of G/T using the CW-Ambient G/T technique. We 
have compiled a list of twelve sources of uncertainty that 
contribute to the overall budget for G/T calculated using (3). 
These can be broadly categorized into four classes of error 
types: 

1) Near-field scan errors: This category (treated as a 
single term in this G/T budget) results from its own 
error evaluation of the PNF measurement using the 
industry standard NIST 18-term uncertainty evaluation 
process. As discussed in Section II, this standalone 



error budget will usually be dominated by the 
uncertainty with which one knows the gain of the near-
field probe, GProbe but also includes the uncertainty 
contributions of GPNF. 

2) Power measurements: This includes the effects of RF 
leakage, the receiver’s equivalent noise bandwidth 
error, the receiver’s absolute power level accuracy, and 
the positioning accuracy of the probe for measurement 
P2. 

3) Random errors and noise: This collection of terms 
includes the noise power generated by the source, the 
noise of the measurement receiver with coherent 
averaging, and the variation of noise estimates. 

4) System mismatch errors: This includes impedance 
mismatch between the source and probe, source and 
measurement system, and polarization mismatch 
between the probe and DUT. 

A sample G/T uncertainty budget for a Ka-band antenna 
analyzed using the CW-Ambient technique is shown in Table 
II. The twelve error terms are categorized into the broad classes 
described above, with a combined RSS uncertainty presented 
for each class. 

TABLE II.  G/T UNCERTAINTY BUDGET FOR KA-BAND 

ANTENNA 

Class # Term Uncertainty 

(±dB, 1-σ) 

1 1 DUT gain meas. uncertainty 0.449 

2 

2 Receiver power accuracy 

0.301 
3 RF leakage for P2 meas. 

4 Equivalent noise BW error 

5 Probe location error for P2 meas. 

3 

6 Receiver noise level uncertainty 

0.404 

7 Source noise power 

8 
Receiver noise level uncertainty with 
coherent averages for P3 meas. 

9 
Noise variation due to finite 
averaging window 

4 

10 Impedance mismatch (source/probe) 

0.010 
11 

Impedance mismatch 
(source/receiver) 

12 
Polarization mismatch (probe/DUT) 
impacting P2 meas. 

G/T Uncertainty (RSS) 0.665 

 

Class 1 errors are the result of a complete error evaluation 
using the NIST 18-term evaluation technique for PNF 
measurements. The dominant contributor is the uncertainty of 
the gain of the near-field probe, ± 0.41 dB. This can be further 
reduced to < ±0.1 dB via calibration. This would reduce the 
overall uncertainty contribution of Class 1 errors to ≤ ±0.2 dB. 

Class 2 errors are dominated by term #2. This term will 
technically impact all static power measurements (P1, P2, P3), 
but since P1 & P2 are used to compute a ratio in the 
computation of G/T using (3), the uncertainty effect on these 
measurements can be omitted. For P3, a power meter with 
absolute gain uncertainty of ±0.3 dB was used. The remaining 
terms in this class have a near negligible contribution to the 
RSS total. 

Class 3 uncertainty is due primarily to term #6, which 
contributes ±0.38 dB to the total. The receiver used for 
measurements has a very low noise floor, which minimizes its 
overall uncertainty contribution. If a device with higher noise 
floor is used then this class of errors, and possibly the entire 
budget, will be dominated by its contribution. The remainder of 
this class’s contribution comes from term #9, which can be 
reduced by using a larger number of coherent averages, at the 
cost of increased measurement times. 

Finally, Class 4 errors are small, and are minimized by 
compensating for the impedance mismatch present in the 
system. The polarization mismatch contributions are minimized 
by careful alignment of DUT and probe during system setup. 

E. E2E Gain vs. Frequency 

For a transponder spacecraft payload with transmit and 
receive antennas operating at different frequencies, as depicted 
in Figure 1, a dual probe measurement system can be utilized to 
characterize its gain versus frequency response in the near-
field. Here, a signal in the transponder receive band is injected 
by the RF measurement system, frequency converted by the 
transponder, and re-radiated at the downlink frequency. A 
secondary near-field probe receives the re-radiated signal, and 
an auxiliary mixer is typically required to convert the signal 
back to the RF subsystem measurement frequency. A vector 
calibration of this mixer must be performed to determine and 
remove its conversion gain and phase response from the 
measurement. 

To measure the E2E gain of the transponder in an indoor 
near-field chamber, a traditional PNF scan is made for both the 
uplink and downlink antennas, independently. A reference 
position is determined for each scan in a high signal region, and 
the near-field response is recorded. The measurement probes 
are then placed at the corresponding reference positions and a 
through measurement of the AUT is made. Finally, a direct 
connect measurement of the RF subsystem is made and the 
cable losses between the auxiliary mixer and receive probe, and 
the response of the mixer itself, are removed. 

 The total gain of a frequency translating antenna system, 
including the receive antenna, transponder, and transmit 
antenna, is given by: 
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( )rrF k , ( )t tF k are the Fourier transforms of the normalized 

near-field sample points ( )'

0 ,
rr ri iB x y and ( )'

0 ,
tt ti iB x y of the 

receiving and transmitting antennas at the far-field directions 

indicated by 
rk and 

tk . 
rP and 

tP  are the output and accepted 

powers at the ports of the receiving and transmitting near-field 
probes when the probes are located at their respective reference 

positions. ( )r rG k and ( )ttG k are the far-field gains of the 

probes used to measure the uplink and downlink antennas, in 

the far-field directions indicated by rk  and tk , respectively. 

The conversion gain, auxG is the loss associated with the 

auxiliary mixer used to convert the frequency translated signal 

back to the measurement system test frequency. Finally, r , t  

are the uplink and downlink wavelengths, respectively. 

