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ABSTRACT

t
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¥

Characteristics of a low-sidelobe phased array antenna are investigated using
the technique of planar near-field scanning. The theory associated with the planar
near-field scanning technique, with and without probe compensation, is reviewed and
an application of the theory is made. The design of an experimental low-sidelobe
phased array antenna consisting of monopole elements which are corporate-fed using
high precision transmit/receive modules is described. Accurate array radiation pat-
terns are obtained both theoretically and experimentally using centerline scanning
at less than one wavelength distance from the antenna. The effects of the antenna
probe on the array near-field pattern, plane-wave spectrum, and far-field pattern
are demonstrated theoretically using a method of moments numerical simulation.
Comparisons of the array theoretical near-zone electric field and array received volt-
age due to a V-dipole near-field transmitting probe are made. It is shown that a
V-dipole theoretical probe antenna can accurately model a practical near-field mea-
surement probe consisting of an open-ended rectangular waveguide surrounded with
anechoic material. '
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1. INTRODUCTION

The planar near-field scanning technique has seen considerable use during recent years for
determining the far-field radiation patterns of antennas [1-4]. The technique is particularly well
suited for evaluating the performance of low-sidelobe planar phased array antennas [5). In a phased
array antenna, low sidelobes are achieved using appropriate aperture amplitude taper together with
precision element weighting and array calibration. To evaluate the performance of these antennas,
high quality near-field measurements are often desirable. The near field is measured typically using
a low-gain antenna probe which is moved to a regular grid of points on a planar surface as depicted
in Figure 1-1.
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Figure 1-1. Phased array antenna and near-field test plane.

The probe can be used either to transmit or receive the desired RF signal (usually a CW
tone). After collecting the near-field data, a general-purpose computer is used to mathematically
transform the data, by means of the antenna plane-wave spectrum, to a far-field pattern. The
plane-wave spectrum is essentially the Fourier transform of the antenna aperture illumination and




consists of radiating and evanescent plane waves. The radiating plane waves reach the antenna far-
field region and, thus, contribute to the far-field pattern. For a phased array antenna, an example
of an evanescent plane wave is a nonpropagating grating lobe.

Planar near-field measurements are commonly performed in the radiating near-field region [3].
In this region (typically two to ten wavelengths from the test antenna aperture), the evanescent
contributions of the near field are sufficiently attenuated so that conventional one-half wavelength
data sample spacing can be used. It is well known that as the near-field test distance decreases,
the near-field data sample spacing tends to decrease in order to take into account the increase
which occurs in the evanescent component [6]. Data collection at a distance of approximately
one wavelength or less is implemented in what has been referred to as the reactive or evanescent
near-field region [3]. The effect of the evanescent near field on the required sample spacing is a
function of the aperture illumination and aperture diameter as has been addressed theoretically by
Wang [7]. For a phased array antenna, effects of the near-field probe on the near-field data, plane-
wave spectrum, and transformed far-field pattern have not previously been theoretically quantified.

To better understand phased array characteristics as determined by the planar near-field scan-
ning technique, two theoretical models are investigated. Both theories are intended to apply in the
evanescent and radiating near-field region. The first is referred to in this report as the field point
theory, which is the same as near-field scanning without probe compensation. Here, the tangential
electric field component radiated by an antenna is computed at a series of near-field points. The
second theory is referred to as the dipole probe theory where the received voltage at a V-dipole
near-field antenna probe is computed at a series of probe positions. This is an application of the
probe-compensated near-field scanning technique. Both theoretical models include the effects of
array polarization and mutual coupling through the use of the method of moments, as described in
the next chapter. The theory is applied to the case of a monopole phased array antenna. The design
of a low-sidelobe corporate-fed linear phased array of monopole antenna elements is discussed in
chapter 3. In chapter 4, a brief discussion of the near-field measurements system is given. Theo-
retical and experimental results are presented in chapter 5. Centerline scanning at less than one
wavelength distance from the antenna under test is used to obtain the plane-wave spectrum and
far-field pattern. The effects of the probe on the near-field theoretical data, plane-wave spectrum,
and transformed far-field pattern are demonstrated. It is shown that a thin-wire V-dipole theo-
retical probe antenna can accurately model an experimental near-field measurement probe which
consists of a rectangular waveguide surrounded with anechoic material.




2. THEORY

2.1 PLANAR NEAR-FIELD SCANNING FORMULATION

The purpose of this section is to briefly review the theory for determining far-field radiation
patterns from measured or theoretical near-field data. The formulation differs somewhat from
that which is presented in [1] with respect to the notation and the test antenna orientation in the
reference rectangular coordinate system. To begin, let the time-harmonic electric field radiated
from an aperture be denoted by E(z,y, z) and let the aperture be located on the zy plane as shown
in Figure 2-1(a).

