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INTRODUCTION 
 

 Wraparound antennas are a popular option for large caliber smart projectiles requiring radio 
services, where the nosecone is otherwise unavailable for antenna placement. These antennas 
typically consist of an array of microstrip radiating elements, fed by a microstrip or stripline power 
division network, and fabricated on a flexible substrate that is bent to conform to the projectile’s outer 
surface. These antennas are then flush-mounted to the projectile so as to not aerodynamically 
disturb the airframe shape. The goal for most wraparound antennas is to use an array of radiating 
elements along the outer circumference of the projectile that, when combined with the ground-plane 
effects of the projectile chassis, yields a radiation pattern with minimum variation in the roll plane as 
possible. This avoids having to place an antenna at the projectile nose (ref. 1). The array needs to be 
driven with a feed network that appropriately phases each radiating element. This feeding network 
usually integrated into the substrate of the antenna itself out of convenience, allowing the entire 
array to be driven with only a single master feed from a radio frequency (RF) transmitter. This is in 
contrast to developing the array from individual antennas mounted on the outside of the projectile, 
where the feed network would need to be included within the electronics of the smart munition (refs. 
2 through 4). 
 
 This report describes a wraparound antenna, which uses two side-fed, quarter-wavelength 
patch elements fabricated over an edge-plated and rear-plated polytetrafluoroethylene (PTFE) 
substrate for typical use with 1 to 3-in. diameter fuze sections of a smart projectile. A two-
dimensional sketch of the wraparound artwork is seen in figure 1. The geometry can be altered to 
work with other diameters and operating frequencies. The antenna is fabricated from a single-layer 
Teflon™ microwave substrate with copper-cladding on both sides. It is nominally tuned for use in S-
band telemetry, but it can be tuned for other radio services by changing the dimensions of the patch 
elements, notably their vertical lengths.  
 

 
 

Figure 1 
Wraparound antenna described in this report 

 
 Wraparound antennas for missiles and smart munitions trace their origins to conformal 
microstrip and cavity-backed slot designs from the 1970s (refs. 5 through 9) with early concepts from 
the 1950s (refs. 10 through 13). Development on these types of projectile antennas occurred 
concurrently with other types of designs, including dielectric-filled edge-slot (refs. 14 and 15) and 
slotted waveguide antennas (ref. 16). Companies, such as Ball Aerospace, Boulder, CO, and Haigh-
Farr Inc., Bedford, NH, and organizations, such as the former Harry Diamond Laboratories (currently 
U.S. Army Adelphi Research Laboratories, Adelphi, MD), have been industry leaders in this area.  
 

Improvements over the decades to conformal microstrip designs have included adding 
multiple radiating elements to support multiple radio services and integrating RF filters into the 
conformal substrate. Modern features (such as u-slots and notches) to the radiating elements have 
been added to support circular polarization, broad-band operation, multi-band operation, or to 

A B
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suppress unwanted radiation (refs. 10, 17, 18, and 19). These have followed trends in microstrip 
patch antenna technologies (ref. 20) for other applications including consumer electronics. 

 
 The behavior of a conformal patch or cavity backed slot element can be estimated 
analytically by the cylindrical cavity model (refs. 21 through 23) where the interior of the patch is 
treated as a cylindrical cavity with electric walls on its upper and lower surfaces and magnetic walls 
on its edges. The fields are solved on the magnetic walls, which then are treated as apertures 
radiating from an infinite-length cylinder representing the projectile body. Behavior can also be 
estimated analytically using the surface-current model (refs. 24 and 25) where the surface current on 
the patch element (rather than the fields at its edges) is treated as radiating over an infinite-length 
cylinder with a dielectric substrate and optional superstrate. Geometrical theory of diffraction (ref. 26) 
can be further used to refine the estimates for finite-length cylinders, which describes the actual 
radiation pattern from a real finite-length projectile. 

 
 

ANTENNA DESIGN AND FABRICATION 
 

The designed wraparound antenna is show in figure 2 as a three-dimensional (3D) computer-
aided design (CAD) model. The antenna was designed using combination of electronic CAD, 
mechanical CAD, and computational electromagnetic tools. This included ANSYS Electronics 
Desktop 2018 [also regarded in industry as Ansoft high frequency structural simulator (HFSS)], PTC 
CREO, and Altium Designer. Multiple iterations were performed virtually with the most promising 
versions sent for printed circuit board fabrication. Fabricated iterations were mounted on 
representative projectile housings and measured for performance. This process was then repeated. 

 

 

           
 

Figure 2 
Designed wraparound antenna (front-view, left-view, right-view) 

 
The design consists of two quarter-wavelength microstrip elements, fabricated on a single-

layer, edge-plated strip of copper-clad Rogers RT/duroid 5870 PTFE substrate [0.062 in. in thickness 
and relative dielectric constant (dk) of 2.33]. The antenna is formed by bending it around the 
circumference of a section of the projectile fuze, and it sits in a 1.1-in. tall, 0.070-in. deep pocket. All 
of the edges of the substrate have been plated in order to reduce the detuning effect when the 
antenna is situated within the metal pocket on the fuze housing (ref. 27). Twelve plated mounting 
holes have been included for fastening with additional metal plating around the holes for strength. 
Two of the mounting holes are directly through the patches near the upper plating, providing even 
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coverage by the bolting patterning. The patch elements have been tuned to include the effects of 
these holes. 

