
Alternative antenna architectures for 
land electronic warfare:

Initial investigations into low-profile directional antennas for
Army vehicles

E.C. Merkley
Royal Military College of Canada 

(Calian) E-mail: 0em40@queensu.ca

July 2017

Prepared by:

CSA:
Brad Jackson

DRDC - Ottawa Research 
Centre

The scientific or technical validity of this Contract Report is entirely the responsibility of the 
Contractor and the contents do not necessarily have the approval or endorsement of 
Department of National Defence of Canada.

© Her Majesty the Queen in Right of Canada, as represented by the Minister of National Defence, 2017
© Sa Majesté la Reine (en droit du Canada), telle que représentée par le ministre de la Défense nationale, 2017

PWGSC #: RMCC-DRDC Serial #2014-07-SLA, Amendment to Annex #: PA16008

Contract Report
DRDC-RDDC-2017-C174
July 2017



Abstract

The results of a study into the feasibility of using multiple wideband, low-profile antennas

installed on the body of Army vehicles for land electronic warfare (EW) is presented.

The conformal installation of antennas near the metallic body of a vehicle necessitates

the use of directive antennas that radiate energy away from the vehicle. In order to be

suitable for all land EW missions, the antenna architecture must be capable of producing

an overall radiation pattern that is approximately omnidirectional. This report explores

the potential of using multiple directive antennas mounted around a vehicle to achieve an

overall quasi-omnidirectional radiation pattern. Various analytically and electromagneti-

cally simulated antenna arrays using directive antennas were evaluated using Matlab and

FEKO for various numbers of antenna elements, antenna directivities, and installation lo-

cations. Antenna radiation patterns and array geometries were first simulated analytically

in Matlab to determine which architectures can provide the least variation from omnidi-

rectionality in azimuth. Antenna elements were then designed using FEKO to match the

Matlab patterns as closely as possible. Finally, the antenna elements were placed in the

optimal array geometries discovered in Matlab and evaluated through full-wave electro-

magnetic simulations. Results show that arrays using up to six antenna elements on the

front, back, and sides of a vehicle have an electrical spacing between elements that is too

large to provide a low level of omnidirectional azimuth pattern variation at all angles in

the frequency range of interest (400 MHz to 3 GHz). The presence of nulls over small

azimuth angles for this alternative antenna configuration requires further work to deter-

mine if this is a practical concern given realistic wireless channels. A five-element uniform

circular array spaced evenly with the dimensions of the turret of a LAV III showed the

ability to provide the desired patterns over a small bandwidth. The use of antenna arrays

with more closely-spaced elements was also investigated that could be installed on a more

traditional mast.
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Introduction

1.1 Scope

A study was performed to explore alternative electronic warfare (EW) antenna array

architectures for use on military land vehicles. The Communications Electronic Warfare

(CEW) group at Defence Research and Development Canada (DRDC) – Ottawa Research

Centre is investigating the potential of multifunctional EW (MFEW) systems for use on

Canadian Army vehicles in the Electromagnetic Spectrum Operations (EMSO) Land Tac-

tical C4ISR/EW Army portfolio project. A fundamental role of an MFEW system is to

provide Force Protection (FP) against Radio Controlled Improvised Explosive Devices

(RCIEDs) using Electronic Countermeasures (ECM). Since the location of RCIEDs is

typically not known for FPECM applications, the antennas used for ECM systems in-

stalled on vehicles is usually omnidirectional. Therefore, any alternative antenna array

architecture installed on a vehicle must be capable of producing an omnidirectional ra-

diation pattern. Current land vehicle EW antennas are almost universally monopole or

dipole antennas mounted on top of a vehicle. Such installations can be large, create a

significant visual signature for the vehicle, and can have poor performance due to the

effects of the vehicle itself. Furthermore, these antennas are relatively narrow band and

therefore require the use of multiple dipole and monopole antennas.

This report presents the findings of a study on potential alternative land EW an-

tenna architectures. Specifically, it evaluates the feasibility of using multiple wideband

low-profile antennas conformally mounted on the body of a military ground vehicle to

determine if an acceptable level of overall omnidirectionality can be achieved. If suit-

able levels of omnidirectionality can be achieved, using a directional antenna array could

also be advantageous due to the ability to direct more power in a desired direction when

needed. In addition to this, using directional antenna elements can aid in preventing the

interception of communicated data by transmitting only in the direction of the desired re-
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ceiver rather than omnidirectionally. The potential advantages of using an antenna array

composed of directional elements installed around the vehicle includes:

1. Flexibility in the installation locations. Directional elements could be placed at any

suitable location on the vehicle such as the front, back or sides, whereas omnidirec-

tional elements must be placed on top of vehicles as the vehicle body will interfere

with the element radiation pattern.

2. The metallic vehicle body can act as a ground plane for each of the directional

antenna elements.

3. Low-profile antennas integrated into the body of the vehicles could enable covert

operations and minimize visual signature.

4. Wideband directional elements could reduce the number of separate band-specific

antenna systems.

5. For non-ECM CEW applications, directional elements placed in an array can provide

better direction of arrival estimation over a larger bandwidth when compared to

isotropic elements. (1)

When a receiver is considerably far away, such as in typical data/voice communica-

tions, the effect of the vehicle body is relatively minor as the monopole/dipole antenna

radiates outward toward the horizon. However, the counter RCIED application requires

radiated power to be directed at the ground including close to the vehicle body. As an

example, consider the third generation Light Armoured Vehicle (LAV III), which has di-

mensions of 6.98 m x 2.71 m x 2.81 m (length × width × height). Using a very rough

approximation of the vehicle as a rectangular metallic cube with these dimensions, the

variability in radiation pattern was simulated (the antenna element is placed on the top

of the cube, two-thirds down the length). Such a rudimentary vehicle model is illustrative
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while minimizing the sensitivity of this study/report. With the given dimensions, a dipole

centred one meter above the top of the vehicle does not achieve a line-of-sight (LOS) path

until approximately 15 m in front of the vehicle. This occurs at an elevation angle, θ,

of 101◦. The total gain variation (minimum radiated gain subtracted from maximum

radiated gain) in azimuth versus theta angle is shown in Figure 1 (i.e., for each elevation

angle the difference between the maximum and minimum gain across all azimuth angles

is calculated). As the frequency is increased, the effect of increasing elevation angle θ

results in larger total gain variations. If separate directional elements were placed on the

front, sides, and back of the vehicle, the vehicle body would have a nearly negligible effect

on the radiation patterns. While this is a simplistic model of the LAV III, the results

illustrate the significant effect a vehicle could have on an antennas radiation pattern, even

when raised up 1 m above the top surface.
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Figure 1: FEKO simulated gain variation across all azimuth angles for each elevation
angle.
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While there are a number of potential advantages to using an array composed of

low-profile wideband directional antennas, there are also a number of constraints and

challenges. First and foremost, the array must be able to produce reasonably omnidirec-

tional radiation patterns (similar to or better than the monopole/dipole implementations).