At any distance z in front of the aperture the electric field can be represented as a superposition
of plane waves [1,8,9]. In general, these plane waves can be evanescent or propagating depending
on the distance from the aperture.

From Maxwell’s equations in free space (described by permittivity ¢, and permeability x,) and
a vector identity, the vector wave equation is expressed as

VE+k*E=0
where k = w,/Ho€, = 2m/) is the propagation constant or wavenumber. X is the wavelength. and
V? is the Laplacian operator. A trial solution to the wave equation, for outgoing waves, with the
e’“! time variation suppressed is of the form

E(z.y,2) = A(k)e kT (2.1)
where

rT=I+yYyy+ 22
is the observation position vector,

k=kz+kyy+k.z
is the propagation vector, and as is depicted in Figure 2-1(b)

A=A+ A+ A2 (2.2)

is the commonly referred to complex plane-wave amplitude function or plane-wave spectrum. The
wavenumber components in terms of spherical coordinates are

kr = ksin@cos ¢ (2.3)

ky = ksin@sin ¢ (2.4)
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Figure 2-1. Coordinate systems for describing (a) electric field and (b) plane-wave
spectrum.

k, = kcos@. (2.5)°

From Equations (2.3) through (2.5) observe that

k= k2 + k2 + k2. (2.6)

In Equation (2.6), k- and k, are chosen to be the independent variables with k, being the dependent
variable, such that




{ k2 k2 - k2 K24 k2 <K
kz == .
-J

VEZ+ k2 -k k24 k2> K2

Only two components of A are independent, A; and A,, with A, chosen to be the dependent
variable. Now since V - E = 0, from Equations (2.1) and (2.2) it is readily shown that

1
A ks, ky) = —k—(k:;,AJr + kyAy).

The general solution for E can be expressed as a linear combination of A over all values of k, and
ky as

Ey2)= [ [ Ak ke 7*Tdk
VY, 2) = (kz, ky)e zdky.
—00 J =0

2.1.1 Test Antenna Has Known Electric Field

If the tangential electric field E; is known over a planar surface at z = z,, the plane-wave
spectrum can be determined from the inverse Fourier transform relationship

1 x ¢ ke
Alkeky) = 15 [ [ By zo)e®Tazdy,
4n? —-oc J~oc
Specifically, for Et = E;& + E ¥y the components of A are
Azlkr ky) = ek A (ke Ky o)
Aylkz, ky) = ejk‘zoAy(krv ky, zo)
where

LI Rl e (ke z+kyy)
Aclkesky i) = 73 [ [ Ealay,z0)e/ =0 dady 27)
-20 J—o¢

1 0o foo .
Ay(kz,ky, 20) = 1 / / Ey(z,y, zo)e? *==tFu¥) drdy (2.8)
—00 J—00

are the plane-wave spectrum components for the measurement plane. As suggested in Figure 1-1,
the infinite integrals in Equations (2.7) and (2.8) are truncated according to the near-field scan
length. For uniformly spaced near-field data, the resulting finite integrals are evaluated efficiently
using the fast Fourier transform (FFT) algorithm.

From Rhodes [10], in the far field of the antenna the electric field can be written in terms of
the plane-wave spectrum as




e—jkr
E(r,0,¢) = j2rkcosf

— A(ks, k) (2.9)
To obtain Eg and E4 components a standard conversion from rectangular components to spherical
components is made.

2.1.2 Test Antenna Has Known Received Voltage: Near-Field Probe Pattern
Compensation

In practice the near-field measured data are collected by utilizing a movable antenna probe.
The probe is assumed here to be linearly polarized and is used as a transmitting source. In this
case, the test antenna received voltage is known, rather than its electric field. At each near-field
position, two probe orientations are in general required—one where the probe is Z-polarized and the
other where the probe is §-polarized. Let the far-zone electric field vector pattern of the near-field
probe with z,y orientations in free space be expressed as

e*(6,¢) = 0e5(6, ¢) + pe(6, ¢) (2.10)
e¥(8, ¢) = 6e4(8, ¢) + dels(8,0). (2.11)

It is further assumed that the probe pattern is not affected by the presence of the test antenna and
that the probe far-field pattern can be obtained by conventional far-field measurements.

