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ABSTRACT element pattern were carried out using sphericai-field
We review two conventional algorithms for aperture  scanning on several different ranges and undeerdifj
back-projection from spherical near-field data, with ~ conditions. Consistent results have been obtasned
the goal of quantifying array-element excitations.The  published showing that back-projection to obtaire th
first algorithm produces that portion of the near field  aperture field is a robust and stable process using
that radiates to the far field. The second algorim  spherical near-field scanning [1]. However, the
divides out the element pattern prior to the limitations of resolution have made the results
transformation, and produces an estimate of the unsatisfying and we therefore have investigatethéurthe
element excitations. We introduce a variation ofttis  question of how to resolve, unambiguously and weligu
element-excitation algorithm that, for some arrays, the excitations of individual elements.
can improve the fidelity of this conventional estimte.
We apply the three algorithms to measured data,
where the algorithms’ assumptions are tested, anddt
synthesized data, where the expected results are
known exactly. For the array geometries measured
and simulated, this new algorithm shows dramatic
improvement.

The original goal of this paper was to comparerésailts

of these two conventional back-projection algorishand

to experiment with techniques for measuring a singl
embedded element’'s pattern. During these efforts,
discovered a straightforward enhancement to the
conventional element-excitation algorithm that, forays
with elements spaced at more thhrf2, dramatically
Two Of the three a|gOI’itth require an estimate Othe improves its estimate’s accuracy_ We have incluidhesl

element pattern, which they assume to be common t0 enhancement as a third back-projection algorithm fo
all the elements. We describe our measurement oo comparison.

array’s element pattern, as well as the use of the
IsoFilterQ to center the element pattern and limit the
edge effects

In Section 2, we very briefly show the mathematics
involved in the conventional back-projection to iedithg
aperture field. This information is presented ndey to

Keywords: Aperture Back-Projection Imaging, Element jjjystrate the subtle contrast to the conventicelament-
Diagnostics, Spherical Near-Field Scanning, Phaseay  excitation algorithm.

Testing. . _ . .
In Section 3, we discuss at a high level the matties

1.0 Introduction behind both the conventional and the enhanced eleme
The testing of a phased-array antenna usually deslu excitation algorithms to show their differencesi atso to
calibrating the complex excitations of the variousdescribe the element-excitation enhancement.

elements for different commanded beam states. TWR, Section 4. we describe measurements we madaion o
aperture back-projection methods are commonly used qjniteq array with two elements intentionally bledk We

assi_st in this calibratio,n, with one algorithm vielg the w4 on do a qualitative comparison of this array'sksa
90”'0” of the apertur_es_near fleld.that radlate$he far projection results from each of the three method$e
field, and the other yielding an estimate of theiidual  \q element-excitation algorithms discussed in Bacs
element excitations. Unfortunately, the fidelity @ch o0 e an element pattern that will be considered
technique often falls short of the calibration reements. ., 1mon to all the array elements. Measuremenhef t

Our interest in this problem was stimulated by ourelement pattern for a fixed phased array, givery ¢imht
curiosity regarding a fixed flat plate slotted wguile array, has been a problem without a good answdre T
array that we have on hand here at Ml Technologiegeason is that any attempt to isolate an embedeetkat
Measurements of the far-field pattern of the aaagt the has a high probability of disturbing the patterre os
attempting to measure. Section 4 discusses our



measurement of the element pattern, and shows ¢ahasn R; is the location of the"ielement in the aperture
we have employed to address that difficulty by obthe The summatiors occurs over the set of elements
recently devised technigue we have ternsedrilterO . [P(K) XP(K)] is the element radiation intensity

In Section 5, we quantify the accuracy of each ralgm. Xis the complex conjugate operator
We do this by synthesizing an array with known he i Fouri ’ banused
excitations and element pattern, and comparing th&S It turns out, the inverse Fourier transform banuse

excitation estimates from the three algorithms hose ~ © Solve for the element excitationg at the known
known values element locationd?;. To see why this is so, it may be

helpful here to review briefly a few basic propestof the
2. Computing Radiating Aperture Field Fourier transform [14]. These properties are ndigma
Back-projection to an aperture with near-field stag  written using timet and frequencyras the two domains,
has been thoroughly explored. Its applicationtased- so we will repeat the relevant properties in thatf. In
array element alignment and element diagnostics hasur equation (2) above, time corresponds to position
found considerable success. [2] -[12] Back-prdgec  vector R in the aperture domain, and frequenay
using spherical near-field scanning data has tw@orresponds to the direction vectér in the spectral
advantages: First, the reduced presence of thalistan domain. Extension to multiple dimensions is reasy
wave between the array antenna and the near-fieldep  straightforward [13]. Part of that extension isttiihe
and second, the greater_aperture resolution dtfeettack  quantity wt is replaced with the dot produktR. Note
of any scan-area truncation. that so far in this discussion, both time and feuy are

