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Effect of Aperture Feed and Reflector Configuration
on the Time- and Frequency Domain Radiation
Patterns of Reflector Impulse Radiating Antennas
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Abstract—The prompt off-boresight radiation from an arbi-
trary reflector impulse radiating antenna (IRA) is considered
in both the time and frequency domains using a time-domain
physical optics formalism. The theory is used to compare the
performance between reflector IRAs with common transverse
electromagnetic feed configurations that have been designed to
maximize the boresight fields. It is found that moving the feed
arms of reflector IRAs toward the vertical helps to reduce sidelobe
levels, as reflector IRAs with their feed arms oriented at 60°
from the horizontal have sidelobes that are 4-5 dB lower in the
H plane and 1-2 dB lower in the E plane than more traditional
reflector IRAs with feed arms oriented at 45°. The lower sidelobes
are accompanied by a higher peak gain, albeit with a wider
beamwidth. There are corresponding significant differences in
the time domain waveforms that result. The theory is verified by
comparison with experimental data from a half IRA with feed
arms at 45°. The peak fields, pulse widths, and overall waveform
shapes agree well between theory and experiment, though there
are temporal asymmetries in the measured data that are not
predicted by the theory.

Index Terms—Impulse radiating antennas (IRAs), physical
optics, time domain electromagnetics, ultrawide-band electromag-
netics, wide-band antennas.

I. INTRODUCTION

MPULSE radiating antenna’s (IRAs) are a class of focused

aperture antennas that have been used extensively for the
generation and radiation of ultrawide-bandelectromagnetic
pulses [1]. IRAs are comprised of a nondispersive, coni-
cally-symmetric transverse electromagnetic (TEM) structure
(transmission line) feeding some sort of focusing optic. The
most common types of focusing optics are reflectors and lenses.
The focusing optic converts the outgoing spherical wave on the
TEM feed structure into a plane wave in the near-field by the
geometric optics approximation. A stereographic projection
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(2) (b)

Fig. 1. Schematic of the IRA being studied. (a) Side view with focal length
and diameter. (b) Aperture plane after stereographic projection.

[2] is used to convert the mode structure of the conical TEM
mode into a longitudinal TEM mode at the aperture plane for
purposes of analysis. A schematic of a typical reflector IRA is
shown in Fig. 1.

A. Boresight Radiation

The radiated fields on boresight from an IRA can be predicted
by using the distribution of the TEM mode in the focused aper-
ture of the antenna and considering aperture theory in either the
time or frequency domain. For the early time, the radiated field
on boresight at position r and time ¢ is given in the physical op-
tics approximation as [1]

hg d_V
2nrefy dt

Eraa = ey
where V is the applied voltage waveform and h,, is the aperture
height given as

h, = & // E,(z,y)dzdy. 2)
W J.
A

In (2), fg = Ziine/"0> Ziine is the impedance of the TEM feed
structure, 179 = 12072, V} is the peak applied voltage, and A
is the focused aperture. Equations (1) and (2) are valid for the
clear time of the antenna, which is the time it takes for secondary
interactions to occur and propagate to the observer, such as scat-
tering from the feed point or the edges of the reflector. In most
IRAs, the clear time is on the order of the physical size of the
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antennas (such as D/c or f/c, depending on the exact configu-
ration of the antenna). For the clear time of the antenna, we refer
to the fields as “prompt.”

An example of a TEM feed structure in the aperture plane
with the corresponding F field lines is presented in Fig. 2. For a
specific feed configuration, the choice of aperture A bounded
by contour C' has a significant effect on the prompt radiated
field. Several authors have studied the effects of altering the
aperture shape for a given feed structure in order to optimize
the radiated field [3]-[6]. Once the feed structure and aperture
outer boundary are specified, the prompt radiated field can be
maximized by removing the portions of the aperture where £,
contributes destructively to the aperture integral in (2). Further-
more, an optimum ratio between the radius of the feed arms
and the maximum radius of the circular aperture was calculated,
and shown to be a function of both feed impedance and feed
arm angle [5]. Recent numerical [6] and experimental [7] results
have demonstrated that simply changing the feed arm angle to
60° (from the horizontal) from the more conventional 45° can
produce an increase in aperture height of approximately 20%
and a reduction by as much as 15 dB in the cross-polarized sen-
sitivity on boresight.

