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1. INTRODUCTION  
This is SARA’s 5th Quarterly Report for “Breakthroughs in Low-profile Leaky-Wave HPM Antennas,”  
a 37-month Basic Research effort sponsored by the US Office of Naval Research (ONR).  This work 
includes fundamental theoretical analyses, numerical modeling, and related basic research.  Objectives 
include to discover, identify, investigate, characterize, quantify, and document the performance, behavior, 
and design of innovative High Power Microwave (HPM, GW-class) antennas of the forward-traveling, 
fast-wave, leaky-wave class.   

As planned, in this report we present recommended standard designs for FAWSEA and CAWSEA 
configurations, which were developed and improved this last quarter.  These designs leverage the design 
methods and rules identified and described in our earlier reports, along with a considerable number of 
new numerical models to improve them further.  We look forward to expanding the family of 
analyzed/recommended designs to span a much greater variety in the coming months. 

 
1.1. Overview of Previous Activities (1st thru 4th Quarter) 

During the first quarter, we prepared and established useful equations and algorithms for predicting 
reflections and transmission of incident TE waves from parallel-wire grills, dielectric windows, and 
combinations of wire grills with dielectric windows, in problems reducible to purely H-plane (2D) 
representations.  We then applied this theory to guide the design of high-gain configurations (again, 
limited to 2D, H-plane representations) for linear, forward traveling-wave, leaky-wave antennas.   The 
theory built upon equivalent circuit methods and wave matrix theory, which provided useful formalisms 
upon which we continue to build.   

During the second quarter, we pursued initial extensions of the previous work into three dimensions, in 
order to include phenomena with E-plane dependencies.  We succeeded in adding into the wave-matrix 
formalism the reflection/transmission properties associated with the transition to free space from a finite-

width leaky-wave channel, including the edge-tapering essential to HPM applications. These geometric 
aspects do not arise in analyses confined to the H-plane alone. Our 3D analyses were somewhat more 
reliant on numerical models than in the 2D analyses, due to the greater complexity of identifying and/or 
building practical analytic approaches capable of addressing true 3D geometries of interest.   

During the third quarter, we explored channel-to-channel coupling (aka, mutual coupling) which (as we 
have noted earlier) is an important design concern, since it can impact antenna performance significantly 
in terms of gain, peak power-handling, and impedance matching.  Our approach leveraged mostly 
numerical methods, along with some intuitive arguments, as we explored designs exhibiting different 
degrees of mutual coupling between adjacent channels.  As past and current antenna literature attest, 
mutual coupling analyses are non-trivial; suffice to say, there is still much work to be done in this area. 

During the fourth quarter, we continued to study and employ wave-matrix based methods, but with less 
success than before in applying this approach to improve or optimize the initial designs.  The formalism 
itself is still valid, but offers reduced practical rewards once an initial (i.e., not fully-optimized) geometry 
(e.g., grill, window, channel depth, etc.) is derived from the more basic-level principles.  At that stage, we 
are finding that further optimization is currently best proceeding via numerical means.  Additional work 
in the fourth quarter led us to identify new aperture geometries of potentially-significant practical value, 
which included the “BAWSEA” and “GAWSEA”.  These configurations may significantly extend the 
utility of leaky-wave antenna technology to support integration on more challenging platforms.   

For more information, we encourage the reader to refer our earlier Quarterly Reports #1 thru #4. 
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1.2. Overview of Recent Activities (5th Quarter) 

As planned for this quarter, we applied the theoretical tools and methods identified and/or developed 
during the first year of this program to improve upon our earlier approaches to design and optimization of 
specific leaky-wave HPM-capable antennas.  We have now generated and documented some specific 
scalable examples of high-performing FAWSEAs and CAWSEAs in this report and plan to document 
others in the near future.   

Section 3 describes the technical work mentioned above in more detail. 

 
2. STATUS OF THE PLAN/SCHEDULE AND FUNDING 

Figure 1 (next page) maps out the updated program plan, for quick reference.  As of the time of this 
report, in regard to the analyses tasks (Tasks {2.x}), we are now shifting attention toward Tasks 2.3 and 
2.4.   The “standard” designs for FAWSEA and compensated CAWSEA described in this report, which 
offer excellent performance characteristics, were developed and documented under Tasks 3.1 and 3.2.  
Additional versions (to span a range of aspect ratios and curvatures) along with updates to these standard 
designs are planned, as well as attending to AWWSEA and RAWSEA variants, in the coming months.   

The subject contract was awarded on 9/18/2013 and has an end date of 10/17/2016.  The total contract 
value is $868,350, with current (per P00003 signed on 4/24/2014) allotted funding of $406,530. 
According to SARA’s accounting system, as of Dec. 12, 2014, expenses (including fee) have totaled 
$351,500, thus leaving $55,030 available.  If one simply compares the calendar and spending on this 
project, we have consumed ~40% of both the calendar and contract value. 

