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UNCERTAINTY ANALYSIS
OF RADAR CROSS SECTION CALIBRATIONS

AT ETCHERON VALLEY RANGE* t

Lorant A. Muth^
Dale M. Diamond^, and John A. Lelis^

Abstract

The Etcheron Valley Range, Naval Air Warfare Center, Weapons Di-

vision at China Lake, CA conducts monostatic and bistatic measure-

ments of radar cross section on various targets of interests to DoD. This

document, which follows general guidelines proposed by the National

Institute of Standards and Technology, discusses the assessment of un-

certainty in calibrations of radar cross section at the Etcheron Valley

Range, NAWC-WD, a division of NAVAIR located at China Lake, CA.

Key words: calibration uncertainties; radar cross section measurements;

RCS; uncertainty analysis

1 INTRODUCTION

The National Institute of Standards and Technology (NIST) has established a framework

for estimating uncertainties in radar cross section (RCS) measurements [1]. In this study we
follow the basic outline and format presented in [1] to determine the calibration uncertainty

at the RCS facilities of the Etcheron Valley Range, NAVAIR, Naval Air Warfare Center,

Weapons Division (NAWC-WD), China Lake, CA.

The Etcheron Valley Range (EVR) measures radar cross section of various targets provided

by United States military and civilian customers. The EVR currently operates coherent

RCS measurement systems capable of measuring in the VHP, UHF, L, S, C, X, Ku and Ka
bands (see Appendix A, Table A.l). The North 40 look-down slant range and the South

40 outdoor bounce range (see Figures LI - 1.4) are two fully operational sytems. Typical

targets measured on these ranges are unmanned aerial vehicles, airplane components, air-

craft models and components, ship models and components, missiles and tactical ballistic

missiles, very low-observable (vlo) articles, reentry vehicles, ground vehicles, rockets and

rocket plumes. The North 40 range can also be used to simulate the ocean environment

for measuring the RCS of ship models and components.

The South 40 range can be configured to measure the low-frequency bistatic RCS of targets

* Distribution authorized to DoD components and U.S. Dept. of Commerce only; Ad-

ministrative or Operational Use; June 2004.

^A U.S. Government publication, not subject to copyright in the United States.

^NIST, Electromagnetics Division, Boulder, CO
^Consultant, Etcheron Valley Range, China Lake, CA
^Etcheron Valley Range, China Lake, CA



i^l^ . ;i"*t>i.r%^^-/»_*-;>'-'.-**^:.'«.:#-^

Figure 1.1. The South 40 outdoor bounce-range antenna farm capable of making coherent monostatic

RCS measurements in the VHF, UHF, L, S, C, X, Ku, and Ka bands. Additionally, it can be configured

to make coherent bistatic RCS measurements at the VHF, UHF, and L-band frequencies.



Figure 1 .2. Rear view of the South 40 antenna farm and the measurement range. Monostatic

measurements on full-scale targets can be made at various ranges, for example, at 213 m (700 ft),

610 m (2000 ft), 1220 m (4000 ft) and 1524 m (4000 ft). A target at 274 m (900 ft) is used for

bistatic RCS measurements at VHF, UHF, and L-band frequencies.



Figure 1.3. The Parrot peak look-down range measurement facility used to measure targets deployed

on the North 40 tilt deck or wet site in Figure 1.4. The look-down angle is 10 degrees and the slant

range is 5182 m (17,000 ft). Measurements have been made in the S, X, Ku, Ka, andW bands.
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at VHF, UHF and L-band frequencies. This work evolved from earlier coherent bistatic

measurement systems that operated from 30 to 150 MHz and at X band. The capability to

perform bistatic measurements using the system developed at EVR has been demonstrated

recently by successfully completing measurements at various bistatic angles, for example,

35°, 70°, 120° and 145°. The uncertainties of the bistatic measurements will be the subject

of a future study.

In this study, we intend to provide procedures for estimating all sources of uncertainties

of the South 40 RCS measurement system. We consider the uncertainties in the mono-

static calibration of the system using standard RCS calibration artifacts as well as the

uncertainties in the monostatic measurement of the RCS of test targets. Calibration and

measurement uncertainty depends on the operational parameters of a RCS range and is

specific to the parameters in effect at the time of measurement (see Appendix A, Tables

A. 2 and A. 3). Typical operating conditions and parameters for RCS measurements are

assumed for the analysis presented in this report. In our measurement-based approach, a

worst-case scenario, wherein we tend to overestimate the uncertainty, is assumed. Where
appropriate, we explicitly state any assumptions made to support our uncertainty analysis.

2 REPORTING MEASUREMENT UNCERTAINTY

Here we follow closely the discussion of uncertainty given in [1]. A measurement of a

(RCS) should be quantified by a statement of uncertainty

cr = (Jo ± Act, (1)

where ctq indicates the best RCS estimate, and Act > is a reasonable bound for the

measurement error. Error bounds need not be symmetric:

(Jo + Ao-+ > cr > (To - Acr_

.

(2)

For simplicity, we will continue to use eq (1) with Act — max(A(j_|_, A(j_).

Uncertainties are also stated logarithmically

A(T± (dB) = ±101og(l±— j . (3)

As before, we will often use symmetric bounds. In this case, since A(t_ (dB) > A(t+ (dB),

A(T(dB) = A(j_ (dB)--lOlogM ^j (4a)

A(j(dB) = A(j_ (dB) = -201og( 1-^ 1
, (46)

or equivalently,

An-MR^ = An- CHR^ = -90100- II -
So

where S is the measured electric field signal under consideration. Asymmetric bounds may
be given when reporting larger logarithmic uncertainties. For example, if Aa/ao = 1, then

Aa+ (dB) ^ 3, while A(j_ (dB) = -oo.