To validate the methodology, a set of direct power 
measurements were performed at the input and output of the 
simulated payload standard gain antennas, as described in [5]. 
Using an Agilent E4408B spectrum analyzer, the power at the 
output of the receive antenna, and the input to the transmit 
antenna, were recorded. The total system gain was then 
estimated by adding the theoretical gain of the standard gain 
horns to the measured gain. The results of this estimated gain 
are shown in Figure 2, along with the gain vs. frequency 
measurements made using a planar near-field system. The 
mean deviation between the measurements and estimated gain 
is 0.75 dB, while the maximum deviation at 7.4 GHz is 1.55 
dB. The agreement could be improved by calibration of both 
the standard gain horns and the open-ended waveguide probes 
used in this process. 

 

Figure 1.  E2E gain measurement through the transponder. 

In an actual payload, the connection points directly behind 
the antenna will typically be inaccessible. At best, a coupled 

test port may be available at the transponder LO or IF 
frequency. If neither dedicated test ports, nor the antenna ports 
are accessible, a relative gain vs. frequency measurement may 
be made by neglecting the absolute terms in (4).  

In as similar fashion to the uncertainty analysis in Section 
III.D, we group the error terms into three classes: 

1) Near-field scan errors: This uncertainty may again be 
estimated through the NIST 18-term process. Because 
two near-field scans are made, there is an uncertainty 
budget associated with each scan. Therefore, the 
uncertainty in the far-field gain of each probe, 

( )r rG k and ( )ttG k , as well as each PNF coupling 

factor, must be considered. 

 

Figure 2.  Estimated and measured gain vs frequency 

response of the simulated transponder. 

2) Power measurements and system gain: Dominant 
terms in this category include errors due to transmit 
and receive probe positioning in the measurement of 

the ratio r tP P and uncertainty in the determination of 

the auxiliary mixer conversion gain. 

3) System mismatch errors: Individual mismatch terms 
include the mismatch between the source and the 
transmitting probe, the source and the auxiliary mixer 
when calibrating the RF measurement system, between 
the receiving probe and the auxiliary mixer, the 
polarization mismatch between the probes and the 
uplink/downlink chains. 

An example uncertainty budget at the uplink center 
frequency of 7.5 GHz is given in Table III.  

Again, Class 1 errors are the result of a complete error 
evaluation using the NIST 18-term evaluation technique for 
PNF measurements. Because calibrated probes were 
unavailable for this test campaign, the far-field gains were 
calculated [13], and their gain uncertainties are possibly as high 
as ± 1.0 dB. As stated above, it’s assumed that this could be 
further reduced to < ±0.1 dB via calibration. The overall 
uncertainty contribution of Class 1 errors would then be 
reduced to ≤ ±0.2 dB, for both the uplink and downlink 
measurements. 



TABLE III.  GAIN VS. FREQUENCY  UNCERTAINTY BUDGET FOR 

XN/X-BAND SIMULATED PAYLOAD 

Class # Term Uncertainty 

(±dB, 1-σ) 

1 

1a 
Transmit DUT gain meas. 
uncertainty 

0.2 

1b 
Receive DUT gain meas. 
uncertainty 

0.2 

2 

2 Transmit probe location error 

0.501 
3 Receive probe location error 

4 
Auxiliary mxer calibration 
error 

3 

5 
Impedance mismatch 
(source/probe) 

0.010 
6 

Impedance mismatch 
(source/receiver) 

7 
Polarization mismatch 
(probe/DUT) impacting P2 
meas. 

E2E Gain vs. Frequency Uncertainty (RSS) 0.488 

 

The dominant Class 2 error is due to calibration of the 
mixer used to translate the downlink back to the RF subsystem 
measurements frequency. Following [14], the major sources of 
error in the vector calibration are due to impedance 
mismatches, spurious responses, and non-reciprocity of the 
calibration mixer. To reduce the error due to spurious 
responses, a bandpass or high-pass filter may be used. For this 
calibration spurious signals were attenuated by a minimum of 
40 dB by use of a bandpass filter. The effects of impedance 
mismatch were mitigated through proper attenuation of all 
ports during calibration. Finally, Marki Microwave M2H-0220 
mixers were used for the calibration, reference, and auxiliary 
mixers. A typical non-reciprocity in the conversion gain was 
stated by the manufacturer as 1 dB, leading to ±0.5 dB of 
uncertainty in the calibration. 

IV. CONCLUDING REMARKS AND NEXT STEPS 

In this paper, we expanded upon previous work describing 
the methodologies used to characterize various system level 
parameters of spacecraft transponder payloads using near-field 
measurement techniques. Preliminary uncertainty analysis 
routines were presented for several system level parameters, 
including EIRP, SFD, G/T and the transponder’s gain vs. 
frequency response.  

The techniques presented all require the collection of a 
near-field data set and subsequent transformation to the far-
field. As such, the uncertainty of the near-field measurement is 
critical, and care should be taken to minimize the uncertainty of 
this measurement. The NIST 18-term error evaluation 
techniques are used to estimate the uncertainty of the near-field 
measurement. The combination of the near-field measurement, 
system calibration, and absolute power level measurement(s) 

allows one to calculate the system level parameters and their 
associated uncertainties. 

A simulated payload operating in XN/X-band was used to 
validate the measurement techniques. Uncertainties were 
estimated at ±0.321 dB for EIRP and SFD, and ±0.488 dB for 
the gain frequency response using this simulated payload. G/T 
uncertainty was estimated at ±0.665 for a Ka-band antenna. 

In future work, we will expand on these methodologies by 
providing additional detail for the parameters discussed herein, 
with a focus on minimizing uncertainty. 
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