 
The patch elements are placed on the substrate so that they fall diametrically opposite each 

other when the antenna is seated around the projectile. Each patch is side-fed from a pair of 100-
ohm microstrip traces, which join together at a T-junction feed with a centrally located 50-ohm 
coaxial cable. The feeding position with each patch element is placed vertically along the elements 
for the best impedance match (i.e., the 100-ohm point). The microstrip traces are bent to meet with 
the patch at this location. Pertinent dimensions of the antenna traces and patch elements are shown 
in figure 3 and table 1. Photographs of fabricated versions of the antenna are shown in figures 4 and 
5.  
 

 
 

Figure 3 
Designed wraparound antenna (flat) with dimensions 

 
Table 1 

Antenna dimensions 
 

Name Description 

H Substrate height 
L Substrate length 

A Element height from top edge 

B Element length (centered on P) 

N Side-feed element matching point 

P Element position 

V Bolt pattern vertical spacing from center 

M1 Inner bolt position 

M2 Outer bolt position 

D1 Plated through hole pad diameter 

D2 Plated through hole diameter 

R1 Substrate corner radius 

F Edge mounting plating length 
e Edge plating width 

t 100-ohm microstrip width 
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Figure 4 
Fabricated wraparound antenna 

 

 
 

Figure 5 
Fabricated wraparound antenna assembled on the ARRT-174 Instrumented PGK 

 
 

ANTENNA SIMULATIONS 
 
 Simulations of the antenna were performed using ANSYS Electromagnetics Suite 2018 (also 
regarded in industry as Ansoft HFSS) with the geometry shown in figures 6 and 7. An “Interpolating 
Sweep” between 2 and 2.5 GHz was used for return loss simulations. A single solution at 2.2545 
GHz was used for all radiation pattern plots. All geometry is surrounded by a vacuum-filled volume 
with an outer radiation absorbing layer padded 20 cm away from the projectile geometry.  
 

 



UNCLASSIFIED 

Approved for public release; distribution is unlimited. 

UNCLASSIFIED 
5 

           
 

 (a)  (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 6 

Simulation geometry showing wraparound antenna, PGK, M795 body, and fasteners 
 

 
 

Figure 7 
Entirety of simulation geometry, including radiation absorption boundary (red) 
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The antenna traces were drawn as flat artwork in PTC CREO computer-aided drawing 
software and then extruded to 1.4-mil height (representative of 1-oz copper on printed circuit 
boards). The resulting object was then bent virtually around a 2.4-in. diameter cylinder, forming the 
bent Rogers substrate. These were then imported into ANSYS as “copper” material for the antenna 
geometry. The 3D models of a PGK and an M483A1 projectile were also imported as the projectile. 
The projectile body and PGK canards were assigned as “steel” material. The projectile base, ogive, 
and PGK body were assigned as “aluminum” material. Finally, the PGK nosecone was assigned as 
“plexiglass” material. Geometry mimicking a 50-ohm coaxial cable with Teflon™ dielectric was 
included feeding the antenna from within the projectile. Additional models of 4-40 bolts and 0.377-in. 
diameter washers were also included and assigned as “copper” material. Material properties are 
given in table 2.  

 
Table 2 

Simulation materials and associated properties 
 

Name 
Relative 

permittivity 
Dielectric loss 

tangent 
Relative 

permeability 
Bulk conductivity 

(s/m) 

Steel 1 0 83 4.55e6 

Aluminum 1 0 1.000021 3.8e7 

Copper 1 0 0.999991 5.8e7 

Rogers 
RT/duroid 
5870 

2.33 0.0012 1 0 

Teflon™ 2.1 0.001 1 0 

Plexiglass 3.4 0.001 1 0 

Vacuum 1 1 0 0 

 
 

ANTENNA ANALYTICAL MODEL 
 

An analytical model for the antenna radiation pattern can be created by treating it as a pair of 
diametrically opposed, circumferential narrow slot apertures with uniform-field distributions on an 
infinite cylinder. These slots are the lower radiating edges of the quarter-wavelength microstrip 
elements, and it can be assumed that the field distributions within the slots are uniform by assuming 
that the microstrip elements are operating in TM01 mode. The closed-form solutions for the pattern 
from a single aperture on an infinite cylinder can be found in reference 22, which will be adapted to 
two apertures using convolution in Fourier space, later in this section. The lengths of the slots used 
in the model are 68 deg on an infinite 2.4-in. diameter cylinder as shown in figure 8.   
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 (a)  (b) 
 3D view  End-view 

 
Figure 8 

Circumferential slots on an infinite cylinder 
 

In the far zone, the fields from an arbitrary slot on an infinitely long cylinder of radius 𝜌 = 𝑎 
are represented by a Fourier series (eq. 5-151 in ref. 22): 

 

𝐸𝜃
𝑟=∞
→  𝑗𝜔𝜇

𝑒−𝑗𝑘𝑟

𝜋𝑟
sin(𝜃) ∑ 𝑒𝑗𝑛𝜙𝑗𝑛+1𝑓𝑛(−𝑘 cos𝜃)

∞

𝑛= −∞

 

𝐸𝜙
𝑟=∞
→  − 𝑗𝑘

𝑒−𝑗𝑘𝑟

𝜋𝑟
sin(𝜃) ∑ 𝑒𝑗𝑛𝜙𝑗𝑛+1𝑔𝑛(−𝑘 cos 𝜃)

∞

𝑛= −∞

 

 
With functions 𝑓𝑛(𝑤) and 𝑔𝑛(𝑤) defined as (eq. 5-145 in ref. 22): 
 

𝑓𝑛(𝑤) =
𝑗𝜔𝜖𝐸𝑧(𝑛, 𝑤)