The individual sources of uncertainty (called components of uncertainty) should be se-

lected so that they are at least approximately independent. Sample NAVAIR-NAWC-WD
uncertainty tables are shown in Table 2.1, where the uncertainty estimates are reported

logarithmically. The top table shows uncertainties related to measurement of a test tar-

get; the bottom table shows uncertainties associated with the primary calibration target.

These component uncertainties are identified in the tables with numbers that reference the

sections of this report^ where the corresponding uncertainty is discussed. The last entry

of each table shows the overall uncertainty, which is the root sum of squares (RSS) of the

component uncertainties.

In general, an entry of "neg." in the tables would indicate that, in our opinion, the effect

is unimportant (which could be defined operationally as a magnitude less than about 0.1

dB). An entry of "n.a." (not applicable) would indicate that this source is not considered

a factor in the current evaluation (integration error due to target motion, for example, is

not applicable when the target is stationary).

The entries are an attempt to represent typical NAVAIR-NAWC-WD uncertainties for the

RCS system configuration and parameters given in Appendix A. The reader should under-

stand, however, that actual uncertainties depend strongly on the particular measurement

configuration. Again, an uncertainty analysis should be performed for each measurement

situation. For example, we need separate tables as a function of signal level for each

frequency band.

The method of uncertainty combination is RSS. That is, the overall uncertainty Act is

calculated as

where Actj are the (independent) components of uncertainty. Note that relative (not

logarithmic) uncertainty is used in the calculation of eq (5). That is, from eq (4a),

or from eq (4b),

In general, the combination of individual uncertainties using RSS, as in eq (5), can be

thought of as the resultant of independent uncertainty vectors in a multidimensional space.

This also agrees with the well known formula that the uncertainties in products and quo-

tients of measured quantities propagate, in general, as the RSS of fractional errors as shown
in eq (5) [2]. The usual method of derivation is to assume that the individual uncertainties

AcTj cire small. However, we can show that this method of combination of uncertainties is

also valid if the fractional errors Ao-j/ctj << 1. In practice, the measured fractional errors

in RCS calibration and measurements satisfy this condition. Possible exceptions might

Sections here generally follow the sections of NISTIR 5019 [1]



occur in extremely low-observable measurements, where the the target RCS is comparable

to the system noise RCS. However, such measurements are not considered in this report.

The component uncertainties in any uncertainty table can be either measurement-based,

that is, well defined measurement procedures are used to determine their magnitudes, or

the RSS of a number of lower level components that are summarized in separate uncertainty

tables. An example is the second table in Table 2.1, which gives uncertainties associated

with the standard target calibration. The overall calibration uncertainty (line 4.14) is

included as a contribution to the test target measurement uncertainty (line 3.13, Reference

RCS).

Measurement-based uncertainties usually reflect a worst-case estimate. The term worst

case should be operationally defined. Procedures that estimate worst-case uncertainty will

generally reflect practical experience. Statistically, we assign such worst-case estimates to

represent two standard deviations, although the actual error distribution in question is

unknown. Loosely speaking, a metrologist is 95% confident [2] that the actual error falls

within the worst-case uncertainty bounds.

3 TEST TARGET UNCERTAINTIES

The radar equation [3-5] can be expressed as a ratio of test target RCS to calibration target

RCS:

(7a)
<^s \Rs J \ G J \fs J Prs Pi

where
a = radar cross section [m^],

R = range (distance) [m]

,

G — antenna gain,

/ = frequency [s~-^],

Pt — transmitted (delivered) power [W],

Pr = received power [W].

The subscript s identifies quantities associated with the standard calibration target. For

example, we allow the possibility that Gg/G 7^ 1, as could result from pointing errors

(which could be significant on dynamic, but neghgible on static, ranges).

Equivalently, the expression for the measured RCS in eq (7a) can also be written as [3-5]

E 2

(70 = TT ^5, (76)
Es

where E is the measured electric field. In practice, especially at indoor ranges, background

subtraction techniques can be used to improve the uncertainty in E. However, a careful

study of this technique has yet to be completed.

In this report we do not actually determine a specific target's measurement uncertainties.

In Table 2.1a we assumed arbitrary values for test-target uncertainties to illustrate the

calculation of an overall RCS uncertainty. However, we plan to pubhsh soon a separate

document detailing the determination of target uncertainties for a specific target.



Table 2.1. Etcheron Valley Range Estimated

RCS Uncertainties at 11.3 GHz.

A. Test target uncertainties [dB

3.1 Average illumination 0.40

3.2 Background-target interaction 0.50

3.3 Cross polarization 1.00

3.4 Drift 0.30

3.5 Frequency 0.16

3.6 Integration 0.10

3.7 I-Q imbalance 0.10

3.8 Near field 0.20

3.9 Noise-background 0.35

3.10 Nonlinearity 0.25

3.11 Range 0.01

3.12 Target orientation na

3.13 Reference RCS (4.14) 0.71

3.14 Combined uncertainty (RSS) 1.20

-1.70

B. Calibration target uncertainties dB]

4.1 Average illumination 0.2

4.2 Background-target interaction 0.25

4.3 Cross polarization 0.3

4.4 Drift 0.15

4.5 Frequency 0.16

4.6 Integration

4.7 I-Q imbalance 0.1

4.8 Near field

4.9 Noise-background 0.35

4.10 Nonlinearity 0.25

4.11 Range

4.12 Target orientation 0.10

4.13 Reference RCS (computation) 0.10

4.14 Combined uncertainty (RSS) 0.71



4 CALIBRATION TARGET UNCERTAINTIES

In this section we determine the cahbration uncertainty at the South 40 Etcheron Valley

Range (EVR). The various uncertainty contributions listed in Table 2.1 are individually

discussed in the following subsections.

