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      In recent years, the Navy has looked to transition to multifunction array apertures to reduce the size of ”antenna farms” on ships’ masts and 
other space constrained areas. Cylindrical phased arrays are an attractive aperture for multifunction radio frequency (RF) systems requiring a 
360-deg field of view because of their immense flexibility in radiation pattern performance. Cylindrical arrays offer the pattern versatility to 
operate with multiple pattern shapes. In one mode, cylindrical arrays form directional patterns that are scanned throughout the azimuth plane 
with nearly constant gain, beamwidth, sidelobe level, and polarization properties – avoiding the degradation faced by multi-faced planar array 
systems. Apertures must support a wide operational bandwidth to support wide ranging functions. This report presents the design of an all 
metal cylindrical array of stepped-notch elements, which will be utilized as the transmit/receive aperture for the final radar demonstration of an 
NRL base program.
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DESIGN OF A CYLINDRICAL ARRAY FOR MULTIFUNCTION USE

1. Introduction

In recent years, the Navy has looked to transition to multifunction array apertures to reduce the size of
”antenna farms” on ships’ masts and other space constrained areas. Cylindrical phased arrays are an 
attractive aperture for multifunction radio frequency (RF) systems requiring a 360◦ field of view because of 
their immense flexibility in radiation pattern performance. Cylindrical arrays offer the pattern versatility to 
operate with multiple pattern shapes. In one mode, cylindrical arrays form directional patterns that are 
scanned throughout the azimuth plane with nearly constant gain, beamwidth, sidelobe level (SLL), and 
polarization properties – avoiding the degradation faced by multi-faced planar array systems [1][2]. In 
another mode, omni-directional patterns are easily formed with the possibility of adaptive nulling to reduce 
interference [3]. These advantages have led to their use for radar applications [4] including weather radar [5] 
and monopulse applications [6], functions including custom pattern shaping including tactical air navigation 
(TACAN) [7], and are even seen as a technology enabler for millimeter wave (mmW) mobile 
communications [8][9].

Apertures must support a wide operational bandwidth to support wide-ranging functions. The literature 
on wideband cylindrical arrays is limited as the half-wavelength circumferential spacing needed to mitigate 
the impact of distortion modes, combined with the wedge shape of the unit cell, makes integrating wideband 
elements - which are often long in length - a design and integration challenge. Printed circuit board (PCB) 
realizations include wideband planar patch elements [10] and long slot elements [11].

Cylindrical arrays, however, are not as widely used as their utility would suggest. This is partially due 
to increased difficulty in their design and manufacturing that results from the more complex geometry com-
pared to the more well known linear and planar arrays. Techniques, including 3D printing, have been used 
for simplified manufacturing of circular arrays [12], but all metal designs are preferred for other applications 
because of their power-handling capabilities, smoother surface finish, and greater mechanical strength [13]. 
This report presents the design of an all-metal cylindrical array of stepped-notch elements, which will be 
utilized as the transmit/recieve aperture for the final radar demonstration for a base program (WU 6B10).

2. Cylindrical Array Design

The array design presented in Fig. 1(a) is a cylindrical array with an outer diameter of 12in. The array
is comprised of step notch antenna elements, as seen in Fig. 1(c), arranged in 8 element columns, shown
in Fig. 1(b), with 64 columns arranged to form a cylinder. By stacking multiple elements in elevation to
form column elements, wide-angle scanning can be performed in elevation. Inter-element spacing in both
azimuth and elevation (circumferentially and vertically) was set to λ/2 at the high frequency, 10 GHz, to
obtain critical sampling.

Manuscript approved September 29, 2021.
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2 Stumme, Dorsey, Valenzi

The step notch elements were designed and optimized to operate over 2-10 GHz. This design process
is outlined in detail in [14], which starts by decomposing the full array simulation down to a single unit
cell simulation with the appropriate boundary conditions. This is done to avoid computationally taxing and
long simulation times experienced through full array simulation. The unit cell simulation setup, as proposed
in [15] and further extended in [14], for the cylindrical array design is seen in Fig. 2. Periodic boundaries
on the non-parallel sides of the unit cell are applied with a m2π

N phase shift, simulating all phase modes
m = 0, 1, ..., N − 1. This process results in full characterization of the active reflection coefficents and
scattering matrix of the array, as well as the embedded element patterns through post processing computation
of the unit cell simulation results.

(a) Array design (b) Column element (c) Step notch element

Fig. 1 — Cylindrical array design.

The step notch element was designed and simulated to be well matched over the desired 2-10 GHz
operational bandwidth. This was achieved, as seen in Fig. 3, with Γ ≤ −10dB, across the entire frequency
band, in otherwords a VSWR of at least 2:1.