(𝑘2 −𝑤2)𝐻𝑛
(2)
(𝑎√𝑘2 −𝑤2)

 

𝑔𝑛(𝑤) =
1

√𝑘2 −𝑤2𝐻𝑛
(2)′
(𝑎√𝑘2 −𝑤2)

[𝐸𝜙(𝑛, 𝑤) +
𝑛𝑤

𝑎(𝑘2 −𝑤2)
𝐸𝑧(𝑛, 𝑤)] 

 

Where functions 𝐻𝑛
(2)

 and 𝐻𝑛
(2)′

 are Hankel functions of the second kind of order n and its derivative, 

respectively. The functions  𝐸𝜙(𝑛, 𝑤) and 𝐸𝑧(𝑛, 𝑤) are the cylindrical transforms of the tangential 

components of E on the cylinder. Both functions are a Fourier series on 𝜙 and a Fourier transform 
on 𝑧. They are defined as follows (eq. 5-144 in ref. 22): 
 

𝐸𝜙(𝑛, 𝑤) =
1

2𝜋
∫ 𝑑𝜙
2𝜋

0

∫ 𝐸𝜙(𝑎, 𝜙, 𝑧)𝑒
−𝑗𝑛𝜙𝑒−𝑗𝑤𝑧𝑑𝑧 

∞

−∞

 

𝐸𝑧(𝑛, 𝑤) =
1

2𝜋
∫ 𝑑𝜙
2𝜋

0

∫ 𝐸𝑧(𝑎, 𝜙, 𝑧)𝑒
−𝑗𝑛𝜙𝑒−𝑗𝑤𝑧𝑑𝑧

∞

−∞

 

 
For a single circumferential slot of angular length 𝛼 and vertical width W and assuming a 

uniform distribution field distribution within that slot: 
 

𝐸𝑧(𝑎, 𝜙, 𝑧) = 𝑉  
𝐸𝜙(𝑎, 𝜙, 𝑧) = 0 

 

(1) 

(2) 

(3) 

(4) 
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As the slot becomes narrow (𝑊 → 0), the Fourier transform on 𝑧 becomes unity for all 𝑧, 
leaving only the Fourier series on 𝜙:  

 

𝐸𝑧(𝑛, 𝑤) =
1

2𝜋
∫ 𝑑𝜙
𝛼/2

−𝛼/2

∫ 𝑉 𝛿(𝑧)𝑒−𝑗𝑛𝜙𝑒−𝑗𝑤𝑧𝑑𝑧
∞

−∞

=
𝑉

−𝑗𝑛2𝜋
(𝑒−𝑗𝑛𝛼/2 − 𝑒𝑗𝑛𝛼/2) = 

𝑉

−𝑛𝜋
sin (−

𝑛𝛼

2
) =

𝑉𝛼

2𝜋
sinc (

𝑛𝛼

2
) 

𝐸𝑧(𝑛, 𝑤) =
𝑉𝛼

2𝜋
sinc (

𝑛𝛼

2
) 

 

Where  sinc(𝑥) =
sin(𝑥)

𝑥
. For two diametrically opposed slots with centers located at 90 and 270 deg, 

each of equal angular length 𝛼: 
 

𝐸𝑧(𝑛, 𝑤) =
𝑉

2𝜋
(∫ 𝑒−𝑗𝑛𝜙𝑑𝜙

𝜋
2
+
𝛼
2

𝜋
2
−
𝛼
2

+∫ 𝑒−𝑗𝑛𝜙𝑑𝜙

3𝜋
2
+
𝛼
2

3𝜋
2
−
𝛼
2

) 

 
Which after some manipulation yields: 

 

𝐸𝑧(𝑛, 𝑤) =
𝑉𝛼

2𝜋
[(−1)𝑛 + 1]𝑗𝑛 sinc (

𝑛𝛼

2
) 

 
Far field quantities for a thin single slot therefore become 

 

𝑟𝐸𝜃 = 𝑗𝜔𝜇
𝑒−𝑗𝑘𝑟

𝜋
sin(𝜃) ∑ 𝑒𝑗𝑛𝜙𝑗𝑛+1

𝑗𝜔𝜖

𝑘2 sin2 𝜃 𝐻𝑛
(2)(𝑘𝑎 sin 𝜃)

𝑉𝛼

2𝜋
sinc (

𝑛𝛼

2
)

∞

𝑛= −∞

 

𝑟𝐸𝜃 =
𝑉𝛼

2𝑗𝜋2
𝑒−𝑗𝑘𝑟 ∑

𝑗𝑛sinc (
𝑛𝛼
2 )

sin 𝜃 𝐻𝑛
(2)(𝑘𝑎 sin 𝜃)

𝑒𝑗𝑛𝜙
∞

𝑛= −∞

 

𝑟𝐸𝜙 = −
𝑉𝛼𝑒−𝑗𝑘𝑟 cot 𝜃

2𝜋2𝑘𝑎 sin𝜃
∑

𝑛𝑗𝑛 sinc (
𝑛𝛼
2 )

𝐻𝑛
(2)′(𝑘𝑎 sin 𝜃)

∞

𝑛= −∞

𝑒𝑗𝑛𝜙 

 
Far field quantities for two diametrically opposite thin slots become the following equations. 

𝐸𝑧(𝑛, 𝑤) is nonzero only for even values of n. 
 