Next, let the test antenna far-field pattern be given by
E(6,06) = 6E4(6, 0) + 6E,(8, ¢). (2.12)

In Equation (2.12), Eg and Ej represent the two desired components of the antenna under test.
They will be determined in what follows by solving two simultaneous equations.

Let a*,a¥ denote the probe plane-wave spectrum for &-, y-polarized probe orientations, re-
spectively. The received voltage at the array output, for a near-field transmitting probe at position
(z,y,20), is given as [1]

871'2 00 OO ”

v (T, Y 20) = — / / k:A(kz, k,) - @%(ks, ky)e K Todk, dk, (2.13)
W J—-00J-00
8‘7!'2 o 0 k

W(z,y, 20) = — / / ko A(kg, ky) - @Y (ks ky)e 7K Todk,dk,. (2.14)
W J—o0o J-0

In words, the received voltage v(z,y, zo) is equal to the superposition over all k, k, of the dot
product of the test antenna plane-wave spectrum and probe plane-wave spectrum. Taking the
inverse Fourier transform of Equations (2.13) and (2.14) and defining an apparent or probe-distorted
plane-wave spectrum as




1z _ 1 *[® 2 j(kzz+kyy)
A% (kz,ky, 20) = e vi:(z,y, 20)€’ wWidzdy (2.15)
—o00 J-00

1 oo poo .
A¥(kz, ky, 20) = ——2/ / v¥(z,y, 20)e F== k) gz dy (2.16)
41 Jooo J-oo
yields
ky Ak, ky) - @ = —b efketo A% (k. ko 20) (2.17)
2 Ty My - 871'2 xzy Ry <0 .
ke Ak, ky) - @Y = :—:iejk“"A'”(k,,ky,zo). (2.18)

As in Equations (2.7) and (2.8), the infinite integrals in Equations (2.15) and (2.16) are replaced by
finite integrals according to the-actual near-field scan lengths. Next, analogous to Equation (2.9)
the probe far-zone electric field is written in terms of the probe plane-wave spectrum as

e—jkr

e*(r,0,0) = j2rkcosb - a®(kg, ky) (2.19)
e—jkr

e¥(r,8,0) = j2rkcos b " a¥(kg, ky) (2.20)

where e”,e¥ denote the far-field vector patterns for the z-,y-directed probe, respectively. Substitut-
ing Equations (2.9), (2.19), and (2.20) into (2.17) and (2.18) and dropping the e~7*" /r dependence
as usual in the far field yields

E(6,0) €%(8,¢) = C cos fei*+* 4" (2.21)
E(8,)-€¥(8,4) = C cosfe’*+* 4" (2.22)

where the constant C is given as

_ kwpo
C = 5

Equations (2.21) and (2.22) are solved simultaneously for the components Eg and E4 by utilizing
Equations (2.10), (2.11), and (2.12) with the result

Y AT _ T Aly
epA ezA

—_ jks20
Ey = Ccosfe! A

(2.23)

—e§A'F + e§ AV
A

E4 = C cos feik=2




where
— oTRY z, Yy
A = egey, — ezep.

For a ¢ = 0° pattern cut of a predominantly Eg-polarized linear array antenna A'* > AY. Assuming
a probe with low cross-polarization characteristics (that is, e < ef, e§ < €5), then Equation (2.23)
reduces to

x

Eg =~ C cos oefkﬂofé-z-. (2.24)
0

In evaluating the plane-wave spectrum function A’®, given by Equation (2.15), an N.-point (in-
cluding zero filling) FFT is used. Assuming the near-field sample spacing is denoted by d, and that
the unfolded FFT index is denoted by K, then the transform wavenumber is given by

_2n(K, - N./2)

kr = i, (2.25)

The far-field angle () is computed from the wavenumber k, by the use of Equations (2.3) and
(2.25). '

2.2 MONOPOLE PHASED ARRAY NEAR-FIELD MODELING USING THE
METHOD OF MOMENTS

In the method of moments [11], boundary conditions are used to find the antenna response
to a given excitation. The excitation here is the amplitude and phase incident at each element of
the phased array. Due to mutual coupling or the mutual impedance between array elements, the
actual illumination achieved will be different from that which is theoretically desired.

It is assumed that there is one unknown complex current function per element of the array. A
piecewise-sinusoidal current distribution is used as the moment method basis and testing functions.
Since the basis functions and testing functions are the same, this is known as a Galerkin’s formu-
lation. For a piecewise-sinusoidal Galerkin’s moment method formulation, the mutual impedance
between array elements is readily computed [12]. In this report, the array elements are assumed to
be resonant monopoles and, from a previous study, it is known that one unknown per element is
adequate for pattern computation [13].

