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Abstract— For studying the EM signatures of full-size target, it demands outdoor or indoor
room large enough for measurement, but the construction of outdoor and indoor room which
satisfy the far field conditional both lead to costly installation and require extraordinary elaborate
technique, say nothing of carrying out the imaging and RCS diagnostic for stealth weapon in
active service. This paper meets the demand of the development with the stealth and anti-stealth
weapon, aims at the shortage of outdoor and indoor measuring of the far field electromagnetism
feature, presents a research on 3-D near-field to far-field transformation algorithm, in which the
far-field condition could not be satisfied on both vertical and horizontal plane for the target
under test, and the target is illuminated by a spherical wave. A 3-D multi-scattering center
model is built for the target and the near-field data is sampled by 3-D scan, using the extensions
of spherical-wave function in cylindrical coordinates, the relationship between far-field and near-
field scattering field is deduced under the condition that the antenna works at cylindrical-scan
mode. The RCS and image pattern can be achieved by the 3-D IFFT algorithm and interpolation
technique. The simulation results show that the algorithm is precise and effective.

1. INTRODUCTION

RCS measurement is necessary for designing stealth weapon system as well as for the research
of the electromagnetic scattering properties of radar-illuminate target. The theory and algorithm
of electromagnetic scattering computation can be verified by RCS measurement, moreover, it’s
difficult to compute electromagnetic scattering of complex and large objects, but the data can be
obtained visually by RCS measurement.

However, due to the strong frequency-dependent scattering behavior of electromagnetic waves,
it is often necessary to conduct the measurements using full-size structures rather than scale-models
at high frequencies. Consequently, even moderately large components, as well as larger full-scale
structures, have to be measured using outdoor radar measurement ranges. To reduce the cost
and time consumed in outdoor range measurement, it is advantageous to develop a capability
for characterizing representative structural components that are electrically large within a near
distance. This always involves the near-field to far-field RCS measurements transformation methods
which is mentioned in [1-5]. The near-field RCS measurement method based on plane scan mode
has been presented in [6], while numerical simulation results proves the feasibility and superiority
of the method.

But near field to far field transformation based on plane scanning mode is in the rectangular
coordinate, in which the near field data grabbing is conducted on the wide plan scan stand, the near
field testimony for the electro-magnificent dimension target requires high demand to the aperture
and machining decision of the scan stand, however, many microwave anechoic or indoor testing
yard could not reach the above criterion because of the confinement of the field. The more widely
used near field scatter data collection mode is cylindrical-scan mode (the target rotates, and the
radar antenna move along the vertical line to the ground), in order to control the test cost and
improve the efficiency.

This paper presents a near field to far field transformation method based on cylindrical scan
mode, which utilize the extensions of spherical-wave function in cylindrical coordinates, to deduce
the relationship between far-field and near-field scattering field in cylindrical scan mode.

2. NEAR FIELD TO FAR FIELD TRANSFORMATION

The near field cylindrical scan illustration setup is shown in Fig. 1, in which the emit and receive
antenna is placed along the vertical track (axis z), move linearly in a fixed step, and the target
rotates under the control of the rotate platform in a linearly equal angle interval, antenna measures
and records the scatter field data of the target, including the amplitude and phase, on every wave
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Figure 1: Cylindrical scan mode illustration.

frequency according to the fixed starting frequency and band width, then move to the next record
point to repeat. A

The time-harmonic weight of the electro-magnetic wave is e /*, the scattering field signal of
the target backscatter could be written as:

u(k, o, 2) = (47102 / / / vy ) [e_;;w] da' dy d+' (1)

R=\/(¢/ — pcosp)? + (y — psinp)? + (2 — 2)2 (2)

The square brackets in Equation (1) is double-distance spherical factor e J2kR /R2, as to the three-
dimensional scatter target, the near field illumination is spherical illumination, as to set up the
relation between the near field scatter and far field scatter, the double-distance spherical wave
factor needs to be transformed into the single-distance spherical factor e 72¢% /R,

According to the character of the Fourier Transform, the realization of the transformation be-
tween the double-distance spherical wave factor and the single-distance spherical factor is very
convenient when assuming wideband measurements, it just needs to conduct 2 Fourier transform
in the frequency domain and distance domain, as follows:

Uk, y, z) == % / R [ / u(k, y, z)e_j%de:} SRR (3)

where,

The Equation (3) equals to add-up the echo data u(k, ¢, z) in the distance domain, in which the
add-up factor is R, the detailed process is shown in following diagram:
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Figure 2: The distance domain add-up process.

Then the Equation (1) transforms into

ki = [0 [ “
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The square brackets in the above equation are spherical wave factor, also called as the free space

Green Function, which has the form:
eijk\rfrﬂ
(5)

- Am|r — /|

Express ¢ with the basic wave function in rectangular coordinate

0= [[[ Alkasry e ey (6)

Ko Kyk

In the infinitely large uniform space, the point source field located at the source point r’ satisfies
the scalar Hermhoz Equation

V3 + k=6 (r—1) (7)

Conduct the plane wave extension of the Green function under the 3-dimensional rectangular
coordinate, the Equation (4) changes its form into:

j e ilkelz—a’ [+, (y=y') +k (z=2)]
kyk-

In which

| |
‘d

k
b (8)
ks

= k?—kg—kg

Calculated from the above equation, k2+k2+k2 = k?, the factor k,(z—2')+ky,(y—y')+k-(z—2')
in the Equation (7) denote the plane wave’s phase factor, and j/872k, represents the plane wave
amplitude. The integration transform could be utilized to simplify the 3-D integration with 2-D
integration, and deduce the spherical factor extension under cylindrical coordinate.