We briefly characterize the components of calibration uncertainty and the measurement

procedures used to determine them. Some details on the system parameters are provided in

the appendices. All components of the calibration uncertainty are listed in Table 2.1(b). At

EVR the standard cylinder 22.86 cm by 10.67 cm (9.0 in by 4.2 in) was used to calibrate the

RCS system for uncertainty measurements using the four standard cylinders (see Figures

4.1 and 4.2). Manufacturing imperfections in the standard cylinder artifacts (see Table 4.1)

and errors in their computed RCS values contribute to the overall calibration uncertainty.

As shown in eq (7b) the computed value together with the measured RCS of the calibration

artifact are used to determine the calibration constant with stated uncertainties. The
calibration uncertainty is then propagated into the measurement uncertainties (see Table

2.1) to obtain the overall uncertainty of a RCS measurement.

We utilized measurements made on all the four cylinders to determine the calibration

uncertainty valid at 11.3 GHz. This uncertainty analysis is valid in the RCS range of —5

to —17 dBsm, as indicated in Table 4.1. A sphere of 30.48 cm (12 in) diameter can be

used to provide additional data and a quick check on the calibration using the cylinders.

Such a sphere mounted on a styrofoam column is shown in Figure 4.3. The cylinders

were mounted similarly. The styrofoam column was located at Rs = 610 m from the

antenna. Measurements were made at 2 to 18 GHz; we will concentrate on measurements

at 11.3 GHz (for the system parameters, see Appendix B, Tables B.l, B.2 and B.3). Our
uncertainty analysis is valid for the specific parameters and system configuration used in

these measurements. In general, changes in system parameters and configurations will

change the system uncertainty.

Table 4.1 . The EVR Calibration Cyhnders.^

Designation'^ Radius^ Tolerance Height Tolerance Computed RCS^
375 9.525 ±0.0005 4.445 ±0.0005 -16.5

450 11.43 ±0.0005 5.145 ±0.0005 -14.2

750 19.05 ±0.0005 8.890 ±0.0005 -7.45

900 22.86 ±0.0005 10.668 ±0.0005 -5.12

1 Cylinders were made at NIST using Al 6061 to a surface

finish of 32 microinches AA or better.

^ Indicates the nominal radius in inches times 100

^ Dimensions and tolerances (in cm) were determined

using a Mitutoyo CMM at the NIST dimensional analysis

laboratory. An analysis report is available at the EVR
RCS measurement range.

'* Computed for the HH polarization (dBsm) to determine

calibration constants. For VV polarization, see Figure 4.2

10



Figure 4.1. The standard cylinder set adopted by the RCS community used to caHbrate the

EVR RCS measurement system from 2 to 18 GHz. The cylinders are designated according

to their diameters (in inches x 100). For dimensions with tolerances and computed cross

sections, see Table 4.1.

11
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4.1 AVERAGE ILLUMINATION

In Figure 4.1.1 we show the uncahbrated RCS of a small corner reflector as a function

of height in the neighborhood of the target measurement height. Since the response of a

corner reflector is insensitive to small changes in orientation, we assume that the observed

variations in RCS in large part demonstrate the nonplanar illumination of the target

volume. This is the result of interference pattern in the vertical direction produced by

the direct illumination and indirect ground-bounce rays. However, smaller variations in

gain (a function of direction) are also included. A large variation of approximately 6 dB
in RCS is observed over the scan heights ranging from approximately 200 to 600 cm. We
assume that the variation in the illumination pattern in the horizontal direction is due

primarily to the variation in the antenna pattern, that is, the horizontal direction does not

exhibit significant interference effects. Hence, we estimate illumination uncertainty using

field variations in the vertical direction.

The radius and height of the largest cylindrical calibration artifact used from 2 to 18

GHz are approximately 23 and 11 cm, respectively (see Table 4.1, Figures 4.1 and 4.2).

This cylinder is located at the point of maximum illumination during calibration, which

is approximately at 416 cm. A maximum variation in illumination of < 0.2 dB in RCS is

observed in the range of 416 to 440 cm.

Obviously, illumination uncertainty depends on both the target and the target height. We
assumed that the upper bound uncertainty due to nonplanar illumination for an extended

target can be determined as for a small target. Then, from Figure 4.1.1, a target 200 cm
high would be subject to an illumination uncertainty of approximately 1 dB.

To determine the illumination uncertainty for a target extended in the horizontal direction,

we need horizontal field plots. Currently, such plots are not available.

Estimated uncertainty: Aa (dB) =0.2

4.2 BACKGROUND-TARGET INTERACTIONS

This contribution to RCS uncertainty comes from the interaction between the calibration

artifact (cylinder or sphere) or target and the supporting structure. The support is usually

a polyfoam column or pylon.

Background-target interaction is strongest where the target and mounting mechanism are

closely coupled, due to physical proximity. Under such conditions, time gating is of no

value, and the interaction needs to be included as an uncertainty in the measurement. In

general, computer simulations could provide a good estimate of the magnitude of inter-

action. However, in a measurement-based approach, we can determine an upper-bound

estimate by making a few general assumptions. Such estimates can be verified using com-

puter simulations for complex targets; for example, full-scale airplanes.

To estimate the interaction uncertainty we observe that the target-mount interaction is a

complex sum of signals that have followed all possible signal paths between the transmitting

radar, the target, the pylon, and the receiving radar. For example, ArPTAt denotes the

signal path from the transmitting radar to the target, then to the pylon and back to the

14
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receiving radar. Similarly, we have the reciprocal path AjiTPAt- In general, all signal

paths are of the form Ar{TP)''T''At or ArIpT)''P''At, where n = I..00 and A: = or 1.