2.2.1 Field Point Approach

The geometry for a finite array of monopoles over an infinite ground plane is shown in
Figure 2-2(a). Standard spherical coordinate angles (6, ) are used to describe the observation
position for far-field pattern computation. The ground plane is located in the z = 0 plane and
the monopoles are Z-polarized. Using image theory. the ground plane can be removed from the




analysis. For a monopole array, an equivalent dipole array results [Figure 2-2(b)]. From far-field
theory, the monopole radiates (or receives) only the Ey electric field component. The nth array
element is located at the position (zn,yn), and the electric current which flows along the wire is
assumed to be of the form

. sin(k(l — |2)]

in(z) =1in Sin(k]) (2.26)

where i, is the complex terminal current, [ is the dipole half-length (monopole length), and k =
27/ is the propagation constant. For the nth array element, the tangential near-field components
on the plane z = z, are expressed as

En;((t, Y, %) = Enp’ COs ¢,
Eny(z,y, 20) = Eppsing’

where [14]

30jin

m(e-ﬂm cos ) + e k2 cos By — 2 cos(kl)eI*7° cos 6,)

Enp' =

is the radial component of the electric field in cylindrical coordinates and where, r,, 1, 79, o', 6o,
61, and 6, are defined in Figure 2-2(b) and ¢’ = tan~!{(y — yn)/(z — zn)]. To compute the antenna
near field including array mutual coupling eflects, it is necessary to determine the array terminal
currents defined above using the method of moments.

Let Z represent the mutual impedance matrix for the equivalent dipole array. Referring to
Figure 2-3(a), Z is expressed as

Z=2+271 (2.27)

where Z%¢ is the open-circuit mutual impedance matrix for the array, I is the identity matrix,
and Zy is the load impedance.

The mutual impedance Z,,, between two identical parallel elements is a function only of the
length of the elements and the element spacing. The self-impedance Zm,m of the array elements
is taken to be equal to the mutual impedance between two thin elements separated by one wire
radius.

Define v as the voltage excitation matrix of the array. The array element terminal currents,
denoted %, are then found by solving the system of equations written in matrix form as

v=2i. (2.28)

The nth element of the voltage excitation matrix for a phased array antenna is given by




(b)

Figure 2-2. Geometry for finite array antennas: (a) monopole array over ground
plane and (b} equivalent dipole array with ground plane removed and monopole images
included.
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Up = Ane_jwn
where A, is the amplitude illumination and
Yn = ksin@,(z, cos ¢, + yn sin @,) (2.29)

is the phase progression which scans the main beam in the direction (6,, ¢,).

Using Equation (2.27) in (2.28), the array terminal currents are found according to

i=[2°¢+Z. 0w

where ~! means matrix inverse. Finally, the array near-zone field including mutual coupling effects

is expressed by superposition as

N

Ex(z,y,20) = Y _ Enz (2.30)
n=1
N

Ey(.’L‘, Y, zo) = z Eny- (231)
n=1

Upon evaluating Equations (2.30) and (2.31) numerically, the field point theory plane-wave spec-
trum, given by Equations (2.7) and (2.8), can be computed, from which the far-field pattern is
determined from Equation (2.9). '

Having determined the array terminal currents, the far-field pattern can, of course, be com-
puted directly using the product of the isolated element far-field pattern and the array factor as,

N
Py(8, ?) = po(a) Z inejksinO(z.\ €05 @+yn Sin @) (2.32)
n=1
where
cos(k! sin8) — cos(kl
po() = SSELnE) — coslkD)

cosé
is the pattern of a vertical dipole. Equation (2.32) will be used later to show that a centerline

near-field scan which is transformed to the far field is a close approximation to the direct far-field
pattern.

12




2.2.2 Dipole Probe Approach

In this section, an expression for the voltage received by array antenna elements, due to a near-
field radiating probe antenna, is derived. A similar formulation for the case of a far-field source
is addressed in [15]. The formulation has also found use in the application of near-field adaptive
nulling (16).