In cylindrical coordinate, the wavenumber and coordinate have the form:

ky = k,cos

ky = k,sing

x—1a = pcosy (9)
y—y =psing

k24 k2 = k?

Using the above relation, the Equation (7) transforms into

k2 k2( z z") T
kpdk *jkaCOS(@*w')dso
8772/ \/7]{2 /

(10)
il e—Jzcos(p—¢’) g
=5 [ .
Subscribe into Equation (5), and one gets
. © 7 (k e—j\/@(z—z’)
'll) _ 4.7/ 0( PIO) kpdkp (11)
& k? — k2

Using the relation between the Brussels Function and Hanker Function, the above equation can be
expressed as

HO k,O —j\/k?—k2(2—2")
87‘(’/

k2 kdk, (12)
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Subscribe the Equation (12) into Equation (3)

H —j,/k —k2(2—2")
Uk, p,z) = / - / 0 (kpp)e k:2 kpdk dr (13)

Using the Hanker Function’s Add-up theorem

Hg (k ZH2 kop)e?™? T (kp') (14)
n=0

Subscribe the Equation (14) into Equation (13)

k2 z z)
H2 VeI I, (kp'

Transform the Equation (15)’s Integration order and add up, one gets

U'(k, ¢,z ZH (kpp)eimeel VI k2 / kp') —————k,dk, (16)

iy K2 - k2 !

Set So = [ T, (k‘p)f

simplified as

k,dk,, and connect with Equation (9), and the Equation (16) is

oo
Uk, p,2) = Y Hi(kpp)e!"2e?t* 5, (17)
n=0
Conduct 2D Fourier Transform to Equation (17)

00 2w
/ e_jkzzdz/ U'(k,z,p)e 7 ™Pdp = ZHz »0) S (18)
—0oo 0

Tidy up Equation (18) and one gets

> [ e~ Ik-2 OQW U'(k, 2z, p)e i™dyp

So = Z = (19)

When the distance between antenna and target satisfy the far field condition, and the following

calculation approximation stands
lr—r|=r—r-o (20)

And , .
e—]?k\r—r’\ e—J2kr

_ j2kr-r’ 21
47 |r — 1| 4mp c (21)

At the same time, the Hanker Function large volume approximation is

2 2n+1
HO) () = | i (kop—257) 92
kpp( Pp) ﬂ-kjpp ( )

Subscribe the Equations (19), (21), (22) into Equation (17), the transform relation between near
field and far field scattering under cylinder scan mode after tidy-up

eine

N
SFF(ka 2 kz) - Leijp(kpik)ej 2"4+1 Z

00 2
— e IF=2 Uk, z,0)e 7™dp (23
mkp 0 H2(kpp) /oo 0 ( ) (23)
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The above equation is the near-far field transform relation under scan-frequency system, and it could
be applied into the spot-frequency system, which needs only substitute U(k, z, p) with u(k, z, ),
where the H? is the second sort n order Hanker Function, truncated at the kD 4 10 order, where D
is the minimum diameter of the cylinder surrounding target which have the same concentric point
with the survey circular. The Spp(k, ¢, k,) in Equation (23) is the 3-dimension wave number data
of the target. Utilizing the 3D-IFFT imaging arithmetic under rectangular coordinate, conducting
the 3D reverse Fourier transform to the Equation (23), one could get the far field image of the
target. However, before conducting the 3D reverse Fourier transform, the extrapolated far field
Srr(k, ¢, k) needs to be interposed according to the relation (k, p, k;) — (kz, ky, k-), in order to
finish the reestablishment of the target image. Meanwhile, interpose the Spr(k, ¢, k.) according to
the mapping relation of Equation (9), the far-field RCS is related to the far-field pattern via

U(k7¢) :47T’SFF(]€7¢)‘2 (24)
3. SIMULATION EXAMPLES

In order to testify our transformation method, numerical simulation is conducted to observe the
actual imaging performance. In the numerical scene, the point target’s position and RCS amplitude
is shown in Fig. 3. The simulation measurement parameters are: central frequency fy is 4 GHz, the
scan band width B is 4 GHz, he frequency points number is 301, the cylinder scan radius is 5m, the
moving scale along axis z is 3 m, the scan step is 2 cm, the scan azimuth angle is —180° ~ 180°,
the angle interval is 0.5°. The RCS variation relation with azimuth angle, pitch angle and frequency
is shown in Figs. 4~6.

Through calculation, the average square error of the near field extrapolation data and far field
data in azimuth angle, pitch angle and frequency domain are 0.1608dB (5° smooth window),
0.3046 dB (1° smooth window), 0.4101dB. The 3-dimensional rebuild image is shown in Fig. 7.
From the imaging results, one can find that the scattering center position in 3D image is identical
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Figure 3: Scatters distribution map. Figure 4: RCS variation with the azimuth.
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Figure 5: RCS variation with the pitch angle. Figure 6: RCS variation with frequency.
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Figure 7: Point scatters 3D rebuild image.

with actual situation. And the largest position error is only 1cm; the largest amplitude error of
the scattering center is below 0.3 dB.

4. CONCLUSIONS

This article studied near field to far field transformation based on cylindrical scan mode. This
arithmetic first transformed the double-distance spherical wave factor in echo data into the single-
distance spherical wave factor, and utilize the 3D rectangular coordinate extension theorem of
the spherical electro-magnetic wave into plan wave, established the relationship between near field
backscatter and far field backscatter field, finally obtained the far field RCS character by 3D IFFT
and 2D interpose and target’s image. The numerical simulation result testified the validity and
effectiveness of the above transformation arithmetic.
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