The interaction / is then the sum of all signals, and can be represented as

, (PT + PTP + TP + TPT)
,

/ — Ar- -At-

where we choose the — sign if there is no phase change introduced in the signal paths. To

estimate the target-mount interaction, we assume that

1. The monostatic calibration target and background measurements give the upper

bounds of all possible bistatic RCS of the target and pylon, and

2. The second and fourth terms in the interaction I are an order of magnitude smaller

than the first and third terms, and can therefore be neglected.

Then

|/| ^ \Ar{PT + TP)At\ < a\AR{PATART + TAtArP)At\ = 2a\ARPAT\\ARTAT\,

where a is a scalar chosen to satisfy the above expression. If assumption 1 above holds,

then a ^ I gives the upper bound for the target-mount interaction.

Since the received signal is 5 = ArTAt and the background signal is B = ArPAt, the

dimensionaless interaction-to-signal ratio e/ is

e/ = 2a\ARPAT\ = 2a\B\. (4.2.1)

Equation (4.2.1) defines the dimensions of a. Hence, we can use the background (clutter)

RCS data (see Figures 4.2.1 and 4.2.2) to estimate this interaction. We could use a

geometrical argument to estimate a as the weighted ratio of the curved cylindrical surface

to the total surface area of the cylinder. However, the weighting constant is difficult to

estimate using basic considerations. Instead, we use the upper bound a — 4.5.

|e7| = 9|5|.

Thus, the upper bound of the target-mount interaction is estimated to be 19 dB above the

background measurement.

If we specify e/ in decibels, then the target-mount uncertainty is given by

A(7dB = -201og(l- 10-^^/20).

From Figures 4.2.1 and 4.2.2 we see that the background signal l^l'^
^ —50 dBsm for the

vertical polarization; ej is then estimated to be —31 dB.

Estimated uncertainty: Act (dB) = 0.25

16
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4.3 CROSS POLARIZATION

Here we account for the fact that, due to misalignment or physical imperfection, the

antenna will not transmit or receive perfectly polarized {h or v) signals. However, even if

the antennas have good polarization isolation, we can experience significant error in the

co-polar RCS if the target's cross-polar hv or vh response is large compared to the co-polar

hh or vv response.

We can fully correct for polarization errors if complete polarimetric calibration and mea-

surements are performed [6-8]. Most RCS ranges do have the capability to perform polari-

metric calibration and measurements, but only a few test programs require this.

We define the scattering matrix parameters:

r^i/ antenna receiving coefficients,

t^jy antenna transmitting coefficients,

s^^ target scattering-matrix elements,

where u and /i are either v ot h for vertical or horizontal polarization, respectively The
received signal (when transmitting vertically) is [6-8]

or

for a reciprocal [2] monostatic measurement system. We rewrite eq (4.3.1) as

Syv 'VV

2

i^vv 'vv^vv'wx^ I ^ I o /• I't.O.Z)

The first term on the right of eqs (4.3.1) or (4.3.2) is the received copolar signal Svv\ the

second {vK) and third [hK) terms are the cross-polarization signals. Prom eq (4.3.2) the

cross-polarization terms are of first and second order in the antenna polarization-isolation

ratio

Pvh =
I I

<< 1,

T^vv

when the antenna is in the vertical polarization state. When we interchange the indices h

and f, we obtain the expression valid for the horizontal polarization state. In general, we
expect pyh. to be small.

Equation (4.3.2) shows that the cross-polarization error is target dependent; the equation

has three ratio parameters that determine the magnitude of the cross-polarization error.

The ratio of the cross-polarization error terms in eq (4.3.2) is

1 Shh ryh

^ ^vh ^vv

which is not necessarily small, even if the antenna polarization isolation is small.
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Weakly polarizing targets. For a non-depolarizing target, Sy^ — 0. For a weakly polarizing

target

Svh ~ 0.

If Shh >> Syh, the error is of second order in pyh, but could still be large if s^h/syy >> 1.

Strongly depolarizing target. By definition, we have strongly depolarizing targets when the

ratio of the two cross-polarization terms in eq (4.3.2) satisfies

h^!j±\<l, (4.3.3)
^ '->vn ' vv

Eq (4.3.2) can in general be written as

where a is some complex constant. When a = 2 the two error terms in eq (4.3.2) are equal,

and when a = 1 the last term in eq (4.3.2) has been neglected (strong depolarization).

The error now is of first order in pyh, but its magnitude still depends on the ratio of the

target's crosspolar Syh and copolar Syy scattering characteristics.

As an example, we assume a strongly depolarizing unknown target with a — 2 and Syy —
Syh, so that the error signal is

AS
c(0)Oyy

= 4
rvh

where AS = Syy — SyJ . Thus

Acr(dB) = -20 log (l - 4 X 10-'^/^°)
,

(4.3.5)

where €p = 20\og {ryh/ryy) is the antenna polarization isolation. If the polarization isola-

tion is €p = 30 dB, then the cross-polarization component uncertainty is 1.2 dB.

Estimated uncertainty: Act (dB) = 1.20 (strong depolarization)

Estimated uncertainty: Act (dB) = 0.30 (weak depolarization, by assumption)

4.4 DRIFT

All radar systems are subject to drift due to variations in environmental conditions. On
outdoor ranges, changes in temperature can cause signal variations; similarly, wind and

humidity can also influence the results of measurements. To study system drift we need

to observe and characterize {i) short-term, {'li) intermediate-term, and (iii) long-term drifts

in the received signal. Simple analysis of drift data should enable us to determine the

corresponding calibration and measurement uncertainties. We define short-term drift as the

variation in the received signal during a calibration interval; in this study the calibration

interval was 20 s, and we used the standard cyUnder set to make drift measurements.

