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Abstract—An analytic method for predicting off boresight
radiated £elds from Impulse Radiating Antennas (IRAs) is
developed in the time domain. This theory is used to examine the
radiation pattern from common recector IRA con£gurations both
temporally and in the frequency domain. Various methods for
controlling the sidelobes in the frequency domain are discussed.
The results are compared with experimental measurements of a
half IRA in the E- and H-planes.

I. INTRODUCTION

Impulse radiating antennas (IRAs) are a class of focused @ ()
aperture antennas that have been used extensively for the
generation and radiation of ultra-wideband eleCtromagneH%. 1. Schematic of the IRA being studied. a) Side-view with focal length
pulses [1]. Rerector IRAs are comprised of a non-dispersivgd diameter. b) Aperture plane after stereograhic projection. The electrodes
conically-symmetric TEM structure (transmission line) feecire self reciprocal with respect to the cirgle= b.
ing a paraboloidal reaector. The recector converts the outgoing
spherical wave on the TEM feed into a plane wave in the near-

£eld by the geometric optics approximation. A stereographic

projection is used to map the mode structure of the conicdfd their inherently wide (multiple decades) impedance band-
TEM mode into a longitudinal TEM mode at the aperture plar}@'dth make IRAs attractive for multlband_apphca_mons such
for purposes of analysis. A schematic of a typical recector IRAS swept CW radar and frequency hoppmg.rad'los. If IRAs
is shown in £g. 1. are to be used for such broadband CW applications, then an

The prompt radiated £elds on boresight from an IRA Calﬁnderstanding of the sidelobe performance is important.

be predicted by using the distribution of the TEM mode in In this paper, we investigate the off-boresight radiated
the focused aperture of the antenna and considering aperteéls in the time and frequency domains for a handful of
theory in the time or frequency domain. For the early timeperture confgurations that have been shown to work well for
the radiated £eld on boresight at positioand timet is given the radiation of large prompt boresight £elds. The aperture
in the physical optics approximation as[1] conf£gurations tested here have feed arms at eithepd60°
h, dv from the horizontal. For each feed arm angle, there are three
a . .
Erag = Srrct dt’ (1) aperture gon£guratlons tested. The £rst is the. mpst common
9 con£Eguration, whereby the focused aperture coincides with the
whereV is the applied voltage waveform ahg is the aperture circle of symmetry of the feed arms. We term this the “standard

height given as (S)” conEguration. The second conEguration focuses the entire
f circle inside the feed arms. Such a con£guration is sub-
ha = \79 / Ey(x,y)dxdy (2) optimal, but is necessary in some applications to enhance the
(U

mechanical strength of the IRA when the feed arms are not self
In (2), fg = Ziine/No, No = 120mQ, is the geometric impedancesupporting [2], [3]. We term this the “rigid (R)” con£guration.
factor, \p is the peak applied voltage, and A is the apertureThe third conf£guration has the same maximum aperture curve,

The radiated £elds on boresight from an IRA are wellut the portions of the aperture with-£elds that contribute

understood. Relatively few investigations have focused on tHestructively to the integral in (2) are eliminated. We term
radiation from these antennas in directions other than ttles the “trimmed (T)” conf£guration. All feed con£gurations
direction of focus. IRAs were designed to radiate transieakamined in this paper are fdjne = 200Q, but the results
electromagnetic pulses, but the non-dispersive nature of IR&® qualitatively similar for other impedances.
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1. PHYSICAL OPTICSMODEL IN THE TIME DOMAIN H-plane, 45 E-plane, 45

In order to predict the early-time, off-boresight radiation A 7'\_\ jj‘\l os| B ’f‘jfj’j
from an IRA, we turn to the theory of focused aperture os/ '\ ‘[ 04l | |
antennas. The following analysis could proceed in either the_ 4 ”!/ “;\\ / \\\\ N " !
time domain or the frequency domain. We present a direc © / — | Zo02p )
time domain theory here that is valid on- and off-boresight. %4/ | ' \\' ol L
Using conventional aperture theory, we assume short cir oz | | jaa™®| | e
cuited aperture centered at the origin in tkg plane and | — timmed | | 02 —— timmed
use image theory. Equivalent surface magnetic currents ontt -1 -05 g0 05 1 -1 05yrO 05 1
aperture can be impressed as
MS(X',)/,t) — _2%x ETEM(X,A/J), (3) Fig. 2. A. CDh(x) and B. ®®(y) for the 45 feed arms,Z = 200/,Q. The