𝑟𝐸𝜃 =
𝑉𝛼𝑒−𝑗𝑘𝑟

𝑗𝜋2 sin 𝜃
∑

sinc (
𝑛𝛼
2 )

𝐻𝑛
(2)(𝑘𝑎 sin 𝜃)

𝑒𝑗𝑛𝜙
∞

𝑛= −∞
𝑛 𝑒𝑣𝑒𝑛

 

𝑟𝐸𝜙 = −
𝑉𝛼𝑒−𝑗𝑘𝑟 cot 𝜃

𝜋2𝑘𝑎 sin 𝜃
∑

𝑛 sinc (
𝑛𝛼
2 )

𝐻𝑛
(2)′(𝑘𝑎 sin 𝜃)

∞

𝑛= −∞
𝑛 𝑒𝑣𝑒𝑛

𝑒𝑗𝑛𝜙 

 
It should be noted that the Fourier series of the fields for two diametrically opposite thin slots 

is the same as the Fourier series of the fields from a single thin slot when multiplied by the Fourier 

series of a pair of impulse functions representing the slot locations at  and 3/2. This is the same as 
convolving the single slot solution with the locations of a circular array, as outlined in references 28 
and 29.  

 

(5) 

(6) 

(7) 

(8) 

(9) 
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Normalized values of the magnitude of the 𝑟𝐸𝜃 pattern1 for two thin slots are plotted in figure 
9. The plot was performed in MATLAB, with source code given in appendix A. The plot is normalized 
to the magnitude at observation angle = 90 𝑑𝑒𝑔, 𝜙 = 90 𝑑𝑒𝑔 , directly over the first slot. The 

summation is calculated for n=-20 to n=20 in steps of 2. The wavenumber 𝑘 is set as 𝑘 =
2𝜋

𝜆
 where 

𝜆 = 13.3067 𝑐𝑚 (the wavelength of a plane wave in vacuum at 2.2545 GHz). The radius of the 
cylinder 𝑎 is set to 𝑎 = 3.048 𝑐𝑚. The circumferential length of the slots 𝛼 is set to 𝛼 = 68 𝑑𝑒𝑔. 

Finally, the excitation voltage of the slots 𝑉 is set to unity 𝑉 = 1. 
 

 
 

Figure 9 
Graphs of normalized Eθ magnitude in dB (first analytical model) 

 
The model predicts 4.66 dB of variation over the roll plane with local minima located at 33, 

147, 213, ad 327 deg. Due to the asymptotic approximations for 𝐻𝑛
(2)

 used in this model (eq. 5-142 in 

ref. 22), which are not valid at 𝜃 = 0 and 180 𝑑𝑒𝑔, this model is limited for predicting quantities only 

near the 𝜃 = 90 𝑑𝑒𝑔 plane. 
 

 Another model that can be used that avoids the asymptotic approximations for 𝐻𝑛
(2)

 can be 

found in equation 5-149 in reference 22, which solves for the near-field and far-field quantities 𝐸𝑧and 
𝐸𝜙 in cylindrical coordinates outside the cylinder.  

 

𝐸𝑧(𝜌, 𝜙, 𝑧) =
1

2𝜋𝑗𝜔𝜖
∑ 𝑒𝑗𝑛𝜙∫ (𝑘2 −𝑤2)𝑓𝑛(𝑤)𝐻𝑛

(2)(𝜌√𝑘2 −𝑤2) 𝑒𝑗𝑤𝑧𝑑𝑤
∞

−∞

𝑛= ∞

𝑛= −∞

 

𝐸𝜙(𝜌, 𝜙, 𝑧) =
1

2𝜋
∑ 𝑒𝑗𝑛𝜙∫ [

−𝑛𝑤

𝑗𝜔𝜖
𝑓𝑛(𝑤)𝐻𝑛

(2) (𝜌√𝑘2 −𝑤2)
∞

−∞

𝑛= ∞

𝑛= −∞

+ 𝑔𝑛(𝑤)√𝑘
2 −𝑤2 𝐻𝑛

(2)′(𝜌√𝑘2 −𝑤2)] 𝑒𝑗𝑤𝑧𝑑𝑤 

 

                                                   
1 In equation 5-155 (ref. 22), there is an additional constant k in the equation for 𝐸𝜃 , which did not appear in the previous 

equations. Normalized graphs of the calculated 𝐸𝜃 magnitudes will not be affected by this additional constant should there 
have been an error in the derivations or a typographical error in the reference. 

(10) 
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Using the previous expression of 𝑓𝑛(𝑤) for two thin slots, solving for 𝐸𝑧(𝜌, 𝜙, 𝑧) yields: 
 

𝐸𝑧(𝜌, 𝜙, 𝑧) =
𝑉𝛼

2𝜋2
∑ 𝑒𝑗𝑛𝜙 jnsinc (

𝑛𝛼

2
)∫

𝐻𝑛
(2)
(𝜌√𝑘2 −𝑤2)

𝐻𝑛
(2)
(𝑎√𝑘2 −𝑤2)

 𝑒𝑗𝑤𝑧𝑑𝑤
∞

−∞

𝑛= ∞

𝑛= −∞
𝑛 𝑒𝑣𝑒𝑛

 

 
The pattern of 𝐸𝜃 for two thin slots can be approximated from the previous equation by 

solving for 𝐸𝜃 = sin(𝜃)𝐸𝑧(𝜌, 𝜙, 𝑧) at 𝜌 = 𝑟 𝑠𝑖𝑛(𝜃), 𝑧 = 𝑟 𝑐𝑜𝑠(𝜃), where 𝑟 is a large distance from the 
slots assumed to be in the far-field of the antenna. The wavenumber 𝑘 is also assumed to be 

complex [i.e., some dissipation assumed (ref. 22)] so that √𝑘2 −𝑤2  is never zero.  
 