A V-dipole probe is selected here because its pattern shape is readily adjusted by varying the
tilt angle of the dipole arms; thus, the pattern of the V-dipole can be made approximately equal
to that of a practical near-field probe which is typically an open-ended waveguide. The current
distribution on the V-dipole is assumed to be piecewise-sinusoidal. Consider Figure 2-3(b) which
depicts the circuit model for a receive array and a source antenna. Let v}*°(z,y, 2,) be the voltage
received in the nth array element due to a near-field source antenna at position (z,y, 2,). The
array elements are assumed to be terminated in a load impedance denoted Z;, which in general is
complex. The open-circuit mutual impedance between the mth and nth array elements is denoted
by 255, Similarly, the open-ci'rcuit mutual impedance between the nth array element and the
near-field V-dipole source antenna is denoted Z ;robe(x, Y, 20), which is evaluated using computer
subroutines discussed in [17]. Now, 41,42, -+ ,%n,--,ix are the received terminal currents for the
N array elements. The received voltages are related to the terminal currents and load impedances
using '
TCC(

Z, Y, 2) = —in(2,y.20)Z, n=12,---,N. (2.33)

v
Let #; be the terminal current of the near-field source antenna. It is assumed that the array antenna
does not affect the terminal current of the source antenna. This means that multiple interaction
between the source antenna and array antenna is ignored. The array received voltages can be
written as

Vi = ZP A0S 4 HANCZPE + e ANCZEG + 1 ZDE e (T, 20)
VR = ATCZRS 520G 4+ NCZOG o+ NCZON + 020G, e (T Y 20)  (2:34)
erec = l;ec g]cl +Zrec oc + reczgift'-l+...+lrec oc‘V +l'ZNprrobe(‘l' v, ~o)

In the above equation, the term i, nprobe(T: ¥, 20) is the open-circuit voltage at the nth array
element due to a near-field probe at position (z,y, 2,).

Now, define

VR (2, ¥, 20) = 1t 27 probe(T: ¥y 20), (2.35)

and using Equations (2.33) and (2.35) in Equation (2.34) and rearranging terms vields

13




0§ = IN(ZRE HZL) o+ HRCZEE e HEZN
0t = HZGE b RIS ZL) e RIS (2.36)
SRS = EZRG o+ HECZRG e HES(ZR + Z0)

Equation (2.36) can be written in matrix form as
_vo.c. - (Zo.c. + ZLI) iTeC (237)

where v°< is the array open-circuit voltage matrix, Z° is the array open-circuit mutual impedance
matrix, I denotes the identity matrix, and ¢7°¢ is the array received terminal current matrix. From

Equation (2.33) it is clear that

rec
v

sTec _
i = - (2.38)

Substituting Equation (2.38) in Equation (2.37) and solving for v™*¢ yields
vreC(I, Y, zo) = ZL (Zo.c. + ZLI)—I vo.c.(z’y’ Zo)

which gives the element received voltages. To compute the array beamformer (coherent power
combiner) output, define an array weight vector, w, where the nth element is given by

wp = ApeI¥n

with A, being the amplitude illumination and ¥, being the phase illumination given by Equa-
tion (2.29); thus, the complex received voltage at the array output port, due to the near-field
radiating probe, is expressed as

Vot out(Z, Uy 20) = W' 0™ (z, 9, 20) (2.39)

where ' means complex conjugate transpose.

To implement probe compensation for a V-dipole probe it is convenient to use a closed-form
expression for the far-field radiation pattern. Using the notation of Equation (2.24). the far-field
pattern of a V-dipole antenna, with arm tilt angle a and arm length {, and having a sinusoidal
current distribution of the form of Equation (2.26), is readily obtained by adding the contributions
of two monopoles forming a V shape [18]. The result is

j30i,  eiklvsin(B+a) _ jgin(9 + a)sin(kly,) ~ cos(kl,)

€ = Sin(kl,) cos(0 + a)
e~ Jklvsin(6-a) 4 jgin(§ — a)sin(kl,) — cos(kl,)
. 4
+ cos(f — o) ) (2.40)
14
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To demonstrate the accuracy of the above closed-form expression (which assumes one piecewise-
sinusoidal current function across the length of the dipole), J.H. Richmond’s moment method
computer code [19] which utilizes overlapping piecewise-sinusoidal current functions was used for
comparison. Consider the case where the dipole arms are tilted by 45° and the arm length is one-
quarter wavelength; that is, & = 45° and [, = 0.25) in Equation (2.40). (Note: these parameters
will be used in the theoretical probe model discussed in the next section.) The results are presented
in Figure 2-4 for one, three, and five piecewise-sinusoidal current functions or unknowns.

0
THEORY

2
@
2
w
=]
=2 -4
E
-l
Q
=
<
2
£l
<
-
&J ” = EQ. 2.40 (1 Unknown)

[/
- ==~ 3 UNKNOWNS
8 — = S5UNKNOwNs OSUMoMCODE
-10 I ! L 1 !
90 60 -30 0 30 60 90

H(deg)

Figure 2-4. Comparison of far-field radiation patterns for A\/2 center-fed V-dipole
antenna in free space using Equation (2.40) and Richmond's thin-wire moment method
code.