Simultaneous recordings of temperature, wind velocity and humidity are highly desirable.
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The corresponding uncertainty can be used in the Calibration Target Uncertainties table

(see Table 2.1).

We define intermediate-term drift as the variation in the received signal during a measure-

ment interval. In practice, this is the interval between pre-calibration and post-calibration

measurements that bracket the measurements on a test target. This could be between

2 and 12 hours, and will depend on the details of the test plan. Simultaneous record-

ings of temperature, wind velocity and humidity are highly desirable. The corresponding

uncertainty can be used in the Test Target Uncertainties table (see Table 2.1).

We define long-term drift as the drift observed during an extended period, for example,

12 to 24 hours. Such observations are used to monitor system performance and stabihty,

but are not used to determine system uncertainties. During such measurements the tem-

perature, wind conditions and humidity, as functions of time, should also be recorded. A
historical data base can help identify unexpectedly large variations during measurements

of long-term drift. Such large variations must be understood, and, if necessary, corrective

measures should be taken to improve overall system stability.

We now describe how we determined the (i) short-term, (ii) intermediate-term and (iii)

long-term drifts.

Short-term drift. We used the standard calibration cylinders to determine the short-

term drift of the radar system. The corresponding uncertainty is used in the Calibration

Target Uncertainty table. Each of the four cylinders was measured for 20 s. The variations

in the received signals are shown in Figures 4.4.1 and 4.4.2. We define drift during the

measurements on a particular cylinder as the range of the received signals expressed in

decibels. The system short-term drift is then defined as the maximum range observed

during the measurements on the four cyhnders. We observed drifts of approximately 0.10,

0.06, 0.10, and 0.08 dB for the HH polarization, and 0.10, 0.06, 0.06 and 0.15 dB for

the VV polarization for cyhnders A, B, C, and D, respectively. Then, by definition the

calibration or short-term drift at 11.3 GHz is observed to be 0.15 dB. This observation is

valid at signal levels of —5 to —17 dBsm, the RCS range of the four cyhnders.

Additionally, in Figure 4.4.3 we show the drift during measurements made on a sphere

of 30.48 cm (12 in) diameter. We observe the drift to be < 0.15 dB, which is the drift

calibration uncertainty as determined above.

Intermediate-term drift. The overall configuration of the components of the RCS mea-
surement system is outhned in Appendix B. To assess the cause of intermediate-term drift

in the overall RCS measurement system, three diff'erent test configurations were used. The
first tested the stability of the radar electronics in the radar room, which are common to

all of the operational bands of the radar. The second configuration added the S, C, X and
Ku Hoffman boxes to the radar electronics included in the first test. The third test had
the radar configured for RCS measurements and used cylinder A on a foam column as the

target. The system was not calibrated for this stability test. Because of limitations in the

data acquisition software we were limited to observation times of 10,000 seconds or less.

Typically, we observed the system drift for about 8,000 seconds. Longer-term observations

will be made once the data acquisition software has been updated.
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Figure 4.4.3. The observed drift during RCS measurements at 1 1.3 GHz on a 30.48 cm
(12 in) diameter sphere. The drift, defined as the maximum range in the observed data,

is determined to be < 0.15 dB.
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The first test measured the system drift attributable to the electronics located in the radar

room. For this test the 2 GHz IF transmit pulse was looped back into the 2 GHz IF receive

input of the HH and VV channels through an attenuator. No unusual sources of drift were

noted in this testing, but the testing did allow fine tuning of the cycling of the radar room

air conditioning system to minimize the drift in the radar room electronics.

The second test added the S, C, X, and Ku band rf components in the S, C, X, and Ku
Hoffman boxes (located close to the associated antennas) to the electronics used in the

first test. This was a closed-loop test: the HH and VV rf transmitter pulses were looped

back into the respective receiver inputs through rf pads chosen to set the signal level in

each of the four Hoffman boxes. Observations were made at 3.5 7.1, 9.3, and 16.5 GHz,

which are the center frequencies of the high S, high C, low X and high Ku sub-bands,

respectively. Both the HH and W polarizations at all four frequencies were observed

simultaneously using an eight-element waveform. The measurements were made at night

to duplicate typical test conditions. The maximum drift observed at 9.3 GHz was 0.1

dB for the VV polarization (see Figure 4.4.4), and was 0.2 dB at 16.5 GHz for the HH
polarization. Improved temperature stability of the Hoffman boxes would likely reduce

this source of drift.

For the third test the system was in its operational configuration, with the 900 calibration

cylinder (see Figure 4.1 and Table 4.1) mounted on a foam column. Simultaneous drift

measurements at the four frequencies for both the HH and VV polarizations were made
with the eight-element waveform used in the second test.

Full system-drift measurements were made by use of a 900 calibration cylinder (see Figure

4.1 and Table 4.1) as the target. The same eight-element waveform (see above) was used

to simultaneously observe the system drift at the center frequencies of the four bands for

both polarizations. Again these measurements were made at night to duplicate typical

test conditions. During the night-time measurements the temperatures were cold enough

that attention was given to adequate heating of the Hoffman boxes to control signal drift

originating in the Hoffman boxes. The S band HoflFman box had four transmitters that

could be put in standby mode to provide the required heat load. The other Hoffman boxes

had only two transmitters; the C band appeared to be more sensitive to temperature than

the X or Ku bands, so an available floor heater was used to deliver additional heating to

the C-band Hoffman box. A maximum drift of 0.2 dB was observed at 16.5 GHz for the

HH polarization. We observed drift at 9.3 GHz but not at 11.3 GHz; the observed drift

was 0.3 dB for both polarizations, as shown in Figure 4.4.5. We can assume that this is

the test target uncertainty for all of X band, since only the limiters change when switching

frequencies within a band.