From the simulation method described in Section 2, the embedded element patterns and active reflection
coefficient data were obtained. In Fig. 4(a), the active reflection coefficient vs. frequency and phase mode
is shown. The well matched, or useable modes, are well defined by the theoretical limits as defined in (1).
Keeping the phase mode index m as |m| < mmax ensures only well matched modes are used.

mmax = ±2π

λ
R (1)

This theoretical limit is shown in Fig. 4(a) with the solid white lines, showing good agreement between
the theoretical limit and simulated results. It is seen that as the frequency increases, the number of useable
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Fig. 2 — HFSS unit cell simulation setup
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Fig. 3 — Element match

modes also increases. This is seen more clearly in Fig. 4(b), where the active reflection coefficient vs. phase
mode index is shown for select frequencies. The modes are well matched (Γ < −10dB) according to
(1), with the useable modes, |m| < mmax, well matched, and modes |m| > mmax exibiting near perfect
reflection.

Embedded element, Fig. 5(a), and column patterns, Fig. 5(b), are shown in Fig. 5 at select frequencies
within the 2-10 GHz operating band. These are used for comparison with the measured results presented in
Section 3. Embedded element patterns are obtained by exciting a single element within a column element,
whereas a column pattern is obtained by exciting all 8 elements within a column uniformly.

3. Array Fabrication and Results

The cylindrical array design, shown in Fig. 7(a), was fabricated using electrical discharge machining,
or EDM. Due to the rotational relationship between the column elements, the array elements cannot be
machined in one piece. Instead, the individual column elments are machined seperately using EDM, as seen
in Fig. 6. Additionally, the top and bottom panels and the inner ground plane are machined. The ground
plane is machined in sections for easier assembly. All parts have appropriate screw or clearance holes to
accomodate assembly and to electrically ground the entire array structure together, as shown in Fig. 7(a).
The final assembled array is seen in Fig. 7(b), in the anechoic measurement chamber.
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(a) Active reflection coefficient contour plot
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(b) Active reflection coefficient at select frequencies

Fig. 4 — Active reflection coefficient, Γ.
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(a) Simulated embedded element patterns
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(b) Simulated column patterns

Fig. 5 — Simulated patterns at select frequencies.

Once fabricated, the array seen in Fig. 7(b) was characterized in an anechoic chamber through a series
of measurements. Embedded element patterns, column patterns, and gain measurements were taken and
compared to simulated data. Embedded element patterns were measured for a center element in the array.
Measured embedded element patterns across select frequencies in the band are shown in Fig. 8(a) with
comparisons to the simulated patterns shown in Fig. 9. Column patterns were measured using an 8-way
power divider feeding each element in a single column with uniform amplitude. Gain was measured for the
embedded element pattern across the bandwidth as shown in Fig. 11.

4. Beamforming for Radar Demonstration

As mentioned in Section 1, the cylindrical array presented will be utilized in a radar demonstration
for the base program WU 6B10. The radar demonstration will be conducted at X-band utilizing 8 column
elements of the array. Using only 8 elements the angular sector of the array covers 45 deg, instead of the
full 360 deg if all 64 column elements were utilized. As such, the radar demo will show scanning over a 30
deg sector in 5 deg increments.
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Fig. 6 — Fabricated column element using EDM

(a) Array design (b) Array fabricated

Fig. 7 — Final array design including assembly screw holes. (a) Array design with appropriate screw
holes for assembly. (b) The array in the middle of the picture, or larger array on the bottom, is the
fabricated and assembled array. Array is set up in the anechoic chamber for measurements.

To perform directonal beam scanning with a cylindrical array the weighting technique from [4] is used,
where phase-only weights are computed using (2).

wn =
β

|[fmb]n|
[fmb]n (2)

From measuring each of the 8 column elements to be used in the demo, we obtain the column patterns
seen in Fig. 12(a). Each pattern points in a unique direction due to the unique pointing angle of the elements
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(a) Embedded element patterns
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(b) Column patterns

Fig. 8 — Measured patterns for select frequencies across the bandwidth. (a) Embedded element
patterns for a center element in a column. (b) Column pattern.

caused by the rotational realtionship between elements. By applying the weights calculated using (2) for
each scan angle of ±15, using 5 deg increment,s results in the directional patterns seen in Fig. 12(b).
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Fig. 9 — Comparison between simulated and measured embedded element patterns for select fre-
quencies.
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Fig. 10 — Comparison between simulated and measured column patterns for select frequencies.
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Fig. 11 — Gain of element with respect to the ideal gain.
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(a) 8 column patterns
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(b) Scanned directional patterns

Fig. 12 — (a) Measured column patterns for the 8 column elements to be used in the demo. The shift
in pointing direction between the patterns correlates to the angular distance between each element.
(b) Scanned directional patterns over the ±15 deg scan area desired.
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5. Conclusions

This report presents the design, fabrication, and measurements of an all-metal cylindrical array of
stepped-notch elements. This array will be the transmit/recieve aperture for the final radar demonstration
for a base program (WU 6B10) using phase-only weights to form directional beams over a small scan area.
Simulated and measured results show good agreement for both embedded element and column patterns in-
dicating successful design and fabrication of the array. Measured column patterns and computed, scanned
directional patterns demonstrate sucessful beam steering capabilities over a small sector. Success with direc-
tional beam steering over a small sector with 8 elements indicates that using all 64 column elements should
enable full 360deg scanning capabilities.
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