The pattern of 𝐸𝜃 at the range 𝑟 = 100 𝑐𝑚 is evaluated and plotted in figure 10.  The MATLAB 
source code for this model can be found in appendix B.  The integral is numerically integrated for 
values of 𝑤 = −200 to 𝑤 = 200, and the summation is calculated for 𝑛 = −20 to 𝑛 = 20 in steps of 2. 

The wavenumber 𝑘 is assumed to be 𝑘 =
2𝜋

𝜆
− 0.001𝑖 where 𝜆 = 13.3067 𝑐𝑚 (the wavelength of a 

plane wave in vacuum at 2.2545 GHz). The radius of the cylinder 𝑎 is set to 𝑎 = 3.048 𝑐𝑚. The 
circumferential length of the slots 𝛼 is set to 𝛼 = 68 𝑑𝑒𝑔. Finally, the excitation voltage of the slots 𝑉 

is set to unity 𝑉 = 1. 
 

  
 

Figure 10 
Graphs of normalized Eθ magnitude in dB (second analytical model) 

 
The model predicts 4.90 dB of variation over the roll plane with local minima located at 60, 

120, 240, and 300 deg. The model is also well-behaved as 𝜃 approaches 0 and 180 deg. Normalized 
magnitude plots of 𝐸𝜃 in dB, along the 𝜙 = 0, 90 𝑑𝑒𝑔 planes are shown in figure 11. 

 

(11) 
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Figure 11 
Graphs of normalized Eθ magnitude in dB along elevation planes Phi=0 deg and Phi=90 deg (second 

analytical model) 
 
 

ANTENNA MEASUREMENTS 
 

The return loss of the antenna was measured using an HP 8753E vector network analyzer 
(VNA). The wraparound antenna was assembled onto a PGK shaped housing and then mounted 
onto a hollow M483A1 projectile body. The VNA was calibrated and connected to a short 
SubMiniature version A (SMA) coaxial cable feed soldered to the backside of the antenna. Cabling 
was fed down through the hollow projectile and out of a hole drilled in the projectile base.  

 
 The radiation pattern of the antenna was measured in an anechoic chamber (17.20 x 3.35 x 
3.35 m, SFC-16 anechoic foam) with its position and orientation controlled by a Diamond 
Engineering Measurement System Model X100 turntable. Two sets of testing were performed. In the 
first, the PGK housing was mounted on a full M483A1 projectile, as shown in figure 12. The entire 
assembly was vertically oriented, placed on top of 1.5 in. of foam sheets, and centered on the 
positioner turntable. In the second, the PGK housing was mounted to a full M483A1 projectile, which 
was rested on its side on the positioner turntable, as shown in figure 13. The assembly was 
supported by 10 in. of foam sheets between it and the turntable surface. A list of equipment used is 
given in table 3. The antenna gain was derived from the measured received power using the values 
and formulas shown in table 4. 
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Note: Vertically positioned to measure pattern in the roll plane. 
 

Figure 12 
Anechoic chamber and M483A1 used for radiation pattern testing 
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Note: Horizontally positioned to measure 
patterns in elevation. 

 
Figure 13 

Anechoic chamber and M483A1 projectile used for radiation pattern testing 
 

Table 3 
Anechoic chamber test equipment used 

 

Nomenclature Model Manufacturer 

Receive horn antenna 5GH-1.70 Scientific Atlanta 

Wideband amplifier ZFL-2000+ Mini-Circuits 

Power sensor E4413A Agilent 

Power meter N1914A Agilent 

Positioner table X100 Diamond Engineering 
Signal generator 7100 Gigatronics 

 
Table 4 

Gain calculation values and formulas 
 

Name Value Description 
f 2.254 GHz Center frequency 

Pt 10.98 dBm Transmit power (measured at antenna input) 

Lp 60 dB Free space path loss 

R 10.5 m Distance between horn and antenna-under-test 

Gr 16.3 dBi Gain of horn antenna 

Ga 19.75 dB Gain of receive amplifier (with cable losses included) 

Lm 1 dB Mismatch loss 

Pr  Power received 

Gt Pr-(Pt-Lm)-Gr-Ga+Lp Gain of antenna-under-test 
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 The effect of the canard position on the antenna’s return loss and radiation pattern was also 
explored. Measurements were performed with the canard rotated in one of two positions. Canard 
position no. 1 refers to when the fins are in line with the center of the antenna and its elements. 
Canard position no. 2 refers to when the fins are rotated 45 deg relative to the center of the antenna 
and its elements. 
 

Vertically oriented, the antenna and M483A1 shell were placed in the center of the turntable 
and rotated to gather the radiation pattern in the roll plane, as shown in figure 12. This pattern was 
measured twice with receiver horn antenna polarized vertically [referred to as co-polarization (co-
pol)] and horizontally [referred to as cross-polarization (cross-pol)].  
 

Horizontally oriented, the antenna and M483A1 projectile were placed on the turntable and 
rotated sideways to gather the radiation pattern in two elevation planes, as shown in figure 13. The 
first elevation plane (Phi = 0) refers to the YZ plane intersecting the antenna patch elements and was 
performed with the feed of the antenna pointed skyward. The second elevation plane (Phi = 90) 
refers to the XZ plane intersecting the antenna feed and was performed with the feed pointing 
sideways. Each plane was measured twice with receive horn antenna polarized vertically (referred to 
as cross-polarization) and horizontally (referred to as co-polarization).  
 