Secondly, to reduce cost and implementation difficulty, the maximum number of antenna

elements is limited since the signal would have to be split for each antenna with cables

running to each mounting location. Thirdly, the proposed design had to be relatively

small and unobtrusive as it was to minimize interference with the primary functions of

the vehicle. Aesthetically, the array was to be as covert and low-profile as possible. The

design ideally would improve upon, or at least match, the performance of a conventional

monopole/dipole implementation in every way.

1.2 Approach

Due to the specificity of the goals described above, there is little past documentation on

similar designs. Therefore, the study was conducted in a two-stage simulation set. First,

the feasibility of the idea was tested in Matlab. This was done analytically to determine if

omnidirectional results could be obtained under a large number of different antenna and

array conditions. When this simulation completed, there would be a number of successful

results that could move on to the next stage of testing.

The second step of the study was to design an antenna element capable of producing

a similar radiation pattern to the optimal one found through Matlab simulations. This

antenna had to be of reasonable size as to maintain a low-profile when placed in an array

on a military vehicle. In order to match the Matlab simulations as much as possible, the

designed antenna also had to maintain the desired radiation pattern for a wide bandwidth.

The final antenna designs were then placed in the array geometry giving the best

results in Matlab. Any tweaks to the element or array geometry would be made here.
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Using FEKO, azimuth plane plots were obtained and the gain variation was recorded over

frequency.

1.3 Literature Review

Omnidirectional radiation patterns for vehicle communications are required in order to

transmit/receive incoming signals to/from any direction. However, it may be desirable

in certain circumstances to transmit or receive in a single preferential direction. In order

to achieve a single direction of radiation, a switched beam or beamforming array can be

employed. One benefit of a multiple element array is the ability to adjust the element and

array size such that it conforms to the vehicle. This would allow elements to be placed

on the front, back, and sides of a vehicle. Such placement could provide LOS with the

ground at very close distances (depending on element radiation pattern) such than any

ground-directed uses could be much more effective.

There have been a number of efforts to create antennas or arrays that are capable

of producing both directional and omnidirectional radiation patterns. In (2), a planar

antenna containing four microstrip branches on each of the top and bottom of a dielectric

substrate were used to provide four directional modes and one omnidirectional mode. This

design resulted in a 400 MHz bandwidth centred at 3.8 GHz for a Voltage Standing Wave

Ratio (VSWR) < 2 and resulted in peak gains of 1.8 dBi and 4 dBi for the omnidirectional

and directional modes, respectively. Both (3) and (4) use a vertically stacked dipole-based

element array in order to improve omnidirectional characteristics over a wide bandwidth.

In (3), a three element parasitic enhanced dipole array is used to achieve stable broad-

band omnidirectional radiation patterns over an impedance bandwidth of 1.54 GHz to

2.75 GHz (VSWR < 1.5). The array is able to produce an omnidirectional pattern with

a gain of 5.7 dBi to 8.0 dBi and a maximum gain variation of approximately 1.5 dB.

Though the antenna achieves a strong azimuthal gain, the array does not produce direc-
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tional radiation patterns and the vertically stacked array increases the antenna profile.

A two-element quasi-yagi vertically stacked array is implemented in (5) to provide om-

nidirectional patterns with less than ±3 dB gain variation at 1.3 GHz and 1.7 GHz by

aligning the phase centres of the two antennas. This design is matched from 1.2 GHz to

2.0 GHz (VSWR < 2), but does not mention the gain variation for the entire impedance

bandwidth. Additionally, the profile is larger due to the array geometry and can only

produce two directional patterns.

In the proposed work, it is desired to reduce the profile as much as possible to minimize

visual signature. In order to do so, the array structure is ideally placed on the xy-plane

with a low-profile element. In (6), a switched beam antenna array is constructed using four

aperture-coupled patch antennas conformed to a cylinder shape. The array was able to

produce four unidirectional radiation patterns, however, it achieved a narrow bandwidth

with VSWR < 2 and was unable to produce omnidirectional patterns. A hexagonal array

is proposed in (7) to provide very little gain variation in the azimuth plane. This is done

by interleaving smaller four-element patch arrays with very flat beam patterns and low

side lobe levels into a six sided shape. The array achieves a high gain of 16.4 dBi in

any of the six boresight directions, however the impedance bandwidth covers less than

5.1 GHz to 5.35 GHz and the array architecture exceeds 2.3λl, where λl is the lowest

frequency of operation. A pentagonal geometry is adopted in (8) using a cavity-backed

dual-polarized dipole antenna element. A wider impedance bandwidth of 1.7 GHz to

2.7 GHz is achieved, however when all five antenna elements are excited, the H-plane

radiation pattern contains large gain fluctuations.

From the aforementioned examples, it can be seen that multiple directional elements

are capable of achieving low-profile, low gain variation, and wide impedance bandwidth.