Long-term drift. We define long-term drift as drift occuring in a period of 12 to 24 hours.

Currently the data-collecting algorithm does not allow us to collect data for longer than

10,000 seconds. A new algorithm is being implemented to eliminate this limitation. We
will study the long-term system drift in detail after this improvement is operational.

Estimated uncertainty: Act (dB) = 0.15 for short-term drift (caHbration)

Estimated uncertainty: Acr (dB) = 0.30 for intermediate-term drift (target)
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4.5 FREQUENCY
From eq (7a) the component of uncertainty in RCS due to uncertainty in frequency is

A(7(dB) = -201og(l- ^). (4.5.1)

The uncertainty A/ in frequency may be taken as the effective bandwidth of the system;

that is, as the minimum of the transmitted bandwidth and the received bandwidth. This

assumes that the bandwidth is not affected by digital filtering in software gating. At

/ = 9.3 GHz, we use A/ = 200 MHz to obtain the uncertainty.

Estimated uncertainty Acr (dB) = 0.16

4.6 INTEGRATION

Integration uncertainty is due to target motion occuring during a number of pulses that are

integrated within the hardware and/or software. Ideally this motion is entirely negligible,

but in windy conditions the calibration might move by a significant fraction of a wavelength.

The uncertainty due to the uncertainty in position AR during the pulse integrations is

AT?
Ac7(dB) = -401og(l - —-). (4.6.1)

R

Most likely this is negligible, since R is very large compared to the wavelength.

Estimated uncertainty Aa (dB) —

4.7 I-Q IMBALANCE

If there is an I-Q imbalance, the measured amplitude will be a function of input phase.

I-Q imbalance was measured with the radar by feeding the transmitted IF pulse at 2 GHz
through a step attenuator and a manual phase shifter back to the IF H or V input channel.

Data were obtained for a number of coherent integrations (NCI) (within the hardware)

and attenuation levels as a function of phase. Specifically, NCI was set to 2, 4, 8, 16, and

32 and the attenuation levels were set at to 50 dB in 10 dB steps.

The orthogonal-distance regression (ODR) technique [1-3] was used to determine the I-Q

circle that best fits the measurements. The ODR parameters provide the DC offset and

the uncertainty in the radius of the IQ circle. The total measurement uncertainty is then

defined as the RSS of the DC offset and the radial uncertainty.

In Figure 4.7.1 we show the H-channel I-Q circularity data and the I-Q circles as deter-

mined by the least-squares analysis using ODRPACK [12] for NCI of 2 and 8 pulses and

attenuation levels of dB and 50 dB. The + at the center of the circle indicates the DC
offset of the measurement system. The uncertainty in the radius of the circle is automati-

cally determined from the data by ODRPACK. The uncertainties were determined by use

of the expressions

AJo-^Io+Ql + ^r^, (4.7.1)
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where (Jo, Qo) is the complex DC offset, and 5r is the uncertainty in the radius ro of the

I-Q circle, and

AadB = 201og(l - A/g/ro). (4.7.2)

The total I-Q uncertainties for each of the measurements in Figure 4.7.1 are given in Ta-

ble 4.7.1. We see that the I-Q uncertainty is not a sensitive function of the NCI, but is

somewhat more strongly dependent on the attenuation level. We choose the maximum un-

certainty (rounded to the nearest 10th of a dB) in Table 4.7.1 as the system I-Q uncertainty.

Table 4.7.1. The I-Q uncertainty as a function of

attenuation and NCI.

dB/NCI 2 8

0.04 0.04

50 0.11 0.10

Estimated uncertainty: Aa (dB) = 0.10

4.8 NEAR FIELD

The small calibration cylinder is in the far-field of the antenna. Therefore, the near-field

uncertainty is negligible.

Estimated uncertainty: Aa (dB) =

4.9 NOISE - BACKGROUND
In Figures 4.2.1 and 4.2.2 we show the RCS measurements of the system noise, the back-

ground and clutter, and the calibration cylinders. The cylinders and the background and

clutter are measured coherently, but the system noise is measured incoherently. Both the

background and system noise signals are significantly lower than the RCS of the cylinders.

System Noise. We first cahbrate the radar system, and then record the RCS of the system

noise after the bracket pulse has been disabled from the radar transmitter to suppress rf

transmission. This is accomplished either by disconnecting the bracket cable going to the

transmitter or by turning off the bracket pulse in the collection computer. System noise

is measured for a predetermined period by use of a waveform identical to that used in the

test target measurements.

From Figures 4.2.1 and 4.2.2 we find that the maximum [A^'p = —70 dBsm, which occurs

in the HH polarized noise measurements. We use this value to determine the system

background-noise uncertainty.

Background Measurements. The background or clutter measurement is identical to a caU-

bration or test-target measurement without the target. Thus, the reflected signal originates

only from the environment and the pylon. We expect this signal to be substantially below

the signal produced by the calibration and test targets, but it is usually higher than the

system noise.

From Figures 4.2.1 and 4.2.2 we see that the maximum \B\'^ = —45 dBsm, which occurs
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for the HH polarized background measurement. We use this value to determine the system

background-noise uncertainty.

The overall background-noise is the complex sum of B and N, and

\B + Nf ^ |5|2 = -45 dBsm,

since the noise A'' is significantly less than the background (clutter) RCS.

The uncertainty in the system noise-background during cahbration is determined using the

theoretical RCS of cylinder D, which is —16.5 dBsm for the HH polarization. Thus

e= |5/B|2 = 28.50 dB,

and

AaBN = -201og(l - 10-^/2°) « 0.35 dB.