position variables are normalized to the maximum radid.is normalized

whereEtgw is the electric £eld of the TEM mode. The primedo the electric scalar potential difference between the electrodisis
normalized to the total magnetic scalar potential obtained in integrating around

coordinates indicate the aperture (source) point. Using the tithe clectrodes.
domain Green’s function for radiation in a uniform half space,

the electric vector potentid at positionr and timet is H-plane, 60’ E-plane, 60°
A ~ B . ~
I3 Ms(r',t —R/c) 1 L [ 0.6 [
F(r,t)= — — 77 dxd 4 Jis) n\ it T
R RN ] L
whereR=|r —r’| and c is the speed of light. The portion 206 /// \ % 02 ,’,,/ \\
of M in the y-direction produces the cross-polarized radiated o4l J , \ R \\f\
£eld, and the portion of the integrand in (6) in thelirection Y — e \ e R N
produces the co-polarized £eld. Experimental results indicat: 0.2 / rigid \ o rigid
that the cross polarized radiation is dominated manufacturinc [ —— timmed \ ' — timmed
irregularities, not the aperture £elds. Cross-pol is ignored here 1 05 xr9_ 05 1 1 05yRQ, 05 1

We can approximate

- : : : Fig. 3. A ®"(x) and B. ®%(y) for the 60 feed armsZ = 200/,Q. The
R~ 1 —sinBcospx — sinBsingy ®) normalization is as in £g. 2.

and the part of (4) that produces the co-polarized £eld becomes
8HA Ey (X/,)/J . I’/C—i— sinGcostp(z—sinGsinW) d)(d)/ where
h= o - © @F(y) = (1/V%) [ Ey(X.y)d. (12)

The co-polarized radiatel¢,
the curl of F as

£eld is obtained by taking The computed values @p"(x) and ®8(y) are shown in £g. 2

1 . and £g. 3 for the 20@ IRA with 45° and 60 feed arms.
Eco = zmc (‘PCOSGCOS‘PJFGS'U(P) X When the voltage waveform applied to the IRA feed is not
$IIEy (x’,y,t—%+ S'”ecowés'”es'"w)dXdy. an ideal step, we must convolve the above results with the
(7) derivative of the applied voltage. It can be shown that (10)

We now use (7) to £nd the temporal radiated £eld in thend (11) reduce to (1) on boresight.

E- andH-planes. In theH-plane we havep= {0, 1}, and we
compute the radiation as a function of the polar arfgld we

Ill. FREQUENCYDOMAIN SIDELOBE PATTERNS

assume an ideal step excitation, we obtain To £nd the sidelobes as a functionfofor a given frequency
, w, we take the Fourier transforms of (10) and (11) to get
ENret) = @/Ey (‘.:t,y) dy.  (8) Ve cosd o
P 21T sin® Eg(r, 8,w) = 0COSY &h <— @sin ) and  (13)
In the above equatioti =t —r/c is the retarded time at the 2rwe , ¢
center of the aperture. We de£ne the quarntii{x) as ES(r.0,w) = ﬁ&;e _wsme ) (14)
i A 21re c
) = (1/V0)/Ey(x,)/)dy. ©)In the above equation§ (k) is the Fourier transform ab(x).
Using (9), (8) becomes We can £nally compute the effective gain in the E- and H-
Vo COto o planes by dividing the local radiated power density using (13)
Eg(r, 6,t) = ol <— : ) . (10) and (14) by the average power density that would exist were all
21 sin® the poweravailableto the antenna to be radiated isotropically.
A simlar analysis in thee-plane yields The total power on the antenna (assuming step excitation) is
Vi ct/ 1
B5(r,8.0) = 21 ;)ineq)e <_ sine) ’ (11) Rot(w) = 202 Zjine’ (15)