A compact cavity-backed dipole is proposed in (9) which achieved an impedance band-

width of 117% from 2.48 GHz to 8.73 GHz with a profile of only 0.17λl. The radiation
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pattern achieves a strong gain of >6 dBi for the majority of the bandwidth, however,

large fluctuations in the radiation pattern shape could lead to higher gain variation in

an array architecture. An enhanced bowtie dipole feed is presented in (10) in which the

proposed feed is implemented within a waveguide structure to achieve a VSWR < 2.5

from 1.08 GHz to 4.9 GHz. The radiation patterns are relatively stable over the entire

bandwidth and a low profile of 0.18λl is achieved. The drawback of the proposed structure

is it needs to be fed at the center of a cavity backed waveguide and it is best matched to

a 100 Ω, therefore requiring a balun and increasing the manufacturing difficulty and cost.
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2 Matlab Simulations

2.1 Approach

Matlab simulations were conducted to address the feasibility of using multiple directional

antennas rather than the ubiquitous monopole or dipole on a military vehicle. Before

moving to a physical antenna design, mathematically defined radiation patterns were

tested under various conditions in order to observe under which circumstances quasi-

omnidirectionality could be achieved.

A basic cosine element radiation pattern was chosen as the theoretical directional

antenna radiation pattern. The equation defining this pattern is:

P (φ, θ) = cosn(φ) sinn(θ), for 0 ≤ φ ≤ 180

0 ≤ θ ≤ 90

P (φ, θ) = 0, otherwise,

(1)

where φ is the azimuth angle, θ is the elevation angle, and n is the cosine power. The

elevation angle was fixed at θ = 90◦ corresponding to the horizon and only the performance

in azimuth was evaluated.

There were a number of parameters to consider in order to successfully obtain omni-

directional results:

• Number of elements – The number of antenna elements ranged from three to six.

More than six elements would require difficult cabling, power splitting, and mount-

ing in a military vehicle.

• Geometry – The array geometry must be suitable for a military vehicle. Anten-

nas placed on the body must conform to the vehicle dimensions. Three types of

geometries were considered, each with dimensions corresponding to the LAV III:

1. Antenna elements installed on the sides and front/back of the vehicle.
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2. Antenna elements located around the turret of the LAV III.

3. Multiple antenna elements closely-spaced such that they could be installed on

top of a mast located on the top of the vehicle.

• Element pattern – Unidirectional and bidirectional elements were tested.

• Cosine power – The cosine power, n, of the antenna directly determines the antenna

gain and half-power beamwidth (HPBW). The cosine power needs to be adjusted

to avoid destructive interference of array elements.

• Frequency – The frequency determines the electrical spacing between each antenna

element. Sweeping the frequency gives the expected bandwidth of any successful

simulations.

The cosine power of the radiation pattern was swept from n = 1 (7.8 dBi) to n = 20

(19.1 dBi). The resulting radiation patterns for n = 1, 7, 14, 20 are shown in Fig. 2.

A sweep of all parameters was conducted on Matlab to discover the antenna cosine

powers and array geometries that resulted in reasonably omnidirectional azimuth pat-

terns. Successful simulations were ranked based on desired array geometry as well as

omnidirectional bandwidth of the system.

2.2 Vehicle Body-Mounted Array

The vehicle body-mounted arrays considered consisted of three, four, and six elements

placed on the front, sides, and back of a LAV III military vehicle as shown in Fig. 3. Note

that no vehicle is included in the simulations; rather, the dimensions of the arrays match

the dimensions of a LAV III, and since the radiation patterns are directed outward the

presence of the vehicle should have no effect.

The three-element geometry consists of one forward facing antenna assumed to be

placed on the front of the vehicle and two antennas placed midway down the vehicle

10



  -20

  -10

  0

  10

  20

60

120

30

150

0

180

30

150

60

120

90 90

  -20

  -10

  0

  10

  20

60

120

30

150

0

180

30

150

60

120

90 90

  -20

  -10

  0

  10

  20

60

120

30

150

0

180

30

150

60

120

90 90

  -20

  -10

  0

  10

  20

60

120

30

150

0

180

30

150

60

120

90 90

(a) (b)

(c) (d)

Figure 2: Matlab simulated azimuth angle radiation directivity (in dBi) with cosine
powers (a) n = 1 (7.8 dBi) (b) n = 7 (14.8 dBi) (c) n = 14 (17.6 dBi) (d)

n = 20 (19.1 dBi).

length (to reduce electrical spacing) at ±120◦ from the front antenna. The four-element

geometry consists of four antennas placed on the front, back, and sides of the vehicle, each

90◦ from one another. An example of the four element implementation is shown in Fig. 4,

where the blue circle represents the directional antenna location and the arrow represents

direction of boresight. The six-element geometry is similar to that of the four-element

array in that the antennas are placed on the vehicle body, however, in this case there are

two elements placed at 1
3 and 2

3 down the vehicle length on each side panel.

Each geometry was held constant as the frequency was swept from 0.4 GHz to 3.3 GHz
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Figure 3: Matlab simulated vehicle body-mounted array geometry with (a) 3 elements
(b) 4 elements (c) 6 elements.

for each cosine power. The simulations with the smallest gain variations in the azimuth

plane are shown in Fig. 5. The front of the vehicle is facing in the 0◦ direction as shown

in the figures. In the three-element case, the spacing between the radiation sources cause

significant ripples between the boresight of each antenna. These ripples led to a optimum

gain variation of ±6 dB relative to the mean value at 2.4 GHz. The four-element array

showed similar results to the three-element array as the predominant cause of large gain

variation was the spacing between each antenna. As expected, the boresight of each

element is the area containing the least gain ripple. This array resulted in an optimum

gain variation of ±3.8 dB relative to the mean value at 2.7 GHz. The six-element array

showed more destructive interference within their individual radiation patterns due to the

closer electrical spacing of the antennas. The least gain ripple in this case only occurs at

the front and back of the vehicle, whereas the gain variation is high along the sides where

there are two antennas facing the same direction. This array resulted in an optimum

gain variation of ±7.5 dB relative to the mean value at 2.7 GHz. Note that the angles

over which there is significantly reduced gain are relatively small, and it is currently not

known how much of a practical concern such narrow nulls represent. This issue should be
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Figure 4: Example implementation of four-element vehicle body-mounted array
geometry.

investigated in future work.

A plot of the maximum gain variation for various cosine powers is plotted versus

frequency in Fig. 6.