We have in the past reported on two mathematicallgontinuous, not sampled.

equivalent theoretical approaches for back-prapecti[1] ~ . N . ~ it
An algorithm based upon these approaches is deschip f(t)U F(ejw)’ gt U G(eJW)1 d(t B to) U e’

the following pair of equations: fF()* g(t) U F(ejW)G(ejW)
ey, ATE, cosr . sin (- 1) = F " alt- 1) O Fle”)e
coq (1a)  af(t)+bg(t) U aF(e'W)+ bG(e'W)
] E,. 3)
E;\'pertureu A 1[ Eq.sinf'- ICOSf'] where
cosqg (1b) U is the Fourier transform operator

dis the impulse or Dirac delta function
to , @, andb are arbitrary constants

3. Element-Excitation Algorithm * is the convolution operator
For an array antenna, the near electric field mayelss e can easily combine the properties in (3) abave t
interesting than the discrete set of element eti@ita. If  show the inverse continuous 3D Fourier transfornthef
we form an array with several identical element ttave  symmation in (2) above by inspection:
complex excitation¥; and common patterA(K), then the

These yield the radiating aperture field from theffeld.

array's far-field patterre(K) will be given by the first . PIK ’ xE\K ) _ KR
form of equation (2). Ad(R' R)U ' = AR ()
P\K | xP\K
— - KR
E(K)— P(K) Ve R For elements in a plane, the transform collapse&Do

. . KR (with proper alignment of the basis vectors). Sinly,
P(K) XE(K): [P(K) XP(K)] Ve (2)  when the elements are in a line, the transformapsks to
1D. This discussion concentrates on the 2D caitle the

PK , xE(K = Ve KR elements in the X-Y plane.
PIK ) xPIK Equation (4) above gives the incorrect impressiat the
result of an inverse FFT of the ratio will providdrain of

where o _ _ impulses on output, with one impulse per elemefhe
K is the direction vector in the spectral domain reason this does not happen is the truncation ef th
E(K) is the array's far electric field spectral domain (due to our lack of information)en
P(K) is the far-field pattern of a centered element, I[Kx, K,J| > 20/l . This truncation can be thought of as a

assumed here to be equal for all elements windowing function W(K) that is zero outside this

V; is the complex excitation of th@ element(our boundary.

desired result)



By default, W(K) is the Circ function (=1 inside, =0 Impulse Response w(|R|) To Uniform Circular W(K)
outside), which has the inverse transform of a 8ess 0 ‘ ' ‘
function wR)=J;(alR[)/(@|R]) [2], which is circularly \
symmetric. This transform pair is shown graphicaf 10
Figure 1 below.
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Figure 1.—Impulse Response -Uniform Circular Truncaion
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The convolution property in (3) shows thgR) will then 0 045D,t 1 R1F-5 EI2 th-\SN |3 " 35 4

be convolved with each of these elemental impulses. itance R] From Element k (Wavelengths)

Since convolution with an impulse is merely a shiftgjgre 2. — Null Locations in Circ Function Transfam

operation, each desired impulse in the spatial domvdl ] . ) )

be replaced with a weighted copy of the left-hatat straightforward options for improving the accuradythe

Figure 1, shifted to be centered at that elemecation. element-excitation estimate. The key to this improent

The resulting distribution will be the sum of those '-; mlnlmr:zmg the S"tl:lm in equat]ipr:j(S). The belssy\tmdo .
. : : o that, when possible, is to find a spectral trumati

weighted convolutionsSV; WR-R). function W(K) whose inverse transform(R) places nulls

The ability to quantify the excitations at the kmow at all the other element locations. The only ietm on

element locationsR; depends greatly on the value of thisW(K) is that it must be zero for ai||> 2o/l .

w(R-R)) evaluated at the other element locations. For . :
. . Our measured array is rectangularly packed, sddaal
elementk, for example, the erroein the aperture image

o w(R) should have regularly spaced nulls on an X-Y grid.
atR=Ryis equal to A uniform rectangular spectral window has these
eR)= VWHR -R) (5) properties, and the width and height of the window

itk controls the spacing between the nulls. Becauge ou

There is a common misperception that the resoluifaan  element spacing is 0.F2(>0.707), the appropriate
aperture back-projection should bé2. If the K-space rectangular window can fit completely inside {Kg=2p/I
truncation were a square witip/t on each side, then this circle. We apply and compare this spectral windothe
would be the case. However, the region of K sghee  Sections below.