While the radiated fields on boresight are well understood,
relatively few investigations have focused on the radiation
from these antennas in directions other than the direction of
focus. Furthermore, all of the modifications discussed above
were designed to maximize the boresight radiated fields, and
their effects on the off-boresight fields are unknown. IRAs are
known to have extremely narrow beamwidths, so knowledge
of the off-boresight fields is also important to understand
how the waveform changes as one moves away from the
direction of focus. IRAs were designed to radiate transient
electromagnetic pulses, but the nondispersive nature of IRAs and
their inherently wide (multiple decades) impedance bandwidth
make IRAs attractive for multi band applications such as swept
CW radar and multiband communications. An understanding
of the sidelobe performance is important If IRAs are to be
used for such broadband CW applications.

B. IRA Configurations Examined

In this paper, we investigate the off-boresight radiated fields
in the time and frequency domains for several aperture config-
urations that have been shown to work well for the radiation of
large prompt boresight fields. The emphasis in this study is on
the effect of the TEM mode distribution in the aperture plane
and the corresponding choice of aperture bounding contour C'.
Higher order effects such as scattering from the feed arms and
the edges of the reflector are not considered. The aperture con-
figurations tested here have feed arms at either 45° or 60° from
the horizontal. The 45° case is the most common configuration
that has been used for manufacturing IRAs [8], but recent results
have demonstrated that improvements of 20% or more in h,, are
possible for a fixed feed impedance by simply moving the feed
arms toward the vertical [6], [7]. For each feed arm angle, there
are three aperture configurations tested, as shown in Fig. 2. The
first is the most common configuration, whereby the focused
aperture coincides with the circle of symmetry of the feed arms.
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Fig. 2. Feed configuration and electric field lines for Z);,. = 200 {2 and
¢o = 45°. Fields are shown in the first quadrant of the # — y plane, as the
other quadrants can be obtained by symmetry. Also presented are the aperture
contours used in this study. The standard aperture coincides with the circle of
symmetry. The rigid aperture focuses the entire portion of the aperture with
radius less than b, (see Fig. 1). The trimmed aperture has the same maximum
size as the rigid aperture, only the portions above the ideal contour where F,,
is oriented in the wrong direction are eliminated. The electric field lines for the
TEM mode are shown as dashed lines in the figure.

We term this the “standard (S)” configuration. It has been shown
that the optimal circular aperture (in the sense of aperture effi-
ciency) is the standard aperture [5]. As can be seen in Fig. 1, the
standard aperture requires that a significant portion of the feed
arms be outside the reflector, and therefore, the feed arms must
be self-supporting. In some applications where the IRA is to be
a deployable antenna fabricated from fabric, the feed arms are
not self supporting and mechanical considerations force the an-
tenna to have rigid support at the outer edge of the feed arms [9],
[10]. In light of this requirement, the second aperture configu-
ration extends to the outer edge of the feed arms. We term this
the “rigid (R)” configuration since the additional aperture area
is needed to maintain the mechanical rigidity of the feed arms.
When using such an aperture, the prompt radiated fields in (1)
can be enhanced by removing the portion of the aperture where
the fields contribute destructively to the integral in (2) [5]. The
third aperture configuration that we test here has the same max-
imum aperture curve as the rigid aperture, but the portions of the
aperture above the ideal contour in Fig. 2 is removed. We term
this the “trimmed (T)” configuration. In practice, the trimmed
configuration could be constructed by physically removing por-
tions of the reflector. All feed configurations examined in this
paper are for Zj,e = 200 €2, but the results are qualitatively
similar for other impedances [11].