TABLE |

H-plane E-plane
. [ SIDELOBE PERFORMANCE GAIN AND 3 DB BEAMWIDTH. EFFECTIVE
0™ - - standard o - - standard
= \ rigid \ rigid GAIN IS NORMALIZED TO THE SIZE OF THE APERTURE IN WAVELENGTHS
8-10 \‘ A\ trimmed =-10 N —— trimmed
‘% VAR AN 8 Vi A
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21t (@/\)*sing 21t (a/\)*sin® 45 R 3.12 10.3 | 4.41 || 10.56 | 8.86
45| T 4.08 9.2 | 441 || 13.83 | 7.37
60 | S 4.78 13.7 | 5.00 || 13.8 | 5.78
Fig. 4. Sidelobe patterns for the 4feed arms in the E and H planes. The 60| R 4.10 140 | 540 || 11.7 | 7.87
gain is normalized to the radius of the aperture (in wavelengths) squared. For 60| T 4.78 143 | 5.40 || 14.9 | 6.89

example, to get the gain for an aperture that has a maximum radius of one
wavelength, add 8.2 dB.
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Fig. 5. Sidelobe patterns for the €€eed arms in the E and H planes. The - ‘ £ ',
normalization is described in the caption to £g. 4. w E ¥ o
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and the effective gains in the E- and H- planes are

g N R R, A Y BT R

G(h)(e, W) = 4H00529fg = ¢ (16) Fig. 6. Normalized gain (left column) and absolute gain (right column) for

the trimmed aperture con£guration wigly = 60°.

£2 (@(h) (— @sino) ‘2

f2 ’d‘)(e) (_msine) ‘2
(e) = ¢
G*™(8, w) = 4mfy c2 ) Knowledge of®d" and ®¢ allows us to predict the antenna
Examination of the Fourier transforms @€ and ®" for radiation pattern as a function of both angle and frequency. Ex-

the various confgurations of interest determines the sideld§@Ple radiation patterns are presented for the 2a@mmed
performance in each case. These distributions are presenteGOREGUrations witfpo =60 in £g. 6.
£g. 4 and £g. 5 for the 45and 60 feed arms, respectively.
Eqn. (17) tells us that the antenna pattshapeis independent V. EXPERIMENTAL MEASUREMENTS
of frequency in the E-plane, and (16) says that the shape in théA set of experimental measurements was collected using a
H-plane is invariant, except for an overall envelope weightingalf-IRA. A half-IRA is an IRA where the bottom half of the
of co€ 0 . This is because the aperture illumination is identicagnector and feed is replaced by a partial ground plane [6].
for all frequencies (since the feed is TEM). The only changehe early-time response of the half-IRA is predicted by (1) and
as a function of frequency is tHecation in angular space of (2), just as for the full IRA. The prompt off-boresight £elds
the sidelobes. The key features of the sidelobe patterns are predicted by (10) and (11), with the appropriate forms of
presented in table I. ®"(x) and ®E(y).

We see from the table that the 6@on£gurations all  The half-IRA used in this study was a 1@Dcon£guration
provide approximately 1 dB of additional peak gain, dependir{palf of a 200Q IRA) with @y = 45°. The diameter of the
on the confguration of the aperture. A 1 dB increase mmalf-IRA was 1 m. The aperture was untrimmed, resulting in
gain corresponds to a 10% increase in the radiated electtie “standard” aperture confguration. The data were obtained
feld. These results agree with previous numerical [4] amtirectly in the time domain using a replicating TEM sensor
experimental [5] studies. We also see that the average sidelebth 2-ns clear time. The antenna was fed with a picosecond
levels (SLL) are signifcantly reduced for the°6f@ed arms, pulse labs 4015C pulser, which produced a -4 V amplitude
especially in the H-plane, where we see a 4 - 5 dB reductistep-like waveform with a 15 ps risetime. Data were measured
in SLL. This reduction in sidelobes comes at the expense with a Tektronix CSA 803A communcications signal anaylzer
a slightly larger beamwidth. equipped with an SD-24 20-GHz sampling head.




and measured waveforms. In the H-plane the agreement is
excellent for both pulse width and peak radiated £etdB¢o
error for all cases). In the E-plane, the trend is accurately
predicted, but the agreement is not quite as good as in the
H-plane.
onmstess The general two-peaked shape of the waveform in the H-
Wi B e A PP plane is predicted by (10), though the asymmetrical shape of
the measured response is not predicted. The reduced amplitude
Fig. 7. Measured (dashed) and predicted (solid) E-£eld in the H-plane (g the Sec_ond peak might be due to asym_memc feed_ blockag-e.
and the E-plane (B). The peak £eld decreases monotonically off-boresiift boresight, the feed arms are very thin and are ignored in
in both cases. Measurements and predictions were madg at25°, 2.5°, deriving the prompt response in (1) and (2). Off-boresight,
?E"L?;n:”d § in the H-plane andQ 127, 227, 3.2, 42°, and 52" in the e offect of the feed arms must be reintroduced, causing
perturbations in the theory presented here. The subject of
prompt and late-time feed blockage in IRAs is a topic for