The three-element array showed an a steady increase in gain variation with an increase

in the cosine power. Since the elements were faced 120◦ apart, the narrowing of the HPBW

caused by an increase in the cosine power made the gain ripple increase in the regions

between two boresights. With four elements present, the radial coverage of each element

does not need to be as large. For this reason, the smallest total gain variation results occur

at a cosine power of 2.0 (10 dBi). Prior to this, the individual radiation patterns cause
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Figure 5: Matlab simulated vehicle body-mounted array radiation patterns (in dBi) with
(a) 3 elements (2.4 GHz) (b) 4 elements (2.7 GHz) (c) 6 elements (2.7 GHz).

too much destructive interference. Afterwards, there is too much space between element

boresights again causing the gain variation to increase. The six-element case differs from

the previous two because all antennas are not facing different directions in those cases.

There is a large radial spacing between the front and side facing antennas, but there is

no radial spacing between the two antennas present on the same side of the vehicle. Due

to this, the results of changing the cosine power are sporadic at low frequencies, when

the electrical spacing is smaller. Overall, both the three- and four-element cases provided

better omnidirectional patterns than the six-element array.

2.3 Turret-Mounted Uniform Circular Array (UCA)

This test was conducted to see if separate directional elements could provide omnidirec-

tional coverage when placed in a Uniform Circular Array (UCA) with a radius equal to

that of the turret of a LAV III, R = 0.75 m, the concept of which is shown in Fig. 7.

Each UCA geometry consists of one antenna element facing in the forward direction of

the vehicle. Note again that no vehicle was used in the simulation, therefore potential

obstructions such as the barrel of the LAV III gun were not evaluated. The next elements

are placed at 2πR
N

about the UCA circumference, where N is the number of elements in
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Figure 6: Matlab simulated vehicle body-mounted array total gain variation with
(a) 3 elements (b) 4 elements (c) 6 elements.

the array. Accordingly, the antenna boresights are directed at steps of 360◦
N

about the

UCA circumference. An example of the four-element implementation is shown in Fig. 8.

Each geometry was again held constant and the frequency was swept from 0.4 GHz

to 3.3 GHz. The simulated azimuth radiation patterns resulting in the smallest gain

variation for each value of N are shown in Fig. 9. In the three-element case, the lowest

achieved gain variation was ±2.5 dB relative to the mean value, occurring at 0.4 GHz
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Figure 7: Matlab simulated turret-mounted UCA geometry with (a) 3 elements
(b) 4 elements (c) 5 elements (d) 6 elements.

Figure 8: Example implementation of four-element turret-mounted UCA geometry.

with a cosine power of 1.0 (7.8 dBi) . The main source of gain ripple was again the

spacing between the boresights of each element. However, due to the UCA symmetry

and reduction of electrical spacing between elements, the gain variation was significantly
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reduced compared to the vehicle body-mounted array. The four-element array reached

a minimum gain variation of ±1.5 dB relative to the mean value, occurring at 0.4 GHz

with a cosine power of 2.0 (10.0 dBi). The five- and six- element arrays similarly both

reach a minimum gain variation at 0.4 GHz with values of ±0.6 dB (cosine power of 3.5

[12.0 dBi]) and ±0.7 dB (cosine power of 6.0[14.1 dBi]), respectively.
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Figure 9: Matlab simulated turret-mounted UCA radiation patterns (in dBi) at 0.4 GHz
with (a) 3 elements (b) 4 elements (c) 5 elements (d) 6 elements .

A plot of the total gain variation for various cosine powers is plotted versus frequency

in Fig. 10. In all four turret-mounted UCA geometries, the smallest total gain variation
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occurred at the lowest frequency. This is due to the smaller relative electrical spacing

between elements. The three and four element geometries showed large oscillations as

frequency increased. The oscillations became less substantial as the number of elements

increased. This could be due to the fact that the ideal cosine power increases as the num-

ber of elements increases. Therefore, the amount of overlap between adjacent elements’

radiation patterns decreases at the number of elements (and cosine power) increases mean-

ing a UCA with less elements is more heavily affected by the frequency (and thus electrical

spacing) of the array. All array geometries achieved a total gain variation under 6 dB for

the beginning of the band, but did not show the desired wideband capabilities.

2.4 Mast-Mounted UCA

This test closely matched that of the turret-mounted UCA case, however the elements were

arranged such that the electrical spacing between each other would be much smaller. The

UCA was given a constant radius of R = 0.15 m and the elements were arranged as shown

in Fig. 11. In order to obtain improved radiation coverage on the ground surrounding

the vehicle, the array was assumed to be mast-mounted and raised above the vehicle as

shown by the three-element example implementation in Fig. 12. Again, no vehicle was

used in simulations and therefore its effect on the radiation pattern was not evaluated.

The simulated azimuth radiation patterns for each number of elements is shown in

Fig. 13. In the three- and four-element cases, the smallest total gain variation occurs

at the smallest frequency as the electrical spacing is larger with less elements. The five-

and six-element arrays, however, reached a minimum slightly above 0.4 GHz. The exact

frequency at which the minimum occurred was dependent on the cosine power used in

simulation. The three-element array is shown to have a small ripple at points between the

element boresights. The lowest achieved gain variation was ±0.5 dB relative to the mean

value, occurring at 0.4 GHz with a cosine power of 1.0 (7.8 dBi). The four-element imple-
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Figure 10: Matlab simulated turret-mounted UCA total gain variation with
(a) 3 elements (b) 4 elements (c) 5 elements (d) 6 elements.

mentation was the first to show a negligible gain variation with ripples less than ±0.1 dB

relative to the mean value occurring at 0.4 GHz with a cosine power of 2.0 (10.0 dBi).

The five- and six-element arrays both reached minimums at 0.7 GHz rather than the

lowest simulated frequency. This could be due to the high number of elements in a small

electrical spacing. With R = 0.15 m, the space between two adjacent elements is 0.19 m

and 0.16 m, respectively for five- and six-element arrays. Conversely, the wavelength at

0.4 GHz is 0.75 m in free space. The five-element array showed a minimum gain variation
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Figure 11: Matlab simulated mast-mounted UCA geometry with (a) 3 elements
(b) 4 elements (c) 5 elements (d) 6 elements.