Remaining allotted funds should last approximately two more months, at the current rate of work.  
This is fully-consistent with ONR’s estimate in P00003 that the allotted amount would “cover the period 
from date of award through seventeen (17) months.”  We thank ONR for the support to date and 
encourage ONR to provide additional incremental funds within the next two months, to maintain program 
progress/continuity.  

There are no technical, schedule, or other funding-related program problems/concerns to report at this 
time. 
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Figure 1. Updated Program Plan 
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3. RESEARCH PERFORMED THIS PERIOD 
 
Descriptions of recommended high-performance FAWSEA and CAWSEA designs are provided in the 
sections below.  The designs described here were developed and sized for f0=1.0 GHz; their dimensions 
may be scaled linearly (all components, isotropically) proportional to 0, to support other RF/microwave 
frequencies.  Geometries are presented first, in Sections 3.1-3.3, in a level of detail sufficient (or nearly 
sufficient) to guide preparation of fabrication-level drawings by a mechanical engineer possessing basic 
familiarity with HPM-capable antennas. Key features of the single-channel FAWSEA design (channel 
depth, channel width, wire sizes, wire spacing, and tapering along the length) are also used in both the 
4-channel FAWSEA and 4-channel CAWSEAs described here.  However, in the CAWSEA, the channels 
are oriented radially rather than parallel, and there is additional curvature/ shaping to the structures near 
and in the aperture region, otherwise not present in the FAWSEA.  The aperture window is polyethylene, 
with r taken equal to 2.26.  The window is deliberately-shaped to allow O-rings (silicone recommended, 
due to microwave compatibility) to be included around the window edges to provide the vacuum seal.  
Additional O-ring material is used in strips between the channels, along where the window also makes 
contact with interior metal parts of the aperture.  High peak power (e.g., GW-class) operation requires that 
the antenna be evacuated.  A vacuum at 10-6 Torr or better is sufficient to ensure proper insulation.  This 
is readily achievable via commercial vacuum pumps.  Predicted performance characteristics of these 
designs are presented in Section 3.4.  Figure 2 introduces the geometries of the antennas. 
 

 
Figure 2. Perspective views of the subject antennas.  Each is described in much more 
detail in the subsections that follow. 
 
3.1. Geometry, Single-Channel FAWSEA 

Figure 3 shows the cross-section of the single-channel FAWSEA, in a slice just past where the evacuated 
channel joins to a rectangular waveguide input feed. The geometry connection can be understood better in 
conjunction with the side view in Figure 4.  In Figure 3, The downward-folds of the window lead into a 
conducting “well” where they rest on the O-ring channels along the left and right edges.  The heavily-
rounded edges at the top of the channel and the rising parts of the wings form the sides of this “well”, 
which dramatically suppresses the electric fields at the triple-junction region where air, insulator, and 
conductors all come together.  This is an important HPM-enabling feature of the design, since triple-
junctions in high-field locations are well known for serving as initiation points for surface breakdown.  
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Figure 3. Single FAWSEA channel, cross-section taken at junction to feed. Units are cm. 

The leaky-wave grill is a plane-parallel array of 36 wires that are equally-spaced at center-to-center 
separations of 5.25 cm, beginning (with Wire #1) at 5.25 cm from where the aperture joins to the feeding 
waveguide.  Per Figure 4, this plane of wire-centers is positioned 9.1 mm below the “zero reference 
plane” noted in Figure 3.  The radii of these wires are listed in Figure 5.   
 

 
Figure 4. Single channel side view, including wires and tapered backplane. Units are cm. 
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The wire radii in Figure 5 were derived via  methods 
described in our earlier reports.  The last two wires 
in the list (#’s 35 and 36) are thicker (and match 
#34) than those that arise  from the analyses, to 
facilitate more practical and rugged fabrication, 
while ultra-thin wire #’s 37 and 38 (not listed) were 
simply dropped altogether.  The channel is linearly-
tapered in depth relative to the “zero reference 
plane” (note the shallower depth at the termination 
end vs. at the feed end, as shown in the details in 
Figure 4) to improve performance by maintaining 
nearly constant wave phase velocity in the channel, 
increasing the gain, and reducing the VSWR.  The 
initial taper from feed to termination was set based 
on an expression for the effective penetration of a 
reflected wave from a wire grill (as reported in our 
earlier work), subsequently modified based on 
results of 3D models, to yield better performance.   
 