Obviously, the accuracy of RCS measurements would be notably improved if we could

minimize the magnitude of noise-background uncertainty. Measurement techniques to

minimize the contribution of the background (clutter) present on the range are under

study [9-10].

Estimated uncertainty: Act (dB) — 0.35

4.10 NONLINEARITY

The linearity measurements at S, C, X, and Ku bands were made using a closed-loop con-

figuration in the environmental enclosures (Hoffman boxes). Each Hoffman box contains a

rf converter, transmitters (nominally four each), and a switch pack. The switch pack con-

tains the HH and VV limiters for the high and low sub-bands, sub-band switching for the

high and low sub-bands, and rf step-attenuators and low-noise HH andW preamplifiers.

The Hoffman boxes are located close to the antennas.

The rf transmitter drive pulse from the converter was connected to the receiver input

through a manually controlled HP step attenuator that had been cahbrated at NIST. The
two-section step attenuator consisted of an 11-step section with 1 dB/step attenuation,

and a 7-step section with 10 dB/step attenuation. The rf pads in series with the step

attenuator provided the appropriate starting signal level for each hnearity measurement.

The step attenuator was located outside the Hoffman boxes to keep the boxes closed during

the measurements. The desired attenuation was set manually at predetermined intervals

measured with a stopwatch. The received signals as a function of attenuation levels were

recorded for each frequency of interest.

In Figure 4.10.1 we show the attenuation data for 1 dB and 10 dB attenuation. The spu-

rious signals present in the data when the attenuators were switched have been supressed.

In Figure 4.10.2 we show the change in signal levels as the attenuation level is increased;

in Figure 4.10.3 we show the deviation of the change in signal levels from the nominal

step values of 1 dB or 10 dB. We see from these figures that system nonlinearity is very

acceptable from to 55 dB attenuation. Increased attenuation beyond this level, however,
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Figure 4.10.1. Nonlinearity measurements at 11.3 GHz in 1 dB and 10 dB steps. The I and Q plots

show the real-time data, and the RCS plots in dB are obtained from the sum of squares of I and Q.

The spurious data observed when switching attenuation levels have been suppressed. We observe

significant nonlinearity only below -60 dB (see Figure 4.10.2).
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shows significant departures from linearity. The nonhnearity is more pronounced as the

attenuation is increased. This is probably due to cable-to-cable rf signal coupling around

the attenuator, but the cause has not been ascertained.

Based on the signal difference data in Figure 4.10.3 we determined the upper bound of the

system nonlinearity uncertainty to be 0.25 dB for signal levels between and —60 dB.

Estimated uncertainty Act (dB) = 0.25

4.11 RANGE
The uncertainty in RCS due to uncertainty in range R is given by [1]

AD
Aa(dB) = -401og(l -— ), (4.11.1)

where the error in the range AR is taken to be some fraction of the calibration target

dimension along the radar-to-target line of sight. From Tables 4.1 and B.2 (see Appendix

B) we see that the fractional error in eq (4.11.1) is very small. Hence, the uncertainty in

RCS due to range error is negligible, that is, less than 0.01 dB.

Estimated uncertainty Act (dB) =

4.12 TARGET ORIENTATION

The error in orientation of a calibration target can lead to large errors in the measured RCS
of the target (relative to the RCS computed for the orientation assumed in the modeling).

We cari use computer simulations to determine the RCS as a function of orientation. The
uncertainty is given by

Aa(dB) = -101og(l - ^— ). (4.12.1)
OU (J

We have not performed the required computer simulations, but we will assume here an

uncertainty of 0.1 dB.

Estimated uncertainty Act (dB) = 0.1

4.13 REFERENCE RCS (COMPUTATION)

The uncertainty in the reference RCS, which is obtained computationally, is due to two

effects: (1) the computer codes do not compute exact theoretical values, (that is, there

is a computational error), and (2) the actual physical calibration artifact has physical

imperfections, whereas the computer model of the ideal shape of the artifact is exact. The
generally accepted uncertainty here is 0.1 dB.

Estimated uncertainty Act (dB) = 0.1

4.14 COMBINED CALIBRATION UNCERTAINTY (RSS)

Here we obtain the RSS of the component uncertainties in sections 4.1 through 4.13 (see

eq (5), Section 2).

Estimated uncertainty Act (dB) = 0.71
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5 CONCLUSION AND SUMMARY
We have presented a measurement-based uncertainty analysis of the cahbration of the RCS
measurement system at EVR, NAVAIR at China Lake, CA. All sources of uncertainy were

examined and an overall calibration uncertainty was obtained at ILS GHz. All assumptions

were clearly identified and stated. The worst-case for each component uncertainty was

obtained so that no assumptions about statistical distributions needed to be made. The
overall uncertainty was obtained by the use of RSS. The procedure followed in this study

can be easily repeated at any frequency of interest.
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Appendix A.

INTERPRETATION OF UNCERTAINTY

In the main text we presented a formalism for uncertainty analysis. Here we briefly discuss

the motivation for our procedure, especially regarding guidelines presented in a recent NIST
publication [2]. For more detail, see [2].

Uncertainties are commonly divided into the categories "random" (type A) and "system-

atic" (type B). Unfortunately, there seems to be no clear practical distinction between

random and systematic, and we have made little attempt to distinguish these types of un-

certainties in the main body of this report. We assume that any appropriate actions (such

as averaging and background subtraction) already have been taken to mitigate uncertainty.

The remaining uncertainties are evaluated as Type B uncertainties.

The treatment of Type B uncertainty in [2] is statistically motivated and is based on a

generalized concept of probability [3]. The experimenter assigns a (prior) distribution

for each parameter reflecting his or her "personal degree of belief" that the parameter

might have some value. We may then apply a probabilistic analysis to estimate combined

uncertainty. In this approach, we naturally specify uncertainty in terms of probability, but

this probability must be interpreted as a subjective belief and cannot (and must not) be

interpreted in the usual random-variable (frequency) sense. To avoid confusion, we have

de-emphasized probability, and have simply used the term "reasonable." This practice

appropriately begs the question "just what is reasonable, anyway?"