Figure 12: Example implementation of four-element mast-mounted UCA geometry.

of ±0.25 dB with a cosine power of 3.5 (12.0 dBi). Similar to the four-element case, the

six-element array showed a negligible gain variation at a cosine power of 4.5 (13.0 dBi).

The resulting total gain variations throughout frequency are shown in Fig. 14. In all
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Figure 13: Matlab simulated mast-mounted UCA radiation patterns (in dBi) with
(a) 3 elements (0.4 GHz) (b) 4 elements (0.4 GHz) (c) 5 elements (0.7 GHz)

(d) 6 elements (0.7 GHz).

cases, the total gain variation generally increases with an increase in frequency. The three-

and four-element cases begin with an acceptable minimum gain ripple but rise to a value

over ±3 dB around 1.7 GHz and 2.5 GHz, respectively. Both the five- and six-element

arrays show acceptable gain variation of ±3 dB for the entire simulated bandwidth. Based

on the results, and as expected, by increasing the number of elements in the UCA, a larger

operational bandwidth can be obtained.
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Figure 14: Matlab simulated mast-mounted UCA total gain variation with
(a) 3 elements (b) 4 elements (c) 5 elements (d) 6 elements.

2.5 Bidirectional Element Array

This test reapplied the mast-mounted geometry with a smaller radius, while using bidi-

rectional elements rather than unidirectional elements as shown in Fig. 15. This alters

Eqn. (1) such that

P = cosn(φ) sinn(θ), for [0 ≤ φ ≤ 360]

[0 ≤ θ ≤ 180]
(2)
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Because the elements are bidirectional, using the vehicle body as a ground plane

is no longer possible. Therefore, the array is assumed to be raised above the vehicle

in a radome-type arrangement as shown in Fig. 16. With bidirectional elements, the

back-facing radiation of unidirectional antennas becomes a useful signal. Additionally,

because the previous test showed that increasing the number of elements in the UCA

leads to a decrease in gain variation, a 3-bidirectional-element array theoretically would

mimic the response of a 6-unidirectional-element array. This would significantly decrease

the implementation difficulty of the array by eliminating half of the splitting/switching

network.

y

xz
 

   (a)

y

xz   
    
    (b)

Figure 15: Matlab simulated bidirectional UCA geometry with (a) 3 elements
(b) 5 elements.

The simulated azimuth radiation patterns for the three- and five bidirectional element

arrays are shown in Fig. 17. Both cases exhibited an ability to reach multiple minimum

gain variations with various cosine powers. To exhibit these characteristics, the minimums

occurring at the highest tested frequencies are shown. At 3.4 GHz, the three bidirectional

element UCA has a small gain ripple occurring between the six present boresights. The

gain variation is less than ±0.3 dB relative to the mean value with a cosine power of

5.5 (13.8 dBi). The five-bidirectional-element case had the highest number of separate

radiation peaks, mimicking 10 unidirectional elements. At 3.2 GHz, the five-bidirectional-

element UCA has an entirely negligible gain ripple. Variations in the pattern are less than
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Figure 16: Example implementation of three bidirectional element closely-spaced UCA
geometry.

±0.1 dB relative to the mean value with a cosine power of 10.5 (16.4 dBi). The minimum

gain variations occur at higher cosine powers for the bidirectional cases because the back-

radiating portion of one element acts as an additional unidirectional pattern between the

front-radiating portions of the two opposite elements.

The resulting total gain variations between 0.4 GHz to 3.3 GHz are shown in Fig. 18.

It was expected that the gain variation would be very low with a small linear increase

from low to high frequencies. Rather, the bidirectional element arrays showed multiband

characteristics where there were multiple periods of very low gain variation and small

peaks of high gain variation. The three bidirectional element UCA contains two useful
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Figure 17: Matlab simulated bidirectional UCA radiation patterns (in dBi) with
(a) 3 elements (3.4 GHz) (b) 5 elements (3.2 GHz).

bands from 0.9 GHz to 1.5 GHz and 2 GHz to 2.6 GHz within the test frequencies. Another

band of low gain variation begins at 3.1 GHz and extends beyond the tested frequencies.

The five-bidirectional-element UCA closely matched the response of the former, however

the useful bands have larger bandwidths of low gain variation. The two bands occurred

from 0.6 GHz to 1.4 GHz and 1.7 GHz to 2.5 GHz. An additional band begins at 2.8 GHz

and extends beyond the tested frequencies.

The bidirectional UCAs showed interesting gain variation characteristics not present

in the previous tests. The areas of low variation extended much higher in frequency and

electrical spacing than unidirectional arrays. In addition, the passbands could be tuned by

altering the radius and cosine power of the UCA. Based on these results, a bidirectional-

element UCA was suitable for a multiband implementation capable of omnidirectional

H-plane patterns within a very large bandwidth.

2.6 Discussion

This section presented the scope and method of initial simulations of alternative antenna

array structures for on-vehicle applications. Simulations were conducted in various array
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Figure 18: Matlab simulated bidirectional UCA total gain variation with (a) 3 elements
(b) 5 elements.

geometries using Matlab. In order to be useful in real world implementations, the arrays

needed to provide reasonable omnidirectional radiation coverage.

Limited by the dimensions of the LAV III vehicle and number of antenna elements,

the large electrical spacing and asymmetric array shape made omnidirectional patterns

challenging. It should be noted, however, that the nulls were generally narrow, and in

a practical application with a realistic channel may be much less severe than illustrated

in this section. A future study of this is recommended and the results presented in this

section should not be considered definitive proof that the concept of antennas positioned

around a military vehicle cannot provide acceptable omnidirectionality in practice.

The turret-mounted UCA proved able to provide improved omnidirectional radiation

patterns, but only at low frequencies where the electrical spacing between elements was

relatively small. As the frequency increased, the gain variation increased for all array

sizes. Reducing the radius of the UCA to 0.15 m from 0.75 m significantly decreased the

gain variation seen throughout frequency. Again, the variation increased with an increase

in frequency. Using the ideal cosine power (and unidirectional radiation pattern), both the
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five- and six-element arrays maintained less than ±3 dB gain variation for all frequencies

between 0.4 GHz to 3.3 GHz. The closely-spaced array showed that an increase in UCA

elements led to a slower increase of gain variation over frequency. This is not ideal because

arrays become more costly and complex as the number of elements increases.