The indication is that one unknown produces a far-field pattern which agrees to within about
0.3 dB of the pattern obtained with five unknowns. This is consistent with other simulations
of V-dipole antenna elements [20]; thus, Equation (2.40) is sufficiently accurate for purposes of
performing probe compensation in this report.
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3. EXPERIMENTAL LOW-SIDELOBE PHASED ARRAY ANTENNA

A precision 32-element linear phased array antenna [21] has been constructed for purposes of
developing and evaluating near-field measurement techniques. A photograph of the array is shown
in Figure 3-1.

MONOPOLE

Figure 3-1. Photograph of 32-element linear phased array antenna.

The array operates at L-band (1.25 to 1.35 GHz) and consists of coaxially fed monopole antenna
elements arranged in a square lattice having 5 rows and 36 columns with spacing equal to 4.3 in.
To reduce edge effects, two guard bands of passively terminated elements completely surround the
center row of 32 active elements. The passive terminations are 50-ohm resistive loads. The length
and diameter of the monopole elements are 2.4 and 0.125 in, respectively. Each monopole consists
of a brass rod mounted on a type-N connector. The ground plane dimensions are 24 by 172 in
with a flatness which was measured to be within 0.020 in peak. A simplified block diagram of the
receive portion of the T/R module is shown in Figure 3-2.

The phase shifter is implemented in the 1100-MHz first local oscillator line. Beginning at a
275-MHz carrier frequency, 0 to 90° phase shift with 12 bits is effected. Next, frequency multipli-
cation by four and filtering is used to generate the 0 to 360° phase controlled 1100-MHz LO. The
RF signal is mixed initially down to the 150- to 250-MHz band, and then it is mixed with a 120-
to 220-MHz tone down to a fixed 30 MHz. It is here that amplitude control is effected, also with
12 bits. A 40-dB attenuation range is implemented using two cascaded voltage controlled attenua-
tors. Measured amplitude and phase tolerances of these modules were typically less than 0.02 dB
and 0.2°, respectively. The slightly nonlinear characteristics of the voltage controlled attenuators
and phase shifters require calibration using a microprocessor which was built into each module. All
modules were connected to a serial data bus. This bus permitted all modules to simultaneously
receive commands from a general-purpose desktop computer. The power combiner (beamformer)
is implemented at 30 MHz with an isolation greater than 40 dB between ports.
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Figure 3-2. Block diagram for receive portion of T/R module
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4. NEAR-FIELD MEASUREMENTS SYSTEM

A linear scanner was built [21] to evaluate the performance of the above phased array antenna.
The near-field probe position in the x-direction is determined by a laser range finder and adjusted
by means of a stepper motor driven cogged belt. The probe position accuracy is to within 0.002 in
of the desired position. For the test antenna. amplitude and phase measurements are made easier
and more accurately by the fact that the output of the array is at a 30-MHz intermediate frequency:
thus, a low frequency network analvzer can be used to inake these measurements with the desired
degree of precision.

The near-field probe consists of a standard L-band coaxial to rectangular waveguide transition
with the flange removed and surrounded with a 24 by 24-in square sheet of pyramidal anechoic
material. The rectangular waveguide (WR-650) inside dimensions are 6.5 by 3.25 in. A photograph
of the near-field probe is shown in Figure 4-1. The measured VSWR of this antenna, over the
frequency range 1.2 to 1.4 GHz, is less than 1.8:1 as depicted in Figure 4-2. In particular, at
1.3 GHz the VSWR is equal to 1.7:1. Far-field E-plane radiation patterns of the rectangular
waveguide near-field probe (with and without the surrounding absorber sheet) were measured on
a conventional far-field antenna range. The measured data are shown in Figure 4-3. It is clear
that the absorber modifies the free-space pattern shape. All near-field data presented in this report
were collected with the absorber/waveguide probe combination. The purpose of the absorber is to
reduce reflections that may occur between the test antenna and the near-field probe support arm.
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Photograph of rectangular waveguide near-field probe with absorber.
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Figure 4-2. Measured VSWR for rectangular waveguide near-field probe.
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5. RESULTS

5.1 SELECTION OF THEORETICAL PROBE MODEL

As mentioned earlier, the purpose of using a V-dipole probe (with arbitrary arm tilt angle)
in the theoretical model is to have flexibility in designing or selecting the probe radiation pattern
shape. This flexibility allows the theoretical probe model to closely match the pattern characteristics
of the measurement probe. The closed-form far-field pattern for a V-dipole was computed, using
Equation (2.40), for various arm tilt angles. Based on the results shown in Figure 5-1, a V-dipole
with A\/4 arm length and 45° arm tilt produces a theoretical pattern that is within 1.0 dB of the
measurements (over a +70° field of view) at 1.3 GHz for the open-ended rectangular waveguide
probe with absorber. Notice that the e = 0,30° cases have a substantially larger variation from
the measured probe data; thus, the a = 45° V-dipole is selected as the theoretical probe model.