Due to left-right symmetry, full numerical RF 
models of all the antennas in Figure 2 can be made 
using only half of each antenna, which helps speed-
up the computations.  Figure 6 shows two views of a 
half-single channel, from one of our 3D models.  
Note the wrap-around nature of both the O-ring well 
and wing, the latter which would generally meld 
smoothly onto a larger conducting surface, if the aperture were attached all around to a supporting mount.  

 
Figure 6. A half-channel, sliced along its symmetry plane for use in 3D RF modeling. 

 
Figure 5. List of wire radii vs. position 
index.  Wire spacing is fixed at 5.25 cm, 
center-to-center.  All 36 wires are parallel 
and lie in the same plane, 9.1 mm below 
the “zero-reference plane” in Figure 3.  
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Single-channel FAWSEAs may have some direct applications, but we are more interested in their role as 
building blocks in constructing more general multi-channel FAWSEA and CAWSEA antennas.   
 
3.2. Geometry, 4-Channel FAWSEA 
 
Figure 7 shows the cross-section of a four-channel FAWSEA based on the single-channel FAWSEA 
described just above.  We found that four 8cm-wide channels with a c-to-c separation of 19 cm yield very 
good performance in terms of aperture efficiency and control of cross-channel coupling.  Figure 8 shows 
two views of a half 4-channel FAWSEA, from one of our 3D models.   

 
Figure 7. Four channel FAWSEA cross-section (not tapered).  Units are cm. 

 

 
Figure 8. Half of a 4-chan FAWSEA sliced along its symmetry plane, for 3D RF modeling. 
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3.3. Geometry, 4-Channel CAWSEA 

The four-channel CAWSEA in Figure 9 is likewise derived from the single-channel and four-channel 
FAWSEA design.  Extending the feed guides to the center channels (see Figure 10) compensates, in part, 
for the aperture-curvature induced phase error (and the decrease in gain) that would otherwise occur. 

 
Figure 9. Four channel CAWSEA cross-section (not tapered).  Units are cm. 

 

 
Figure 10. Half of a 4-channel, compensated CAWSEA, sliced along its symmetry plane.  
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3.4. Predicted Performance Characteristics 

 
Predicted performance characteristics the aforementioned antennas are described below.  In addition, we 
will contrast some of the performance characteristics of the compensated CAWSEA (i.e., including the 
waveguide extension in Figure 10) with an uncompensated version.  
 
The computed effective1 VSWR for the aforementioned antennas is plotted in Figure 11.  All are very 
good across a +/-10% bandwidth around f0.  In this case, we found minimal differences in the VSWRs 
comparing the compensated and uncompensated versions of the CAWSEA, so only the former is shown 
in Figure 11.  In contrast, substantial differences are observed in the gains, as noted in Figure 12. 

 
Figure 11. Computed Effective VSWR vs. Frequency 

 

 
Figure 12.  Computed Gain vs. Frequency 

                                                      
1 In the case of multiple channels, the effective VSWR is extracted from the overall forward and reflected powers. 
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The computed gains of these antennas may perhaps be better appreciated when considered in the context 
of aperture efficiency. To compute this quantity properly for the 4-channel FAWSEA, we need an 
unambiguous definition of the “geometric area” of the aperture, but this is not immediately obvious by 
inspection, due to the presence (and helpful impact upon RF performance) of the “wings.” Excluding the 
wings entirely from the assumed geometric area would lead us to overestimate aperture efficiency, but it 
would also be a mistake to include their full extent, since they are of somewhat arbitrary size (and may be 
considered, at least partially, as surrogate extensions of a platform on which such an antenna aperture 
might be integrated).  An unambiguous resolution was attained by defining the “geometric” area of the 
aperture via a separate 3D numerical RF calculation (not shown here) in which we replaced all the 
FAWSEA channels and window with an idealized flat rectangular aperture across which we imposed 
computationally a 100%-uniform E-field, located in the “zero reference plane,” while surrounding it by 
the same wings as shown in Figure 8.  This computation allowed us to extract (from the performance of 
this idealized-aperture case) a value of the geometric area = 1.677 m2, which (as expected, due to the 
beneficial effects of the wings) is somewhat larger (by ~4.6%) than the window’s physical projected area 
(~1.603 m2).  In essence, this way of computing aperture efficiency for the 4-channel FAWSEA (and 
CAWSEA) compares computed gain to that from an ideal uniform-field aperture bordered by the same 

wings.  This definition, in combination with the gains computed earlier, promptly yields Figure 13. 

 
Figure 13. Predicted Aperture Efficiency vs. Frequency. 