The two antennas were mounted on camera tripods aitéure investigation.
positioned 26.6 m apart. The measurements were made ovef this paper, we presented a physical optics theory for the
an arroyo (a dry creek bed) that de|ayed the ground-bourﬂj@e-domain, Off-bOI'ESight radiated £elds of IRAs. We used
signal, i. e. the recected signal from the mat ground th#te theory to predict and compare the sidelobe performance
appears delayed in time. The half IRA was then rotated in tBé common rercector IRAs with feed arms at°4&nd 60
E- and H_p|anes to obtain oﬁ_boresight measurements. Tfﬁ@m the horizontal. The theory indicates that the sidelobe
sensor was £xed throughout and oriented towards the fee@formance of the 60IRA is signi£cantly better than the
point of the half-IRA. The measured responses are presenféd IRAs. When coupled with earlier results that demonstrate
in £9. 7 in the H- and E-planes, and compared with th& SigniEcant improvement in boresight gain [4], [5] and cross
predictions made using (10) and (11). polarization performance [5] for the 60RAS, it is clear that

The data presented in £g. 7 are normalized E-£eld valuegRector IRAs with 60 feed arms are an improvement over
because the absolute sensitivity of the sensor was uncalibratbg. more traditional 45IRAs.
Only relative comparisons could be made among the differentThe theoretical predictions were compared with measured
off-boresight angles. The measured data were normalizeddgia in the far-zone of a 1-m-dimater Half IRA with feed
the peak boresight measured £eld, and the predicted datens at 45. Both theory and experiment indicate that the
were normalized to the peak boresight predicted £elds. It Rsompt radiated £eld in the H-plane has two peaks, while the
known that (1) and (2) tend to overpredict the peak £elds ¢adiated £eld in the E-plane has only one. The experimental
boresight for remector IRAs, possibly due to feed blockag@easurements indicate asymmetries in the temporal response
that is ignored in the geometric optics approximations used ifb the H-plane which aren’t apparent in the theoretical data.

derive (1) and (2) [1]. We hypothesize that this might be due to asymmetric feed
blockage off boresight, as the theory presented here completely

We see from the unnormalized gain plots that the peak
boresight gain increases &¢, as is the case for all ideal
aperture antennas at high frequencies. This is predicted by (1)),C- E. Baum, E. G. Farr, and D. V. Giri, “Review of impulse-radiating

] " L ; antennas,” inRReview of Radio Sciend®V. R. Stone, ed.), pp. 403-439,
which has a time derivative of the applied voltage waveform . vork: Oxford U. Press, 1999.

equivalent to multiplying byjw in the frequency domain). [2] L. H. Bowen, E. G. Farr, J. P. Paxton, A. J. Witzig, C. E. Baum,
It is important to note that IRAs, like other aperture antennas bD- I LIaRWAr)’/,, _ansd W. D. lzrasther,I ‘;Fabr;\cl:attlon#iré% teEstlgg of a (T)em-
. . . rane , InSensor an Imulation Notes . E. baum, ed.),
are not constant gairHowever, when e>.(C|ted py an ideal step Albuguerque, NM: Air Force Research Laboratory, 2002.
function (which has energy content which varies like4) the [3] L. M. Atchley, E. G. Farr, J. S. Tyo, N. de la Merced, and L. L.
radiated £eld is (approximately) impulsive. While the absolute A'gg_ilb_ers, “DeveIOprTrgent and tejtigg 0{ a parschute (j%gbéabée impulse
. . . radiating antenna,” irBensor and Simulation Notes #465. E. Baum,
Qa'“ does increase d§, the shape; of the S_ldeIObe patterns are ed.), Albuguerque, NM: Air Force Research Laboratory, 2002.
independendf frequency. This uniformity is due to the ultra-[4] J. S. Tyo, “Optimization of the TEM feed structure for four-arm resector
wideband nature of the feed structure. The aperture £elds areimpulse radiating antennaslEEE Trans. Antennas Propagatol. 49,

I . , . 607-614, 2001.
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are insigni£cant. “Experimental results of optimizing the location of feed arms in a
The measured and predicted data presented in £9. 7 havecollapsible IRA and a solid IRA,” irSensor and Simulation Notes #450
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