5.2 GRATING LOBE POSITIONS FOR A PHASED ARRAY

The grating lobe positions for a linear array with element spacing D, and scanned to the angle
G, are given by [22]

kz,, = ksin 03+371m; m=+£1,£2,--- (5.1)
D

These grating lobes are nonpropagating provided that they fall within the invisible region where
lkz| > 2m/A. For an element spacing D, = 0.473) (corresponding to the experimental array)
and scan angle §, = —30°, the first grating lobes {[m = %1 in Equation (5.1)] are located at
kr_, = —16.44 and k;, = 10.16, both with units of radians per wavelength. Similarly, the second
grating lobes are located at k;_, = —29.71 and k,, = 23.43. Clearly, these grating lobes fall outside
the visible region and do not propagate to the far field. Depending on the near-field distance, these
lobes may or may not be present in the resulting plane-wave spectrum.

The largest wavenumber which is produced in the FFT process is found by substituting K, =
N: in Equation (2.25) with the result

kma:t
T

=%

For the theoretical simulations and experimental measurements. a near-field sample spacing of
d: = 0.141), which produces £J*** = 22.24, was chosen. This means that, in computing the FFT,
any large plane-wave spectrum amplitude components above |k;| = 22.24 will be aliased {23]. For
example, the second grating lobe (m = 2) at k, = 23.43 will alias to the position k; = ~21.05.
This is demonstrated in the following section.
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Figure 5-1. Comparison of far-field radiation patterns for theoretical V-dipole an-
tenna with various arm tilt angles and experimental rectangular waveguide near-field
probe with absorber.

5.3 FIELD POINT THEORY COMPARED WITH V-DIPOLE PROBE THEORY

The experimental array discussed in chapter 3 was simulated using the moment method for-
mulation presented in chapter 2. The array illumination was assumed to be a 40-dB Taylor taper
(m = 10) with the main beam steered to 6, = —30°.

A sketch of the 32-element linear test array and near-field scan geometry is given in Figure 5-2.
Notice that the shaded elements along the center row form the active linear array, while the un-
shaded elements form two guard bands with passive terminations (50-ohm resistive). The length of
the 32-element active array is 133.3 in. A centerline scan (z variable, y = 0) of length 163.02 in was
taken at the distance 29 = 5 in. This sampled the near field down to about the 40-dB (or more)
level. The number of near-field data samples is 128 and, to evaluate the plane-wave spectrum,
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a 2048-point FFT (with zero-filling) is used. At 1.3 GHz, the near-field distance is 0.55\ which
implies that the scan is performed in the reactive region. Here, it is expected that nonpropagating
grating lobes will be present in the invisible region (|kz| > 27/)) of the plane-wave spectrum.

Figure 5-2. Geometry for monopole array and near-field centerline scan. The 32
shaded elements are active and the unshaded elements are passively terminated.

The principal polarization for this array along the centerline scan is the £ component. For
the field point theory, the tangential electric field component E(z,0, z9) is computed using Equa-
tion (2.30), and the plane-wave spectrum component A, is computed according to Equation (2.7).
The far-zone Ey component is computed based on Equation (2.9). In the case of the V-dipole
probe theory, Equation (2.39) is used to compute directly the received voltage v*(z,0, zp) from
which Equation (2.15) is implemented to obtain the probe-distorted plane-wave spectrum compo-
nent A”*. The probe-compensated Ey component is then computed according to Equation (2.24).