The bidirectional element array was tested to simulate more directional radiation

patterns using less elements. Theoretically, five bidirectional elements could mimic ten

‘unidrectional’ element radiation patterns with less hardware needed. Upon simulating the

array, the spacing between the front and back facing radiation patterns cause a periodic

peak and valley pattern of gain variation. For both three- and five- element UCAs, the

valleys were well below ±3 dB and thus provided multiband omnidirectional patterns up

to and beyond the maximum tested frequency of 3.3 GHz.
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3 FEKO Simulations

3.1 Approach

The electromagnetic simulation software package, FEKO, was used to conduct electro-

magnetic simulations based on the numerical results obtained from Matlab. The two

results considered for a detailed analysis in FEKO were the five-element mast-mounted

UCA and the three bidirectional element UCA. These were chosen because they both

proved to be able to provide omnidirectional coverage throughout the entire tested band-

width with the least number of elements.

The antenna element had to be designed to closely match the mathematical radiation

patterns used in Matlab. This meant one element would be unidirectional with as little

back radiation as possible and an equivalent cosine radiation power of 3.5. The other

would be a bidirectional element with symmetrical front and back radiation patterns with

an equivalent cosine radiation power of 5.5. Each antenna designed in FEKO would have

to match the Matlab-generated radiation pattern as much as possible over the desired

bandwidth as the mathematical patterns were frequency-independent.

One additional constraint in designing the bidirectional element was leaving a small

footprint in the plane perpendicular to the back-facing radiation patterns. The mathemat-

ical patterns were generated from point sources and thus had no impact on overlapping

patterns. The FEKO-designed antenna, however, would have to minimize the impact of

the conductive material in the radiation path.

Initially, wideband antennas with stable radiation patterns such as horn or yagi-uda

antennas were tested. Next, any modifications needed would be made to match the

FEKO results to the mathematical results from Matlab. Once the antenna elements

were performing as desired, they would be placed in their appropriate array geometries.

Finally, simulations were performed to obtain the radiation patterns, gain variation, and

reflection coefficient of the arrays.
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3.2 Array Using Bidirectional Horn Antenna

The first design tested using FEKO was a bidirectional horn antenna. Horn antennas have

the advantage of having very large bandwidths with high gain throughout. By removing

the back plate behind the antenna feed and replacing it with an identical flare shape, the

design can provide symmetrical bidirectional radiation patterns. The bidirectional horn

antenna design and dimensions are shown in Fig. 19 and Table 1.
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Figure 19: Bidirectional horn antenna design

The length and flare angle of the horn directly affect the gain and beamwidth of the

radiation pattern. By adjusting these characteristics, it is possible to tune the antenna

to provide the desired pattern. There is an ideal flare angle that is capable of providing

Table 1: Dimensions of bidirectional horn antenna.

Variable Value (mm)
H 32.3
W 19.4
D 15.2

Variable Value (mm)
H1 64.6
W1 48.8
D1 31.8
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maximum gain with the smallest reflection coefficient, however, in this case it is equally

important to create the ideal radiation pattern to provide omnidirectional H-plane cover-

age while maintaining a reflection coefficient under -10 dB. Therefore, the horn dimensions

would firstly be based on an ideal flare angle and small alterations would be made to match

the mathematical patterns obtained in Matlab. The resulting H-plane radiation pattern

of the bidirectional horn in comparison to the ideal mathematical pattern is shown in Fig.

20. The gain values of the FEKO simulated patterns are within 5 dB of the mathemat-

ical patterns for gain values over -10 dB, however, the side lobes of the EM simulations

have much higher gain than the Matlab simulations. The Matlab pattern is particularly

difficult to match due to the high gain at boresight with a large HPBW. As the gain at

boresight of a horn antenna increases (typically caused by an increase of frequency), the

beamwidth tends to decrease.
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Figure 20: Matlab and FEKO simulated bidirectional element H-plane radiation pattern
at 3.4 GHz.

Maintaining a nearly constant HPBW and gain over a large frequency range proved
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to be very difficult. The length and flare angle of a horn antenna affects the radiation

pattern meaning the change in frequency (thus wavelength) alters the perceived length

and therefore beamwidth of the antenna. This, however, is not the biggest issue with the

bidirectional horn antenna. The size in both width and length of the horn design makes

the antenna impossible to use in the desired 0.15 m radius UCA. Instead, an optimization

was run to find which UCA radius would result in omnidirectional H-plane patterns with

low gain variation. The lowest gain variation occurred at 3.6 GHz with a UCA radius of

0.375 m.

The resulting H-plane (xy-plane)pattern is shown in Fig. 21 with a best case scenario

of ±5 dB gain variation. The most likely cause of the high gain variation is the size

and geometry of the conducting material interfering with the back-facing radiation of

the bidirectional elements. The slim waveguide structure paired with large flares meant

there were large conducting panels perpendicular to the direction of radiation. Future

designs would have to be smaller and cause less interference with the back-facing radiation

patterns.
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Figure 21: FEKO simulated bidirectional element UCA H-plane radiation pattern at 3.6
GHz.
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3.3 Array Using Waveguide Structure
3.3.1 Three-Element Bidirectional Array

Since the flare of the bidirectional horn antenna was causing too much obstruction to

the radiation patterns, a simpler rectangular waveguide shape was adopted. This shape

meant there would be less conductive material perpendicular to the direction of radiation.

In testing the bidirectional capabilities of the waveguide design, it was found that a

slight taper in the vertical direction, as well as a slight flare in the horizontal direction

minimized the sidelobes of the H-plane radiation pattern. In order to obtain a reflection

coefficient of less than -10 dB over a wider bandwidth, the wire probe was removed in

place of a triangular monopole element. The triangular element increased the antenna

impedance bandwidth, and the conducting lines on either side reduced resonance between

the sidewalls of the waveguide and the element itself, removing notches in the operational

bandwidth. The monopole element could be fed using a coaxial probe through the bottom

of the cavity structure. The three-element bidirectional array using waveguide structures

is shown in Fig. 22.