corresponds to real aspect angles has a circulin®u Note that the true aperture-field computation dised in
with diameter equal top#l . Since the circular truncation Section 2 does not offer the option of altering spectral
window is smaller than the square would be, thatioo  {ryncation windowW(K). While doing so might help
of the lobe's first null in the spatial domain isther out identify bad elements in an array, the resultingrape
thanl /2, at R| = 0.61 [2]. The second null occurs at distribution would represent neither radiating aper
1.13, and subsequent nulls are evenly spaced about evefield nor element excitation.

0.9 relative to the second null. These null locatians

shown in Figure 2 below. From the null spacingsvat , ) 4. Measurements L
one can rapidly see that there is no element spabae !N this Section we apply the three back-projection
will drive the result of equation (5) above to zergwe  (€Chniques to measured data. At MI Technologies we
space our elements at Ol6Idepicted by the vertical red have measure_d a ﬂ‘f"t plate slotted array usingragzélF
lines in Figure 2, then the first null overlays tdjacent scanning. Th's 18-inch (45.7 cm) .dla_meter arra@’rates
elements iEk+1l), but there is still a significant at fre.quen_mes near 9'37.5 GHz, 't. is linearly piatedl and
contribution fromi=k+2, i=k+3. andi=k+4. To make has first sidelobes that lie approximately 30 dBtyethe

matters worse, a 2D grid of elements will also have & beam peak. A photograph of this antennadsvs

elements at radial distances in between the rees lin in Figure 3. For the purpose of this comparisbe, two

shown. For arrays whose elements are spaced mamne thelem(?nts identified in Figure 3 were b_Iock_ed with
| /2 apart, and certainly more than 0.FQihere are some metalized tape. The three aperture distributiorsew
' ' evaluated first as 3D images, and then as 2D lite ¢

through a blocked element.




The two element-excitation algorithms we evaluaadh the plane containing the axis of the slot. Theapption
require as input a far-field pattern that is asslireebe is that of a magnetic dipole with its axis along 8iot. It
common to all elements. This average element npatte is well known that a slot behaves as a magneticcgoso
was obtained by a novel method that we describe. this measured pattern is consistent with our expiect.
Examination of a similar plot for the far-field peashows

Th ture-field back-projecti tedai o .
© aperire-e ack-projection was computedain fatotal variation of approximately 20 phase degrees

manner based upon straightforward application o
Equation (1). To compute the element-excitationkba "
projections, the contribution of the element patter the === == S~
plane wave spectrum was removed by dividing out the 1
radiation intensity of the element as indicate@duation . 00
(2). The element excitations were computed usioidy b & |
the conventional approach, wheW(K) is always a - i
uniform circle, and the enhanced approach, wher¢hfe
arrayW(K) is a uniform rectangle.

Theta

To measure the element pattern, all the elementheof . =0
array except one were blocked by use of metaliape.t i 2
The pattern of the single remaining unblocked elgme I

was then measured by spherical scanning. S T
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Figure 4. — Far-Field Pattern of Individual Element
Measured with Spherical Near-Field Scanning

When this element pattern is used in conjunctiai wie
far-field pattern from spherical near-field scampirihe
element excitation image of Figure 5 results. Timage
is comparable to those published earlier. [1] Wengare
the difference between images formed from the apert
field and element excitation: We see in Figured thhen
the amplitude is plotted along a line in the apertu
passing through the blocked element, the element
excitation function produced resolution similarthat of
Figure 3. — Overlay of Element Map and Photographothe  the aperture field. However, the ‘hole' in the two
18 inch Flat Plate Array with the Blocked ElementsMarked.  ¢qnyentional distributions contains a peak rathantthe
i:fpn;g?; :;]efrt]:ﬂ]ioe\;_ered Shown by Circle and A Photaf it minimum amplitude we expect. This f_eature is_ bidug
about by the convolution of the resolution functio(R)