A comparison of the two theories is now made and the effects of the near-field probe are
shown. The near-field amplitude and phase are shown in Figure 5-3 where the field point and
dipole theories yield similar results; however, the field point theory has a substantially higher peak-
to-peak amplitude ripple (1.0 dB) compared with the V-dipole theory (0.2 dB). The number of
ripples, 32, is equal to the number of active array elements. Over the active portion of the phased
array, the root mean square (rms) differences between the two theories are 0.74 dB and 8.0°. The
ripple amplitude is directly related to the grating lobe amplitude observed in the antenna plane-
wave spectrum. Figure 5-4 shows the plane-wave spectrum for both theories. Notice the presence of
the expected first grating lobes at k, = 10.16 and k, = ~16.44. The field point theory grating lobes
are higher than the corresponding V-dipole probe theory lobes; however, the probe theory lobes
should be distorted, in amplitude, because of the effect of the V-dipole probe. Presumably, probe
compensation of the plane-wave spectrum would produce grating lobes of the correct amplitude;
however, this was not of interest here. What is important is the presence of an aliased grating lobe
for the field point theory. This is located at the wavenumber k; = —21.05. No such alias occurs
for the V-dipole theory. This seems to indicate that evanescent lobes may not be as significant
of a problem, in terms of creating aliases or errors in the evanescent and radiating portion of the
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plane-wave spectrum, for a V-dipole probe when compared with the field point theory. As will be
shown in the next section, the same conclusion can be drawn for a practical waveguide probe.

Next, the transformed far-field patterns, Eg component, are shown in Figure 5-5. Note that
probe compensation has been used in the case of the V-dipole theory, and that the agreement
between the two theories is very good.

To show that a centerline scan provides adequate information for the near-field to far-field
transformation, Figure 5-6 compares the field point theory transformed pattern with the direct
far-field pattern computed using Equation (2.32). Very little differences between the two patterns
can be seen, and the differences can likely be attributed to the truncation of the near-field data at
the edges of the near-field scan.

5.4 V-DIPOLE PROBE THEORY COMPARED WITH NEAR-FIELD MEASURE-
MENTS

The purpose of developing the V-dipole probe near-field theory was to be able to make accurate
predictions of the behavior of a phased array antenna. In this section, comparisons of the results
obtained using theory and experiments are made, and good agreement is achieved.

The experimental 32-element monopole array was calibrated at 1.3 GHz and commanded to
steer the main beam to 8, = —30° with a 40-dB Taylor taper. A comparison of the near-field
measurements and V-dipole probe theory (this is the same theoretical data which was compared
with the field point theory) is shown in Figure 5-7. Clearly, the agreement is good, and the rms
difference between the theory and measurements is 0.2 dB and 1.5°. The peak-to-peak ripple is
0.5 dB for the measurements compared with 0.2 dB for the theory; thus, the measured grating lobes
should be higher than the theoretical grating lobes, and this is the case as the probe-distorted plane-
wave spectrum shows in Figure 5-8. The first grating lobes are evident in this figure, and there is no
indication of any large aliased grating lobes. The probe-compensated far-field patterns are shown
in Figure 5-9 and are generally in good agreement. It should be noted that the theoretical results -
do not include T/R module quantization or random errors. The average sidelobes are -47.3 dB
measured and -46.5 dB theoretical. There is a slight filling-in of the monopole null near § = 0° for
the measurements, but this is at the —-60-dB level.
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Figure 5-3. Comparison of 32-element monopole array near-zone electric field E.(r)
using the field point theory and the array received voltage v*(z) due to a V-dipole
transmitting antenna using the V-dipole theory. The near-zone data are computed at
the distance zg = 0.55\: (a) amplitude and (b) phase.
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6. CONCLUSION

The technique of planar near-field scanning, with and without probe compensation, has been
investigated theoretically using the method of moments, to determine the characteristics of phased
array antennas. A monopole phased array antenna has been analyzed using a field point theory
where the near-zone electric field of the antenna is computed. The near field is transformed, via
the plane-wave spectrum, to a far-field pattern. Probe compensation is not required.in this case.
A probe theory, where the array near-zone received voltage due to a V-shaped dipole radiating
antenna is computed, has also been presented. For the V-dipole theory, probe compensation was
implemented using a closed-form expression for the far-field pattern of the V-dipole. The usefulness
of centerline scanning in determining the far-field pattern for a linear array has been demonstrated
numerically by comparing a direct far-field calculated pattern with a near-field to far-field calculated
pattern.

The design and constructionh of an experimental low-sidelobe monopole phased array antenna
has been described. Simulations of this antenna using both theories have been made. The simu-
lations indicate that evanescent (nonpropagating) grating lobes, in the plane-wave spectrum, have
a lower amplitude when observed by a V-dipole probe compared with those observed by the field
point theory. Adjusting the tilt angle of the V-dipole arms allowed the V-dipole far-field pattern
to match approximately the far-field pattern of an experimental rectangular waveguide probe sur-
rounded with absorber. It was shown that the V-dipole probe theory can accurately model the
observed experimental performance of a monopole array. The theory can be applied readily to
other type of array thin-wire elements such as dipoles.
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