X Y

Z
R

Figure 22: Bidirectional antenna array geometry

The reflection coefficient of the array is shown in Fig. 23. The triangular element
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significantly increased the impedance bandwidth giving the system an operational band-

width with VSWR < 2 from 2.3 GHz to 7.2 GHz. The difficulty in using the triangular

element is the larger element would again create an obstruction in the back-facing radia-

tion of the other antennas. In order to find a balance between reflection coefficient and

radiation pattern results, the element would need to be considerably smaller than the

aperture of the waveguide.
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Figure 23: Bidirectional element array reflection coefficient.

The bidirectional and omnidirectional patterns of the bidirectional antenna array at

2.9 GHz and 5.8 GHz are shown in Fig. 24 and Fig. 25, respectively. The bidirectional

pattern in both cases does not provide an ideal match to the desired pattern as well

as the aforementioned bidirectional horn antenna patterns shown in Fig. 20, however

the removal of the obstruction caused by the horn flares improved the omnidirectional

patterns. These improvements provided omnidirectional H-plane coverage with below
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±3 dB gain variation for a small number of frequency bands. The bands within the

impedance bandwidth (VSWR < 2) at which acceptable omnidirectional patterns were

achieved were:

• 2.8 GHz to 2.9 GHz

• 3.35 GHz to 3.45 GHz

• 5.75 GHz to 5.85 GHz

As is clearly shown by the above list, the omnidirectional bandwidths are too narrow

to achieve the wideband nature desired in such an array structure. In order to improve on

the results, the obstruction caused by other antennas would need to be removed entirely

as not to skew individual antenna patterns. The symmetry of the bidirectional patterns

is an important characteristic to obtain an omnidirectional H-plane, however it is proven

to be very difficult given conducting objects within the field.
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Figure 24: H-plane radiation patterns for a single element (black) and the array (red) at
2.9 GHz.
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Figure 25: H-plane radiation patterns for a single element (black) and the array (red) at
5.8 GHz.

3.3.2 Five-Element Unidirectional Array

In order to overcome the difficulties encountered in using bidirectional elements, unidirec-

tional elements were used in the next iteration of tests. When tested in Matlab, the UCA

with the smallest number of elements providing acceptable omnidirectional patterns was

five elements at a radius of 0.15 m. Though the six-element simulation obtained slightly

better omnidirectional results, a five element implementation is more realistic considering

cost, difficulty of connections, and element size. Again, the element would have to be

impedance matched over a wide bandwidth and have stable radiation patterns resem-

blant to the unidirectional cosine (cosine power of 3.5 [12.0 dBi]) patterns obtained in

Matlab. Similar to the bidirectional implementation, a triangular monopole was used to

impedance match the system to 50 Ω and maintain wide bandwidth. The tapered cavity

was shown to significantly increase the matching capabilities at lower frequencies of the

operational bandwidth. The design of the unidirectional element and the dimensions can

be found in Fig. 26 and Table 2. The largest width, height, and depth dimensions of the

antenna in reference to the lowest operational frequency (1.8 GHz) are 12.9 cm (0.77 λ0),
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6.5 cm (0.39 λ0), and 3.6 cm (0.22 λ0), respectively.
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Figure 26: Directional antenna element dimensions.

Table 2: Dimensions of proposed antenna.

Variable Value (cm)
H 12.9
H1 7.8
H2 6.1
D 7.2

Variable Value (cm)
W 25.8
W1 19.5
W2 12.7
θ 67◦

The array design is shown in Fig. 27. The final UCA consists of five of the above-

described elements spaced evenly about a circle of radius, R = 0.155 m, with each element

directed outward at steps of 360◦/5 = 72◦. The full array dimensions with respect to the

lowest operational frequency are then 31 cm in length (1.86 λ0), 31 cm in width (1.86 λ0),

and 3.6 cm in height (0.22 λ0). It is expected in real-world implementation of this array

that the UCA be placed in a radome or short disc enclosure to both protect and disguise

the structure.

The reflection coefficient of the array in both unidirectional and omnidirectional modes

is shown in Fig. 28. Both modes maintain a reflection coefficient less than -10 dB (VSWR < 2)
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Figure 27: Directional antenna array geometry

from 1.5 GHz to 2.8 GHz resulting in a 60% impedance bandwidth. In omnidirectional

mode, minimum reflection coefficient values of -19 dB and -17 dB are achieved at ap-

proximately 1.6 GHz and 2 GHz, respectively. Unidirectional reflection coefficient data

is obtained by exciting only one antenna port with the other four ports terminated in

50 Ω while omnidirectional simulations are done by exciting all five ports simultaneously

in-phase.

The unidirectional and omnidirectional H-plane radiation patterns at 1.9 GHz and

2.7 GHz are shown in Fig. 29 and 30. When only one port is excited, the H-plane contains

one directional pattern with approximately 60◦ HPBW. At 1.9 GHz and 2.7 GHz, the peak

gain in directional mode is 6.8 dBi and 7.9 dBi, respectively. When all ports are excited,

an omnidirectional H-plane pattern with less than ±3 dB gain variation is achieved from

1.8 GHz to 2.8 GHz. In omnidirectional mode, peak gains of 2.7 dBi and 1.5 dBi are

achieved for 1.9 GHz and 2.7 GHz. A minimum gain variation of ±1.5 dB is obtained at

2.6 GHz. The gain variation of the array is shown for the entire impedance bandwidth in

Fig. 31. It can be seen that no frequencies above 1.8 GHz surpass the threshold of 3 dB.
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Figure 28: Single element and array reflection coefficient.
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Figure 29: H-plane radiation patterns for a single element (black) and the array (red) at
1.9 GHz.

3.4 Discussion

This section presented the method of simulation and results of alternative antenna array

structures for on-vehicle applications. Full-wave EM simulations were conducted using
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Figure 30: H-plane radiation patterns for a single element (black) and the array (red) at
2.7 GHz.
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Figure 31: Array gain variation versus frequency.