Previous studies have investigated the on-boresight, prompt
performance of IRAs employing the aperture configurations dis-
cussed here both theoretically/numerically [5], [6] and exper-
imentally [5], [7]. In the remainder of this paper, we present
the theory for off-boresight radiation from an IRA and address
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Fig. 3. Coordinates for gain/sidelobe calculations.

the impact of the proposed aperture alterations on the prompt
off-boresight fields. Section II presents the physical optics for-
mulation for the prompt radiated fields in the time domain and
Section III presents the corresponding results in the frequency
domain. Section IV compares the theoretical predictions with
experimental results for an IRA with the standard aperture con-
figuration. Discussion of the results is presented in Section V,
and conclusions are drawn in Section VI.

II. PHYSICAL OPTICS MODEL IN THE TIME DOMAIN

In order to predict the early-time, off-boresight radiation from
an IRA, we turn to the theory of focused aperture antennas. The
following analysis could proceed in either the time domain or
the frequency domain. In his original analysis for the fields in
the direction of focus, Baum [12] analyzed the boresight radia-
tion in the Laplace domain, then performed an inverse Laplace
transform to predict the time domain fields. We present a direct
time domain theory here that is also valid for off-boresight direc-
tions. Even though the theory developed here is based on con-
ventional aperture theory, many of the specific results that are
derived apply only to the problem of a focused aperture antenna
excited by the TEM mode of a nondispersive feed structure.

The coordinates used for the focused aperture problem are
shown in Fig. 3. Using conventional aperture theory [13], we
can solve this problem by employing the field equivalence the-
orem. If we assume that the electric and magnetic fields outside
the aperture are zero, we can replace the fields on the aperture
plane with equivalent surface currents. In reality, the fields out-
side the aperture are nonzero; however, these fields are unfo-
cused and do not contribute significantly to the prompt radiated
fields. Replacing the aperture plane with a perfect electrically
conducting plane allows us to use image theory and ignore the
electric surface current and double the magnetic surface current
in computing the radiated fields far from the antenna. The equiv-
alent magnetic current in the aperture is given by

MS(:EI7yI7t) = -2z X ETEM(JZI,yI,t) (3)
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where Ergy is the electric field of the TEM mode. The primed
coordinates indicate the aperture (source) point. Using the time
domain Green’s function for radiation in a uniform half space,
the electric vector potential F' at position r and time ¢ is

-

where R = |r — r’| and c is the speed of light.
Using the law of cosines and the first two terms of the Taylor
series, we can approximate

i _)d ‘dy’ 4)

R~ r —sinf cos ¢z’ — sin § sin ¢y’ (5
and (4) becomes

F(r, t)

//( JE, (a: /. t_z_}_sm&cosdm —l—sm&smgby)
“onr c

+)2Ey<a:’, e 7 sin f cos ¢’ sin f sin Py >>
c c

x dz’dy’. (6)

The portion of the integrand in (6) in the y direction produces the
cross-polarized radiated field, and the portion of the integrand
in (6) in the x direction produces the copolarized field. We will
now evaluate the electric field in the E and H planes component
by component.

A. Copolarized Radiation

The principal polarization from this IRA is due to the y com-
ponent of the TEM mode E field, which produces a Magnetic
current (and F field) that is in the = direction. The radiated E,
field is obtained by taking the curl of F as

ECOZ_EVXFm)A(:_l(VFm)X)A( (7)
3 e

The gradient of F), is evaluated approximately as

271'7“0 dt //

7 sin @ cos ¢z’ + sin 0 sin ¢y’
Ey <$I7yl7t_ _+ d) + ¢y
c

VE, ~ —

> dx’dy’. (8)
c

Terms of degree (1/7)? or higher have been ignored to obtain
the far-zone approximation in (8). The corresponding copolar-
ized field is