Because the unblocked element was not centeretieon twith the element excitations. It can be reduced by
rotational center of the spherical scanner, to iobtéa  ‘tuning’ the window function W(K), as discussed in
element pattern appropriately common to all thenelets  Section 3, to place nulls w(R) at the X and Y element
of the 18 inch array, a translation operation wasied spacings. Figure 7 was produced by finding element
out usinglsoFilter™. The translation feature has the excitations using this uniform rectangular windowK).
effect of relocating the origin relative to the @ma, Note how the distribution at the taped elements fwwms
placing it at the position of the unblocked elemeiihe  deep nulls without a significant artificial peak,Figures
IsoFilter™ technique has the additional advantage thag, 7.
modal filtering significantly improves the accuraaf/the 5. Accuracy Assessment
relative pattern, permitting the unimportant modese While the ima. ing of measured data gives a quiddat
eliminated from consideration. The equatorial fafef : ging ot . 9 A

UL . comparison of the different diagnostic techniquese
patte_rn of Fhe individual element is plotted over 4cannot claim that one of these results is more rateu
h.emlsphere m ) ] than the others. In order to do that, one mustwkwbat
Flgure4._ Notice that the_ pattern is very broad mthe?pla the correct answer is. To do that, we used syrzbdsi
perpendicular to the axis of the slot and moreavarin  gata where the element excitations and the common
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Figure 5. — Amplitude of Element Excitation Functin Figure 7. — Amplitude of Element Excitation Function
Produced with Uniform CirculatW(K) Produced with TunetV(K)
oe The model synthesized the response of a spher&al n
! /f field (SNF) probe to both the full array and to ingke
centered element. We then processed the SNF data t
10008 fﬁi\ produce three aperture distributions:
ﬁ 1. Radiating aperture field
2. Element excitation withW(K)= the Circ function
2008 3. Element excitation witiW(K) tuned forDX andDY
The horizontal cuts through the -60 dB elementshaiavn
-30(dB) in Figure 8 below. Computing element excitatiothaut
10 X(inches) +10 tuning the spectral window provides a slight imprment
Figure 6. — Horizontal Amplitude Trace Through Taped over the radlatlng f|eld gstlmate of the eXC|taI|(_)®nIy
Element the element excitation with the tuned spectral wimdhas
Black: Amplitude of Aperture Field removed the dimple at the location of the 'badmelet.
Blue: Amplitude of Element Excitation Function Similarly, the horizontal cuts through the elemeiith a
Produced with Uniform Weighting 5° perturbation are shown in Figure 9 below.
Red: Amplitude of Element Excitation Function " .
Produced with Tunetiv(K) The errors evaluated at the 'bad' element locatares

element pattern are known exactly. Our model wiga shown in Table 1 below.

layer array of dipoles. The two layers were spanedat Table 1
| /4, with one layer offset 90in phase from the other to Amplitude Errors Phase Errors
suppress the back lobe. These elemental dipoles pai

were separated in X and Y by the same amount as the Evaluation Method Evaluation Methog
elements in our slotted array, about 0.7&% form a 21- Case 1 2 3 1 2 3
by-21 array. 15,15| 53.0| 49.0] 1.4 04| 00| 04
The element weights started as a simple Hanningfifum 58] 25 1.7 oA 35 28] 00
in X times a Hanning function in Y. Three of the

elements then had their weights modified as follows 13,6 14 11 04y 6.2 3.9 0.0

Element (15,15) set to -60 dB, T80 To compare the accuracy over all the elements, we
Element (5,8) offset +4.609 dB, +10 computed the cumulative density function (CDF) dach
Element (13,6) offset -1.549 dB,*-5 error distribution in both amplitude (in Figure 18hd

phase (in Figure 11). These plots show the priiyab
that the error's magnitude will be less than tHaesalong
the bottom of the plot.



Figure 8 —Amplitude Accuracy Comparison

Figure 9 — Phase Accuracy Comparison

P(Error < X) (%)
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—Radiating Field, W(K)=Circ
——Element Excitations, W(K)=Circ
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Figure 10 — Amplitude Error CDFs

— Radiating Field, W(K)=Circ
—— Element Excitations, W{K)=Circ
—— Element Excitations, Tuned W(K)
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Figure 11 — Phase-Error CDFs

6. Conclusions
We have compared three methods for estimatingahefs
element excitations that lead to a measured SNferpat
These methods include two traditional techniqueskb
projection to the radiating aperture field, and
transformation after dividing by the element patteiVe
introduced an alternative technique of tuning thectral
truncation windowW(K) to improve the orthogonality of
the impulse responses(R) over the sample set of the
element locations. This new technique has beepledu
with the traditional element-excitation techniqueform
an enhanced element-excitation method. The three
methods were compared using both measured and
synthesized data. In all cases, the element ¢xcitavith
the tuned spectral window provided the best results
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