 

MEASUREMENT AND SIMULATION RESULTS 
 
Return Loss 

 
The results of the simulated and measured return losses in canard positions nos. 1 and 2 are 

shown in figure 14. The minimum measured return loss was detected at -10.62 dB at 2.2689 GHz in 
canard position no.1 and -11.79 dB at 2.2695 GHz in canard position no. 2. The minimum simulated 
return loss was -12.00 dB at 2.2660 GHz in canard position no. 1 and -12.41 dB at 2.2560 GHz in 
canard position no. 2.  
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Figure 14 
Measured and simulated return loss plots [return loss (dB) versus frequency] – top: canard position 

no.1, bottom: canard position no. 2 
 
The impedance bandwidth of the antenna (defined as when the return loss is less than -10 

dB) in canard position no. 1 was measured to be 17.8 MHz from 2.2585 to 2.2763 GHz. This is in 
good agreement with the simulated bandwidth of 25 MHz from 2.2530 to 2.2780 GHz. Both are 
narrower than in canard position no. 2, which was measured to be 37.2 MHz from 2.2485 to 2.2857 
GHz. This is in close agreement with the simulated bandwidth of 30 MHz from 2.2410 to 2.2710 
GHz. 

 
Radiation Pattern at 2.254 GHz 

 
 The antenna’s radiation pattern at the intended operating frequency of 2.254 GHz is shown in 
this section. The 3D plots of the simulated radiation pattern are given in figures 15 and 16. The plots 
show the theta-polarized gain and the phi-polarized gain patterns of the antenna, in the two canard 
positions. The plots resemble those of the second analytical model shown previously in figure 10, but 
with added rippling and irregularities caused by diffraction from the finite-length projectile body, 
which don’t occur on the infinite-length cylinder of that model.  Further helping to illustrate the 
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radiation pattern, the E-field magnitude at a moment in time on the YZ, XZ, and XY planes are 
shown in figures 17 and 18.  If animated, these plots would show the waves radiating outward from 
the body of the projectile, along with surface wave diffraction occurring down the sides of the 
projectile.   

 
 

  
 

 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 15 

3D rendering of simulated antenna radiation pattern (GainTheta in dBi) 
 

  
 

 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 16 

3D rendering of simulated antenna radiation pattern (GainPhi in dBi) 
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Figure 17 
E-field magnitude plot in the YZ and XZ planes 
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Figure 18 
E-field magnitude plot in the XY plane 

 
Polar plots of both the simulated and measured radiation patterns along the Phi=0 and 

Phi=90-deg elevation planes are shown in figures 19 through 22. Co-pol corresponds to GainTheta 
in the simulations, while Cross-Pol corresponds to GainPhi. The patterns show local maxima directly 
over the +Y and –Y axes, which corresponds with directly over the radiating edges of the quarter-
wavelength patches. Two deep nulls were located at the +Z and –Z axes, corresponding to the tip 
and tail of the projectile.  
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 (a) (b) 
 Canard position no. 1  Canard position no. 2 
 

Figure 19 
Measured and simulated co-pol radiation pattern at 2.254 GHz – elevation Plane (Phi = 0)  

 

 
 
 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 20 

Measured and simulated co-pol radiation pattern at 2.254 GHz – elevation plane (Phi=90) 
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 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 21 

Measured and simulated cross-pol radiation pattern at 2.254 GHz – elevation plane (Phi = 0) 
 

 
 
 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 22 

Measured and simulated cross-pol radiation pattern at 2.254 GHz – elevation plane (Phi=90) 
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The antenna’s radiation pattern in the two elevation planes (XZ and YZ) at 2.254 GHz is 
shown in the previous figures. The maximum gain measured was 3.70 dBi in canard position no. 1 
and 4.37 dBi in canard position no. 2, both at elevation angles of 165 deg from the nose (15 deg from 
the tail).  Angular coverage of the antenna (herein defined as gain > -10 dBi regardless of canard 
position) was measured as 141 deg, from 9 to 150 deg from the nose. Measured gain is maximized 
toward the rear of the projectile (15 deg from the tail) and is due to surface diffraction from the 
projectile body.  

 
Simulation predicted maximum gain of 4.39 dBi in canard position no. 1 at 33 deg from the 

nose and 3.51 dBi in canard position no. 2 at 195 deg from the nose (15 deg from the tail). Measure 
and simulated patterns are in good agreement with simulation predicting slightly higher gain. Angular 
coverage is also in good agreement with simulation, which yielded an angular coverage of 162 deg, 
from 12 to 174 deg from the nose. Both measurement and simulation show a minor null occurring at 
nose, tail, and 27 deg from the tail, all of which limits angular coverage. Cross-pol simulation and 
measurement results are shown in figures 21 and 22.  
 

The antenna’s co-polarized radiation pattern in the roll plane at 2.254 GHz is shown in figure 
23. Measurement and simulation (GainTheta) are again in good agreement. Maximum gain 
measured in this plane was 2.03 dBi in canard position no.1 and 1.07 dBi in canard position no. 2, 
both occurring at Phi= 93 deg. Minimum gain was -6.16 dBi occurring at Phi=210 deg in canard 
position no. 1 and  -6.27 dBi occurring at Phi=213 deg in canard position no. 2. Maximum predicted 
gain from simulation was 2.42 dBi occurring at Phi=90 deg in canard position no. 1 and 0.20 dBi 
occurring at Phi=270 deg in canard position no. 2. Minimum prediction gain from simulation was -
5.70 dBi occurring at Phi=219 deg in canard position no. 1 and -6.55 dBi occurring at Phi=144 deg in 
canard position no. 2. Cross-polarization simulation and measurement (GainPhi) results in the roll 
plane are shown in figure 24. 
 