Em_ (¢c050c05¢+€sm¢ dt//

C

We now use (9) to find the temporal radiated field in the F-
and H planes. In the H plane we have ¢ = {0,7}, and we
compute the radiation as a function of the polar angle 6 (see
Fig. 3). The  term in (9) disappears, and the radiated F field

> de'dy’.  (9)

C
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(a) " (x) and (b) ®(y) for the 45° feed arms, for all configurations shown in Fig. 2. The impedance is 200 €2. The position variables are normalized

to the maximum radius. For the standard aperture, the maximum radius is b (see Fig. 1). For the rigid and trimmed apertures, the maximum radius is by. ®" is
normalized to the electric scalar potential difference between the feed arms. @€ is normalized to the total magnetic scalar potential obtained in integrating around
the feed arms. This is equivalent to the total stored charge in the capacitor, and is obtained using f, = Uy /V5.
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Fig. 5.
manner as discussed in the caption of Fig. 4.

is in the <;§ direction. We use t' = ¢ — r/c, the retarded time at
the center of the aperture, and assume ideal unit step function
excitation u(¢) to produce

cosf d Ly S sin 0z’ e’
2mre dt Ey c v
- ;ZSTZ% / /Ey (x',y')u<t' )dm’dy’(ll)

:COSQ/ B, («',y) <’+ 6w>da:’dy' (12)

2rre
o

where ymin and Ymax are the minimum and maximum vertical
extents of the aperture at a given value of x, respectively.
We define the quantity ®" () as

El(r.0,1) = dy’ (10)

Ymax

ct/
E, (- y
/ "’( sing’?

Ymin

__cotd
T 2nr

13)

Ymax

@)= () [ Besiy.

Ymin

(14)

When the electric field in the aperture is a curl-free TEM mode
(as is the case in IRAs), the quantity ®"(x) is equivalent to

E—plane, 60°

—~ standard | \ /:

- - rigid v
: — trimmed |
-1 -05 0 05 1
y max

(a) ®"(x) and (b) ®¢(y) for the 60° feed arms, for all configurations shown in Fig. 2. The impedance is 200 2. The curves are prepared in the same

the electric scalar potential difference between the top and
bottom of the aperture at horizontal position . Using (14), (13)

becomes
Vocotf ct!
P [ —— .
27r sin 6

A similar analysis in the E plane (¢ = 7 /2, 37/2) yields

El(r,0,t) =

(15)

Vo Ct/
E = o | — 1
o(r:6,1) 277 sin 6 < sin 9) (16)
where
. 1 Tmax / )
2°(y) = (—) / Ey(2',y)dx (17)
Vo

ZLmin

When the electric field in the aperture is a TEM mode, ®°(y)
is equivalent to the difference in magnetic scalar potential at the
right and left edges of the aperture at vertical position y. The
computed values of ®"(z) and ®¢(y) are shown in Fig. 4 and
Fig. 5 for the 200 Q2 IRA with 45° and 60° feed arms. The above
theory predicts that the off-boresight radiated field in the h- and
E planes will be given by these functions with the appropriate
scaled time coordinates. When the voltage waveform applied to
the IRA feed is not an ideal step, we must convolve the above
results with the derivative of the applied voltage.
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To verify that these results are consistent the boresight results
presented earlier by Baum [1], [12] we must ensure that (15)
and (16) agree with (1) as § — 0. Farr and Baum verified this
for a two-wire feed structure [14], but we verify it here for an
arbitrary TEM feed. Comparison of (15) and (16) with (1) with
an ideal step excitation produces

cf,cotf ct
lim —L—— " [ — =6t 1
600 ha ( SinH) () (18)
in the H plane and
i cfg gef et _ o
g < sina) = 6(t) (19

in the E plane. In order for (18) and (19) to be true, we must
show that the function approaches infinity as ¢ — 0 and that the
integrated area is unity in the limit § — 0. The left-hand-sides
of both (18) and (19) clearly approach infinity at ¢ = 0 in the
limit §# — 0. We evaluate