Let us assume that a worst-case uncertainty is equivalent to a 2-sigma uncertainty. [We

write out sigma (standard deviation) to distinguish it from a (RCS).] That is, at least

for a normal distribution, we are 95 % certain that the error is bounded by our worst-

case estimate. Under this hypothesis, the procedure of [2] is essentially identical to ours.

However, the NIST document recommends reporting 1-sigma bounds for components of

uncertainty and 2-sigma bounds for expanded (overall) uncertainties. In this report w^e

define the worst-case component and overall uncertainties as 2-signia bounds.
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Appendix B.

THE EVR RADAR SYSTEM CONFIGURATION, PARAMETERS AND
OPERATING CONDITIONS

The South 40 measurement range (see Figures 1.1 and 1.2) consists of the antenna farm

capable of transmitting and receiving all linear polarizations at the frequencies shown in

Table B.l. The four environmental Hoffman boxes that house the rf components for the

S, C, X, and Ku bands are located close to the antennas in the antenna farm. The rf

components in each Hoffman box include a rf converter, transmitters (nominally four per

box), and a switch pack. The switch pack contains the HH and VV limiters for the high

and low sub-bands, sub-band switching, rf step attenuators, and low noise HH and VV
preamplifiers. The receive and transmit components common to these four bands, as well

as other radar bands, are located in a nearby temperature-controlled radar room.

The data examined in this report were taken at the South 40 measurement range. The
available frequency bands are given in Table B.l. The system configuration and parame-

ters used in the measurements studies in this report are summarized in Tables B.2. The

complete set of parameters available for RCS measurements at this range is summarized

in Table B.3. A vertical two-way field plot obtained at 11.3 GHz during the cylinder

measurements is shown in Figure 4.1.1.

Table B.l. THE EVR Frequency Bands.

Band PVequencv Coverage

HF 0.03 -0.05, 0.05-0 .1, 0.1-0.15

VHF 0.150 - 0.224, 0.225 - 0.299

UHF 0.3-- 0.499, 0.5 - 0.665, 0.666 - 0.999

L 1.0--1.49, 1.50- 1.99

S 2.0-- 2.99, 3.0 - 3.99

c 4.0-- 5.99, 6.0 - 8.19

X 8.2-- 10.19, 10.2 - 12.39

Ku 12.4 - 14.99, 15.0 - 17.99

Ka 34- 36
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Table B.2. Typical EVR Outdoor System Configuration

for Cylincer Measurements.

System configuration

Target support

Frequency (GHz)

Polarization

Range (m)

Transmitter power

Antenna types

Antenna sizes (varies by band, m (ft))

Pulse width (ns)

System video bandwidth (MHz)

PRF (Hz)

coherent monostatic

foam column (421.64 cm high)

8.3, 9.2, 10.1, 10.3, 11.3, 12.3

HH, VV
609.6 (2000 ft)

1 kW
truncated and circular paraboloids

0.91x1.82 , 1.22x2.44, . . . (3x6, 4x8)

30

200

40,000

Table B.3. The EVR RCS Measurement System Parameters.

Control computer

User interface

Frequency coverage

HF frequency capability (MHz)

Normal frequency capability (GHz)

Supported polarizations (normal frequencies)

Antenna polarization

Polarization switching

Frequency table

Coherent integration

Maximum chirp frequencies

Video bandwidth (MHz)
Maximum phase modulation (steps/360°)

Phase encoding schemes

Phase code length

PRF (KHz)

Transmit pulse width (ns)

Transmit pulse increment (ns)

Pulse rise and fall (ns)

Transmit bracket with transmit delay (ns)

Transmit bracket step (ns)

Bracket delay (ns)

Bracket delay step (ns)

Receive channels

Intel Pentium 4 CPU
Windows 2000

30 - 150 (H-pole only)

0.15-18 ,34-36
HH, HV, VH, VV
linear

full matrix pulse-to-pulse

8,192

65,536

2048

1, 2, 5, 10, 20, 50, 100, 200

64

bi-phase or poly-phase

1 - 65,536

1,525 - 100,000

5 - 1000

1

band dependent

< 2359

1

31 - 40,960

1

Hand V
(continued)
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Table B.3. The EVR RCS Measurement System Parameters.

(continued)

Number of range gates

Receive aperture (ps)

Range gate delay (ns)

Monostatic range (m (ft))

Number of frequency bands

IF (GHz)

Single pulse dynamic range

I-Q circularity error

System stability (dB)

Amplitude linearity

Phase linearity

Phase resolution

Data word length

A/D resolution

Rx/Tx attenuation (dB)

Rx/Tx attenuation step (dB)

RF attenuation (dB)

RF attenuation step (dB)

Pulses in the air

Bias subtraction (dB)

Calibration

Data storage interface

Real-time processing

Post-processing

Output media

Simultaneous real time or

post processing plots

4 (per receive channel)

100

31 - 40,960

213, 610, 1220, 1524 (700, 2000, 4000, 5000)

12

2

>60dB
< .2 dB (real-time corrected)

4-/ — 0.1 (after warmup)

0.2 dB per 10 dB
2° per 10 dB
0.01°

16 or 32 bit binary

14 bits

- 63 dB
1

0-63
1

single

« -40

pre- and post-calibration

shared memory
RCS, ID transforms

global range, RCS, ISAR, doppler, ASCII

medians, statistics, box scores

DVD, CD, hard drive, etc.

8
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