 
 
 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 23 

Measured and simulated (co polarization) pattern at 2.254 GHz – roll plane 
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 (a) (b) 
 Canard position no. 1  Canard position no. 2 

 
Figure 24 

Measured and simulated (cross polarization) pattern at 2.254 GHz – roll plane 
 
 

CONCLUSIONS 
 

 The designed wraparound antenna can be used in smart munitions for S-band telemetry and 
other radio services. It has been tested on 155-mm artillery platforms with success. The antenna is 
small, inexpensive to produce, and requires no external matching components. It is designed for 
typical use on 1 to 3-in. diameter cylindrical housings but can be used on larger diameters as well. 
The performance of the antenna, wrapped on a Precision Guidance Kit-shaped housing was 
modeled and validated by measurements in an anechoic chamber and with a network analyzer. Two 
analytical models that predict the radiation pattern of the antenna were explored using MATLAB. The 
measurements show that the antenna operates at the intended frequency and provides adequate 
coverage azimuthally around the body of the munition with minimal roll plane variation. 
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APPENDIX A 
MATLAB SOURCE CODE FOR FIRST ANALYTICAL MODEL
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%%Predictor of radiation pattern from two diametrically opposed,  
%infinitely thin, circumferential slots, using asymptotic relations  
lambda = 30/2.2545;  % Wavelength in centimeters 
k = 2*pi/lambda;    % Wavenumber 
V = 1;              % Amplitude of E-field magnitude within slot, usually 1 

  

  
alpha = 68*pi/180;   % Circumferential length of slot in radians.  
                     % Note: alpha = Pi/N makes besselh becomes Inf 
a = 3.048;           % Radius of cylinder in centimeters 

  
theta = (1:1:180)*pi/180;   % Observation angles of Elevation in radians 
phi = (1:1:370)*pi/180;     % Observation angles of Azimuth in radians 
sum_size = 20;              % Summation Range, will be -sum_size:2:sum_size 

  
e_theta = zeros(length(theta),length(phi)); % Magnitude of theta component of the 

E-field. Pre-allocating for speed 

  
% p and t are indexes for phi and theta arrays 
for p = 1:1:length(phi) 
    for t = 1:1:length(theta) 
        % Solve for sigma summation using a loop 
        sigma = 0; 
        for n = -sum_size:2:sum_size  %even only 
            sigma = sigma + (sinc(n*alpha/2/pi)*exp(1i*n*phi(p)))/ ...  
                (besselh(n,2,k*a*sin(theta(t))));   
        % Note, sinc in matlab is sin(pi*x)/(pi*x). Hence the need for /pi 
        end; 
        e_theta(t,p) = V*alpha/(1i*pi^2*sin(theta(t)))*sigma;    
    end 
end; 

  
%% Convert to dB and normalize to E_theta at Phi= 90 deg, and Theta= 90 deg, 
% directly over the first slot. 
e_theta_db = 10*log10(abs(e_theta.*conj(e_theta))); 
e_theta_db_norm = e_theta_db-max((e_theta_db(90,90))); 

  
%% Plot 3D Pattern 

  
%Set range of plot in dB 
mindb =-20;  
maxdb = 20; 

  
%Setup Meshplot 
n = 1; %Used for skipping phi,theta angles 
[az,el] = meshgrid(phi(1:n:end)/pi*180,theta(1:n:end)/pi*180); 
d = e_theta_db_norm(1:n:end,1:n:end); 
d2 = (d-mindb)./(maxdb-mindb); % Normalize values between 0-1 dB 
%Clip to values between 0-1 dB 
d2(d2 < 0) = 0; 
d2(d2 > 1) = 1; 

  
%Generate plot 
figure(); 
[x,y,z] = sph2cart((az)*pi/180,(el-90)*pi/180,d2); 
surf(x,y,z,d,'LineStyle','none'); 
caxis([mindb+10 maxdb-10]); 
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colorbar; 
colormap jet; 
axis equal 
shading faceted 
axis off; 
set(gcf,'color','w'); 

  
%Draw axes in plot 
xl = xlim(); 
yl = ylim(); 
zl = zlim(); 
hold on; 
line([0 1.5*xl(2)], [0,0], [0,0], 'LineWidth', 1, 'Color', 'k'); 
line([0,0], [ 0 1.5*yl(2)], [0,0], 'LineWidth', 1, 'Color', 'k'); 
line([0,0], [0,0], [ 0 1.1*zl(2)], 'LineWidth', 1, 'Color', 'k'); 
text(0,0,zl(2)+0.25,'Z','fontsize',12,'horizontalalignment','center'); 
text(0,yl(2)+0.35,0,'Y','fontsize',12,'horizontalalignment','center'); 
text(xl(2)+0.35,0,0,'X','fontsize',12,'horizontalalignment','center'); 
hold off; 

  
%% Plot Roll Plane 
figure(); 
polarplot(phi,e_theta_db_norm(90,:));rlim([-10 0]); 
pax = gca; 
pax.ThetaZeroLocation = 'top'; 
pax.ThetaDir = 'clockwise'; 
set(gcf,'color','w'); 
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APPENDIX B 
MATLAB SOURCE CODE FOR SECOND ANALYTICAL MODEL 
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%% Predictor of radiation pattern from two diametrically opposed,  
% circumferential slots with width, without asymptotic relations, 
%using Ez calculated at an explicit range 

 
lambda = 30/2.2545;  % Wavelength in centimeters 
k = 2*pi/lambda-0.001*1i; % Wavenumber with small loss 
V = 1;               % Amplitude of E-field magnitude within slot, usually 1 
W = 0.15748;         % Slot width in centimeters 