® /
/ Cla o8O gpn (_ N gy = oy
) hg sinf

sin 6 h, 6—0sinf
— 00

lim
Tmax 22

<

sin @ Ymin
c

Ymax

tl
E, (—c—u> dydt’ = T, (20)
sin 6

—Zmax

where .« 1S the maximum horizontal extent of the focused
aperture. Making the change of variables x = —ct’/ sin 6, (20)
reduces to

Iy = }]:—g // E,(z,y)dzdy = 1. 21
"A

Equation (21) was simplified using (2). A virtually identical

analysis of (19) produces
ct/
o° ( — dt/
< sin @ )

= }f—g // E,(z,y)dzdy = 1.
b
A

B. Cross-Polarized Fields

A similar analysis can be carried out for the cross-polarized
radiated fields, resulting in almost the same results. The cross-
polarized radiation in the H plane is a function of the integral

[ el 1
h, sinf

I, = lim
6

—0

(22)

Ymax
tl
E'r 6.t B (-2 ) ay 2
s(r,0,1) o / ( Sme/y> y (23)
Ymin

and the cross-polarized radiation in the E plane is a function of
the integral

o ct’
E5(r,0,t E, 2, — dx'.
s [ o (emts)e

ZLmin

(24)
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The integral in (23) is equivalent to the difference in magnetic
scalar potential at the top and bottom of the aperture at hori-
zontal position x = —ct’/ sin 6, and the integral in (24) is equiv-
alent to the difference in electric scalar potential at the left and
right edges of the aperture at vertical position y = —ct’/ sin 6.
Due to symmetry considerations, the integral in (24) is zero. The
integral in (23) is an order of magnitude (or more) smaller than
the corresponding integral in (14) because the TEM modes of
typical IRA feeds are predominantly in the y direction. Exper-
imental evidence indicates that other factors such as manufac-
turing defects and diffraction from the edge of the aperture and
the feed arms dominates the cross-polarized fields [7]. These
features are beyond the scope of this study.

III. FREQUENCY DOMAIN SIDELOBE PATTERNS

To find the sidelobes as a function of € for a given frequency
w, we take the Fourier transforms of (15) and (16) to get

Vocost ~ wsin @
E"r,0 = 2" oh( - 25
¢(7", 7“‘)) 2rre ( c > ( )
and
Vo = wsinf
Eg(r,0,w)= —®° — . 26
9(T7 /w) 2rre ( c ) ( )

In the above equations, ®(k) is the Fourier transform of ®(z).
We can finally compute the effective gain in the E and H planes
by dividing the local radiated power density given by (25) and
(26) by the average power density that would exist were all the
power available to the antenna to be radiated isotropically.! The
total power spectral density available to the antenna is equal to
the power spectral density launched on the feed line. Assuming
step excitation this is

1
Piot(w) = m[J/HZ] (27)
and the gain is
~ . 2
2 ‘q)(h) (_%ne)‘
GM (9, w) = 4r cos? B f, — : (28)
and
~ . 2
f? ‘@(E) (_&CHG)’
G9(0,w) = 4n f, — (29)

By examining the Fourier transforms of ®¢ and ®" for the
various configurations of interest, we can determine the sidelobe
performance in each case. These distributions are presented in
Fig. 6 and Fig. 7 for the 45° and 60° feed arms, respectively.
Equation (29) tells us that the antenna pattern shape is indepen-
dent of frequency in the E plane, and (28) says that the shape in
the H plane is invariant, except for an overall envelope weighting
of cos? 6. This is because the aperture illumination is identical
for all frequencies (since the feed is TEM). The only change

INote, this definition of effective gain differs from the standard definition
of directivity. Directivity only considers average radiated power. Effective gain
and directivity would be equal if all available power were radiated by the an-
tenna at all frequencies, which is of course not realistic.
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Fig. 6. Sidelobe patterns for the 45° feed arms in the E and H planes. These curves are obtained by taking the Fourier transforms of " and ®¢ presented in
Fig. 4. The gain is normalized to the size of the aperture (in wavelengths) squared as discussed in the text. For 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. The normalization is described in the caption to Fig. 6.

as a function of frequency is the location in angular space of
the sidelobes. The key features of the sidelobe patterns are pre-
sented in Table I.