Note the theoretical upper-bound based on the ideal leaky-wave aperture efficiency (shown via the green 
dotted line) is always less than 100% because the beam is tilted.  It corresponds simply to cos(b), where 
b is the angle of the beam relative to the aperture normal.  The predicted realizable aperture efficiency of 
the 4-channel FAWSEA (blue squares in Figure 13) is unquestionably excellent.  The aperture efficiency 
of the compensated CAWSEA is not as high, but still respectable, and exceeds 50% over a considerable 
bandwidth.  In contrast, the aperture efficiency of the uncompensated CAWSEA suffers all the classic 
consequences of entirely-uncorrected aperture curvature.  One can also assess the (related) channel 
arraying efficiency by comparing the curves in Figure 12.  Ideally, arraying four channels would deliver 
+6.02 dB more gain than a single channel alone.  At f=f0, the 4-channel FAWSEA, compensated 
CAWSEA, and uncompensated CAWSEA yield increases in gain of +5.36dB, +3.58dB, and +1.64dB, 
respectively, over that of a single channel. 
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Figure 14 shows phase-snapshots of surface electric fields on the windows of uncompensated vs. 
compensated CAWSEAs (half-models shown).     

 
Figure 14. Aperture E on an uncompensated (left) vs. compensated (right) CAWSEA at f0. 
 
Fortunately, the “shear” intro-
duced to the aperture field distri-
bution on the surface of the com-
pensated CAWSEA does not 
appear to yield troublesome “hot-
spots” that might encourage 
breakdown. Figure 15 shows2 
predicted peak electric field 
values on the exterior aperture 
surfaces for the 4-channel 
FAWSEA and both CAWSEAs 
vs. frequency, corresponding to a 
total input power of 1.0 GW (i.e., 
250MW per channel)  For more 
than half of the frequency range, 
the compensated CAWSEA’s peak surface fields are actually less than those in the uncompensated 
configuration. 
For all the designs presented here, 
the beam tilt vs. frequency 
follows closely to the theoretical 
value of b = cos-1(fc/f), where fc 
is the effective cutoff frequency 
of a leaky-wave channel.  For the 
case where f0 =1.0 GHz and b 
(by design) is 30o, the value of fc 
= 866 MHz.  Beam tilt found 
from a model of the 4-channel 
FAWSEA vs. this theoretical 
curve is shown in Figure 16.  
Results for the other antennas 
closely track the same curve. 

                                                      
2 If scaling designs presented here to other center (f0) frequencies, the field values in Figure 15 (with Pin=1 GW held 
fixed) scale proportional to (f0,new/1.0 GHz)2.   In general for HPM, strive to keep Emax < 30 kV/cm on the exterior. 

 
Figure 15. Peak values of Emax vs. frequency on exposed 
exterior window surfaces, for total input power = 1 GW. 

 
Figure 16. Predicted beam tilt relative to aperture normal, 
vs. frequency. 
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Principal-plane polar far-field pattern cuts for the subject antennas at f=f0 are shown in Figure 17.  The 
E-plane cuts (shown in red) are at a 30o angle relative to the aperture normal, so as to slice through the 
beam peak, and appear centered on 90o in the figures.  The H-plane cuts (shown in blue) exhibit the as-
designed beam tilt of 30o relative to the aperture normal.  Note how the beamwidths in the H-plane are all 
about the same (corresponding to the in-common aperture length) while the E-plane beamwidths vary 
markedly, due to either: (a) 1 channel vs. 4 channels, or (b) the effective phase uniformity in the plane-
projected aperture field distribution, looking across the narrower dimension of the antenna.  (Once again, 
a comparison of the uncompensated vs. compensated versions of the CAWSEA is instructive.) 

 
Figure 17. Principal-plane pattern cuts at f=f0. 

 
To round-out the analyses of these antennas presented so far, we provide images of the predicted 3D 
far-field patterns, at five frequencies {0.9x, 0.95x, 1.0x, 1.05x, and 1.1x} f0,  for each of the 
aforementioned antennas, in the figures that fill the following four pages.  Note that unlike the polar 
patterns in Figure 17, the gain plot ranges (min to max scale) of the 3D patterns that follow are not all the 
same; the reader is cautioned to use care when comparing different plots.
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Figure 18. Selected 3D far-field patterns for a single-channel FAWSEA. 
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Figure 19. Selected 3D far-field patterns for a four-channel FAWSEA. 
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Figure 20. Selected 3D far-field patterns for a four-channel uncompensated CAWSEA. 
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Figure 21. Selected 3D far-field patterns for a four-channel CAWSEA compensated at f=f0. 
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4. DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 
As planned, work performed during this 5th  quarter of the R&D program led us to document the specific 
designs (for FAWSEA and CAWSEA) presented in this report, which exemplify practical, realistic, high-
performance, wavelength-scalable, configurations of this antenna technology. 

In the coming quarter, we look forward to further extending/applying the theory established to date to the 
additional aperture types noted in the 4th report, and to documenting additional, representative, high-
performance designs.   As always, we appreciate ONR’s continuing support for this R&D.
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