FEKO. Various antenna designs were explored in an attempt to achieve similar results to

the mathematical simulations conducted on Matlab.

The bidirectional horn antenna was able to provide bidirectional patterns similar to
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those used in Matlab, however, it was much too large to place in the desired array struc-

ture. With the array radius adjusted to cater to the horn size, the large flares in the

vertical and horizontal planes obstructed the radiation path causing deviations in the

omnidirectional H-plane pattern.

In order to overcome the size and radiation obstruction in the horn antenna, a smaller

waveguide-style structure was adopted. A triangular monopole radiating element was

developed to obtain wideband matching characteristics. The reduction of antenna size

allowed the array radius to be reduced to the initial desired UCA radius of 0.15 m. In

mathematical simulations, the bidirectional element arrays showed the ability to maintain

low gain variation in a number of bands throughout a very wide bandwidth. However,

in practice, this would require that the individual element radiation pattern shape not

change throughout frequency. Though the matching characteristics were satisfactory, the

triangular element obstruction in the radiation path and the alteration of the individual

element patterns over frequency caused larger gain variations within the operational band-

width. Because of this, only three narrow bands of acceptable omnidirectional patterns

were achieved.

To avoid any issues caused by radiation path obstruction, the waveguide structure of

the bidirectional antenna was modified to become a unidirectional cavity. By tapering

the back of the unidirectional element cavity, the impedance bandwidth was significantly

improved at the lower end of the operational bandwidth. The individual element size

still permitted a UCA with a radius of 0.15 m and the number of individually switchable

H-plane radiation directions increased to five. With unidirectional elements, less than

±3 dB gain variation in H-plane patterns were achieved for the operational bandwidth of

1.8 GHz to 2.8 GHz.

The UCA of unidirectional cavity-backed elements provides a number of other ad-

vantages over the bidirectional implementations. By feeding a single desired element,
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the gain can be increased toward a single particular direction unlike the bidirectional

elements. Additionally, a UCA of unidirectional elements can effectively estimate DOA,

while bidirectional elements cannot due to their symmetry in two directions. In a bidirec-

tional element array, it would be possible to distinguish a transmission from perpendicular

planes such as coming from North versus coming from East. However, it would be ex-

tremely difficult to decipher location on a parallel plane such as East versus West because

received antenna power would only be altered by the loss over the UCA radius.
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4 Conclusion

This report has presented the results of a study on potential alternative antenna ar-

ray architectures for land EW vehicles. These architectures could provide improvements

in covertness, directive transmission/reception, and direction of arrival estimation when

compared to the current monopole/dipole implementations. Mathematical simulations

were first conducted using Matlab to observe the feasibility of unidirectional or bidirec-

tional elements in various array geometries to obtain omnidirectional radiation patterns

over a large bandwidth. Electromagnetic models were then created in FEKO to attempt

to practically examine the successful results obtained in Matlab.

Mathematical simulations showed that the large electrical spacing obtained when us-

ing the front, back, and side panels of the vehicle as antenna mounts resulted in large

gain variations for all test cases using six or fewer antennas. It should be noted, however,

that the nulls were generally narrow, and that performance could be adequate in prac-

tical applications with realistic wireless channels. A study on this is recommended for

future work, and the preliminary results presented in this report should not be considered

definitive proof that the concept of antennas positioned around a military vehicle cannot

provide acceptable levels of omnidirectionality.

An improvement in gain variation was achieved when moving to a turret-mounted UCA

geometry, however low gain variation could only be achieved for small bandwidths with

five or six array elements due to the large electrical spacing. A further improvement was

observed when reducing the turret-mounted UCA radius to 0.15 m for a mast-mounted

array. Both five and six element arrays provided gain variation of less than ±3 dB for the

entire tested bandwidth of 0.4 GHz to 3.3 GHz. Though six elements provided slightly

better gain variation results, a five element array was considered more ideal due to element

size constraints, cost, and ease of implementation. The smaller UCA radius was then

tested using three and five bidirectional elements. The bidirectional elements achieved
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multiple bands of low gain variation reaching frequencies above the tested bandwidth in

Matlab. Both the three bidirectional element array and the five unidirectional element

array were chosen to be implemented in FEKO.

A double-flared horn was first tested to be used as the bidirectional element, however,

the size of the horn exceeded the length needed to maintain a 0.15 m radius UCA. With

the UCA radius increased to 0.375 m, the bidirectional horn array was unable to achieve

a gain variation under ±3 dB. An open-ended waveguide structure with a significantly

smaller profile was adopted to reduce the UCA radius to 0.15 m. Variations in the element

feed and cavity were made to increase the impedance and radiation characteristics. The

improved bidirectional design achieved a VSWR < 2 for a bandwidth of 2.3 GHz to

7.2 GHz, but was only able to maintain acceptable omnidirectional H-plane patterns over

three narrow bands within the impedance bandwidth.

A similar waveguide structure was altered to have a closed back in order to simu-

late the five unidirectional element array. This array achieved an impedance bandwidth

of 1.5 GHz to 2.8 GHz (60%). With all five ports excited, the H-plane radiation pat-

terns are quasi-omnidirectional with a gain variation of under ±3 dB for the operational

bandwidth of 1.8 GHz to 2.8 GHz. With the added potential for DOA estimation and di-

rectional transmission/reception, the five unidirectional element array could be attractive

for MFEW applications.
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Acronyms and Abbreviations

CEW – Communications Electronic Warfare

DOA – Direction of Arrival

DRDC - Defence Research and Development Canada

ECM – Electronic Countermeasures

EM – Electromagnetic

EMSO – Electromagnetic Spectrum Operations

EW – Electronic Warfare

FP – Force Protection

HPBW – Half Power Beam Width

LAV III – Light Armoured Vehicle III

LOS – Line of Sight

MFEW – Multifunctional Electronic Warfare

RCIED – Radio Controlled Improvised Explosive Device

UCA – Uniform Circular Array

VSWR – Voltage Standing Wave Ratio
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