We see from the table that the 60° configurations all provide
approximately 1 dB of additional peak gain, depending on the
configuration of the aperture. A 1 dB increase in gain corre-
sponds to a 10% increase in the radiated electric field. These
results agree with previous numerical [6] and experimental [7]
studies. We also see that the average sidelobe levels (SLL) are
significantly reduced for the 60° feed arms, especially in the H
plane, where we see a 4-5 dB reduction in SLL. This reduction
in sidelobes comes at the expense of a larger beamwidth.

Knowledge of ®" and ®° allows us to predict the antenna
radiation pattern as a function of both angle and frequency. Ex-
ample radiation patterns are presented for the 200 €2 trimmed
configurations with ¢y = 45° and ¢9 = 60° in Fig. 8 and
Fig. 9, respectively [15]. It is evident in Fig. 8 that the shape
of the radiation pattern is fixed as a function of frequency. Only
the relative width of the pattern decreases.

IV. EXPERIMENTAL MEASUREMENTS

A set of experimental measurements was collected using a
half-IRA. A half-IRA is an IRA where the bottom half of the
reflector and feed shown in Fig. 1 is replaced by a ground plane.
Ideally this ground plane should be infinite, and image theory
predicts that the performance of the half IRA would be iden-
tical to that of the full IRA. In practice, the ground plane must
be finite, and this affects the late-time behavior of the antenna.
Half-IRAs have the distinct advantage over IRAs in that there

E-plane

--- standard |
rigid
— trimmed

2*(b/A)*sind

Sidelobe patterns for the 60° feed arms in the E and H planes. These curves are obtained by taking the Fourier transforms of & and ®¢ presented in

TABLE 1
SIDELOBE PERFORMANCE, GAIN, AND 3 dB BEAMWIDTH. EFFECTIVE GAIN IS
NORMALIZED TO THE SIZE OF THE APERTURE IN WAVELENGTHS. IN MOST
CASES, THE FIRST SIDELOBE IS THE LARGEST. HOWEVER, IN SOME CASES THE
SECOND SIDELOBE IS LARGER THAN THE FIRST. THE SIDELOBE LEVELS ARE
GIVEN RELATIVE TO THE PEAK GAIN IN THE MAIN LOBE

H-plane E-Plane

¢o | ap. ﬁ SLL BW SLL BW
o dB dB down ° dB down o

45 | S 3.55 -9.90 471 -13.5 6.82
45 | R 3.12 -103 4.41 -10.56 8.86
45| T 4.08 92 441 -13.83 7.37
60 | S 478 -13.7 5.00 -13.8 578
60 | R 4.10 -14.0 5.40 -11.7 7.87
60 | T 478 -14.3 5.40 -14.9 6.89

is no need for a balun if the antenna is to be fed with an unbal-
anced feed, e.g. a coaxial feed structure. Instead, the transition
can be made at a “point” or using a feed-point lens. Even with a
truncated ground plane, the feed impedance and aperture height
for a Half-IRA is half that of the corresponding full IRA. The
early-time response of the half-IRA is predicted by (1) and (2),
just as for the full IRA. The prompt off-boresight fields are pre-
dicted by (15) and (16), with the appropriate forms of ®"(z)
and 9°¢(z).