  

  
alpha = 68*pi/180;   % Circumferential length of slot in radians.  
                     % Note: alpha = Pi/N makes besselh becomes Inf 
a = 3.048;           % Radius of cylinder in centimeters 

  
theta = [0.1 [5:5:175] 179.9] *pi/180; %Observation angles of Elevation in 

radians. NaN is encountered at 0 and 180 degrees, so 0.1 and 179.9 are used 

instead 
phi = (0:5:360)*pi/180;     % Observation angles of Azimuth in radians 

  
range = 100; % Observation range from origin for E_z 

  
%Calculate cylindrical coordinates (rho,z) from spherical coordinates (theta,phi) 

at range  
rho = range*sin(theta); % Observation rho 
z = range*cos(theta); %0:0.1:10; % Observation z 

  
sum_size = 40; % Summation Range, will be -sum_size:2:sum_size 
w_size = 200; %Range of integral over w, will be -w_size:2:w_size; 

  
%Magnitude of z component of the E-field. Preallocating for speed 
e_z = zeros(length(theta),length(phi));  

  
%To make this fast, rather than solve the equation at every theta,phi pair 
%like the previous model: 
%1)  Create an array "term_phi" of all the terms of e^(j*n*phi), for all n in 

n_range (rows), and all phi (columns) 
%2)  At each theta, solve for the portions of the terms of the finite sum 
%       only dependent on theta, and gather these into a column vector 

"term_theta" 
%3)  Multiply term_theta with the columns of term_phi, and sum through the 
%    columns. Then multiple by V*alpha/(2*pi^2). This vector is e_z for 
%    all phi, at that theta. 
% 
n_range = (-sum_size:2:sum_size)';% Create array of indexes of the finite sum 
term_phi = exp(1i*n_range*phi); % Create term_phi array, (1) from above 
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for t = 1:1:length(theta)  
    for n = 1:1:length(n_range)   
        % (2) from above 
        fun = @(w)(besselh(n_range(n),2,rho(t).*sqrt(k.^2-(w).^2))./ ...  
              besselh(n_range(n),2,a*sqrt(k.^2-(w).^2)).*exp(1i*w*z(t))); 

  
        term_theta(n,1) = (((-1)^n_range(n)+1)*(1i)^n_range(n)).* ...  
        sinc(n_range(n)*alpha/2/pi)* ...  
        integral(fun,-w_size,w_size,'RelTol',1e-10,'AbsTol',1e-12);        
    end;    
    % (3) from above 
    e_z(t,:) = V*alpha/(2*pi^2)*sum(repmat(term_theta,1,length(phi)).*term_phi); 

     
end; 

  
%% Convert to E_theta, then to dB and normalize to max E_theta 
e_z_outside = e_z.*repmat((rho > a)',1,length(phi)); %Remove all values within 

the cylinder 
e_th = e_z_outside.*repmat(sin(theta)',1,length(phi)); %Convert E_z to E_theta 
e_th_db = 10*log10(abs(e_th.*conj(e_th)));  %Convert to dB 
e_th_db_norm = e_th_db-max(max((e_th_db))); 

  
%% Plot 3D Pattern 

  
%Set range of plot in dB 
mindb =-30;  
maxdb = 0; 

  
%Setup Meshplot 
n = 1; %Used for skipping phi,theta angles 
[az,el] = meshgrid(phi(1:n:end)/pi*180,theta(1:n:end)/pi*180); 
d = e_th_db_norm(1:n:end,1:n:end); 
d2 = (d-mindb)./(maxdb-mindb); % Normalize values between 0-1 dB 
%Clip to values between 0-1 dB 
d2(d2 < 0) = 0; 
d2(d2 > 1) = 1; 

  
%Generate plot 
figure(); 
[x,y,z] = sph2cart((az)*pi/180,(el-90)*pi/180,d2); 
surf(x,y,z,d,'LineStyle','none'); 
caxis([mindb+10 maxdb]); 
colorbar; 
colormap jet; 
axis equal 
shading faceted 
axis off; 
set(gcf,'color','w'); 

  
%Draw axes in plot 
xl = xlim(); 
yl = ylim(); 
zl = zlim(); 
hold on; 
line([0 1.5*xl(2)], [0,0], [0,0], 'LineWidth', 1, 'Color', 'k'); 
line([0,0], [ 0 1.5*yl(2)], [0,0], 'LineWidth', 1, 'Color', 'k'); 
line([0,0], [0,0], [ 0 1.1*zl(2)], 'LineWidth', 1, 'Color', 'k'); 
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text(0,0,zl(2)+0.25,'Z','fontsize',12,'horizontalalignment','center'); 
text(0,yl(2)+0.35,0,'Y','fontsize',12,'horizontalalignment','center'); 
text(xl(2)+0.35,0,0,'X','fontsize',12,'horizontalalignment','center'); 
hold off; 

  
%% Plot Roll Plane 
figure(); 
polarplot(phi,e_th_db_norm(find(phi == pi/2),:));rlim([-10 0]); 
pax = gca; 
pax.ThetaZeroLocation = 'top'; 
pax.ThetaDir = 'clockwise'; 
set(gcf,'color','w'); 
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