The half-IRA used in this study was a 100-Ohm configura-
tion with ¢g = 45°. The diameter of the half-IRA was 1 m.
The aperture was untrimmed, resulting in the “standard” aper-
ture configuration of Fig. 2. The data were obtained directly in
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H-plane Normalized Gain
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Fig.8. Absolute gain (left column) and wavelength normalized gain (right column) for the trimmed aperture configuration with ¢, = 45°. Wavelength normalized
gain is obtained by normalizing the value of the gain to (A/b)?2. In the absolute gain plot, it is clear that the gain increases for higher frequencies (as £2). Gain is
computed for a 1-m diameter aperture. Increasing the size of the aperture will increase the gain and change the location of the peaks as shown in figures Fig. 6 and

Fig. 7.

the time domain using a TEM sensor with 2-ns clear time. The
sensor used was a “replicating probe” with an output voltage
that is a replica of the incident E field waveform for the clear
time of the sensor [16], [17]. The sensor was not absolutely cal-
ibrated, i.e., the sensitivity (effective height) of the sensor was
not directly measured.

The antenna was fed with a picosecond pulse labs 4015C
pulser, which produced a —4 V amplitude step-like waveform
with a 15 ps rise time. The effective rise time of the waveform
on the antenna (taking into account the cables and connections)
was approximately 22 ps. Data was measured with a Tektronix
CSA 803A communications signal analyzer equipped with an
SD-24 20-GHz sampling head. The effective sampling interval
of this device is 0.5 ps.

The two antennas were positioned on camera tripods 26.6 m
apart. The measurements were made outside over an arroyo
(a dry creek bed) that delayed the ground-bounce signal,
i.e., the reflected signal from the flat ground that appears
delayed in time. The half IRA was then rotated in the E and
H planes to obtain off-boresight measurements. The sensor
was fixed throughout and oriented toward the feed point of
the half-IRA. For experimental convenience, the pulser was
actually connected to the sensor and the sampling head to
the half IRA, but reciprocity guarantees that interchange of
source and receiver produces identical results. The measured
responses are presented in Fig. 10 in the H and E planes, and
compared with the predictions made using (15) and (16).

The data presented in Fig. 10 are normalized E field values.
Because the absolute sensitivity of the sensor was uncalibrated,
only relative comparisons could be made among the different
off-boresight angles. To facilitate a comparison between the
measured and predicted response, the measured data was nor-
malized to the peak boresight measured field, and the predicted
data was normalized to the peak boresight predicted fields. It
is known that (1) and (2) tend to over predict the peak fields
on boresight for reflector IRAs, possibly due to feed blockage
that is ignored in the geometric optics approximations used to
derive (1) and (2) [1], [8].

V. DISCUSSION

Figs. 8 and 9 demonstrate some of the important features of
the radiation pattern from IRAs. First, we see from the unnor-
malized gain plots that the peak boresight gain increases as f2,
as is the case for all ideal aperture antennas at high frequencies.
This is predicted by (1), which has a time derivative of the ap-
plied voltage (equivalent to multiplying by jw in the frequency
domain). It is important to note that IRAs, like other aperture
antennas are not constant gain. However, when excited by an
ideal step function (which has energy content which varies like
1/ f2, the radiated field is (approximately) impulsive. While the
absolute gain does increase as f?2, the shape of the sidelobe pat-
terns are independent of frequency. This uniformity is due to the
ultrawide-bandnature of the feed structure. The aperture fields
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Fig. 9. Absolute gain (left column) and wavelength normalized gain (right column) for the trimmed aperture configuration with ¢, = 60°. See caption of Fig. 8

for definition of wavelength normalized gain.

1.2

Fig. 10. Measured (dashed) and predicted (solid) E field in the H plane (a) and the E plane (b). The peak field decreases monotonically off-boresight in both
cases. Measurements and predictions were made at 8 = 0°, 1.25°, 2.5°, 3.75°, and 5° in the H plane (@ = 0°). Measurements and predictions were made at

6 = 0°,1.2°,2.2°,3.2°,4.2°, and 5.2° in the E plane (¢ = 90°).

are identical due to the ultrawide-band nature of the feed struc-
ture for all frequencies, so long as the higher order modes are
insignificant.

The aperture field distributions in TEM-horn fed IRAs can
cause higher sidelobe levels than more conventional feeds.
Conventional waveguide horn-fed aperture antennas usually
have smoothly varying aperture distributions with a single peak
in the center of the aperture. In contrast, the dominant mode
field distributions for certain TEM feeds can have multiple
local peaks that produce higher sidelobe levels and reduce the
overall aperture efficiency. This is clearly demonstrated by the
data in Table I. With feed arms at 45°, the sidelobes are actually
worse than for a uniformly illuminated aperture. The presence

of the feed arms causes ®”(z) to be peaked away from the
center, giving rise to high sidelobe levels. The problem is less
severe in the E plane, because ®° is smooth and unimodal, i.e.,
it is shaped more like a conventional aperture distribution. In
contrast, ®" is much less peaked with ¢ = 60°, resulting in
the lower sidelobe levels shown in Table I.

The measured and predicted data presented in Fig. 10
have good qualitative agreement, though there are noticeable
differences. The relative values of the peak fields and FWHM
pulse widths are well predicted by (15) and (16), though
there are some shape differences between the predicted and
measured waveforms. Fig. 11(a) presents the peak measured
and predicted fields and Fig. 11(b) presents the measured and
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predicted FWHM pulse widths. In the H plane the agreement
is excellent for both pulse width and peak radiated field (<8%
error for all cases). In the E plane, the trend is accurately
predicted, but the agreement is not as good as in the H plane.
The boresight response was predicted using (1) rather than the
limiting form of (15) or (16).

The general shape of the waveform in the H plane with two
peaks as seen in Fig. 10(a) is predicted by (15), though the asym-
metrical shape of the measured response is not predicted. The re-
duced amplitude of the second peak is likely due to asymmetric
feed blockage and defocus across the aperture. On boresight, the
feed arms are very thin and are ignored in deriving the prompt
response in (1) and (2). Off-boresight, the effect of the feed arms
must be reintroduced, causing perturbations in the theory pre-
sented here. In the past, a geometric optics treatment has been
used to treat feed blockage by removing the portions of the aper-
ture obstructed by the feed arms. However, the feed arms typi-
cally used with reflector IRAs have very small projected areas,
even for off-boresight angles. A full-wave analysis of the effect
of feed blockage is therefore warranted. A second mechanism
that can produce the asymmetric H plane response is defocus.
Preliminary results indicate that when the electrical feed and
the optical focus are not exactly coincident, the first peak of the
transient response in the H plane is larger than the second [7].
The subject of prompt and late-time feed blockage in IRAs is a
topic for future investigation. In addition, the model does seem
to slightly over estimate the initial rise time of the off-boresight
waveforms. In the E plane, both the model and the measure-
ments indicate a unimodal waveform. As discussed above, the
numerical implementation of the model predicts anomalously
high response at angles less than approximately 1.5°. At larger
angles, (16) seems to predict broader pulses than were mea-
sured. Both (15) and (16) seem to slightly over predict the initial
rise time of the radiated fields, though they both do quite well
at predicting the fall time.

VI. CONCLUSION

In this paper, we presented a physical optics theory for the
time-domain, off-boresight radiated fields of IRAs. We used
the theory to predict and compare the sidelobe performance of

common reflector IRAs with feed arms at 45° and 60° from the
horizontal. The theory indicates that the sidelobe performance
of the 60° IRA is significantly better than the 45° IRAs. When
coupled with earlier results that demonstrate a significant im-
provement in boresight gain [6], [7] and cross polarization per-
formance [7] for the 60° IRAs, it is clear that reflector IRAs with
60° feed arms are an improvement over the more traditional 45°
IRAs.

The theoretical predictions were compared with measured
data in the far-zone of a 1-m diameter half IRA with feed arms at
45°. Both theory and experiment indicate that the prompt radi-
ated field in the H plane has two peaks, while the radiated field in
the E plane has only one. The experimental measurements indi-
cate asymmetries in the temporal response in the H plane which
are not apparent in the theoretical data. We hypothesize that this
might be due to asymmetric feed blockage off boresight, as the
theory presented here completely neglects feed blockage.
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