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ABSTRACT This paper presents the design process of a multi-radii monofilar helical antenna that can
operate in three different bands with circular polarization. The antenna is comprised of two helical antennas
with different radii that are embedded and supported by an innovative structural technique. This allows
reconfigurable behavior, efficient folding, packaging, and deployment. The antenna is fabricated using
2-mil-thick-FPC Kapton with a 3-mil copper trace glued appropriately on the top. An actuation mechanism of
telescopic form is used for the stress-free deployment of the proposed design. The proposed origami antenna
can adjust its band of operation by changing its height; therefore, it is physically reconfigurable. The main
advantage of this antenna is that it can cover multiple applications, such as GPS, WiMAX, and satellite
radio communications with a measured maximum right-hand circularly polarized realized gain of 6.3, 12.7,
and 10.5 dB, respectively, thereby eliminating the need for multiple antennas.

INDEX TERMS Circular polarization, origami, reconfigurable, multi-radii helix.

I. INTRODUCTION

Deployable antennas have been recently developed [1]-[4]
exhibiting unique advantages of reconfigurability and col-
lapsibility. Their concept of design is based on the origami
idea, an advantageous technique, since the 3D geometry can
be made by first using standard planar manufacturing to
create the planar geometry of the antenna and then fold it into
the 3D structure, [6]-[9].

The trend of origami based electromagnetic (EM) struc-
tures has been significantly grown the last 5 years.
The Nojima wrap antenna, [1], and the Nejiri cylinder
antenna, [2], are some examples of designs that can change
their geometries while operating, thereby reconfiguring their
electromagnetic performance. In this paper, a multi-radii
helical antenna is analyzed following the design approach
published in [2].

Helical antennas have been thoroughly analyzed and stud-
ied [10]-[17]. Various designs have been introduced [1]-[17],
[22], [23], operating in axial mode, which makes them suit-
able for satellite applications. Recently, the increased interest
for deployable antennas led to the design of a new type of
helical based antennas. Specifically, a deployable quadrifilar
helix antenna and a conical log spiral antenna were proposed

for the UHF band in [3]. Also, a conical log spiral antenna for
WiMAX applications in the range of 2.2 GHz to 3 GHz was
proposed in [4]. For both cases the designs operate with high
efficiency within the band of interest. In this paper, the design
methodology for our helical antenna is different from the
ones presented previously. Our origami multi-radii helical
antenna can change its height to tune its operating frequency
to different frequency bands to satisfy different requirements.
The introduction of more than one helical sections is found to
be critical for improving the bandwidth of the gain, pattern,
and circular-polarization, which agrees with [18]. Here, for
the first time, a multi-radii helical antenna is designed so that
it can morph its shape to provide optimal tunable bandwidth
and packing. The proposed antenna can cover three bands
of operation, namely, GPS, WiMAX and Satellite Radio
communications and achieve a measured maximum RHCP
realized gain of 6.3 dB, 12.7 dB and 10.5 dB, respectively.
Also, its axial ratio remains below 2 dB for all the three bands.

IIl. MULTI-RADII HELICAL ANTENNA ORIGAMI DESIGN

The proposed reconfigurable multi-radii helix consists of two
helical sections (a top and a bottom one) with different radii
and a transition step between them to serially connect the
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FIGURE 1. Geometries of the origami multi-radii monofilar helix:

(a) origami folding pattern, (b) perspective view of multi-radii folded-up
transition section, and (c) top view of multi-radii folded-up transition
section.

(a) (®) (©)

FIGURE 2. Models and geometries of the origami multi-radii helix at
three different heights (i.e., states): (a) state 1 (unfolded state), (b) state 2
(semi-folded state), and (c) state 3 (folded state).

two helical sections, as shown in Figs. 1 and 2. The proposed
origami pattern for folding a multi-radii origami cylindrical
base is shown in Fig. 1(a). Only a few dominant parameters
need to be determined, i.e., a, ratio, fscale, ratioy, my, m, n
and w, whose designed values and descriptions are listed in
TABLE 1. By folding along the hills and valleys in Fig. 1(a) as
denoted by solid and dash lines, respectively, combining the
bottom and top sections and connecting the left and right side
of the origami pattern, the entire origami base is folded up.
Two other dominant parameters in the 3-D folded-up origami
base are 6 and 6; as denoted in Fig. 1(c) and explained in
TABLE 1. Specifically, 6 and 6; are variables and control the
height of each step in the origami base, & and 41, as shown
in Fig. 1(b). The heights, 4 and h;, can be calculated using
the formulas shown in TABLE 6. The lengths of the diagonal
lines (i.e., ¢, ¢1 and cp) and the side length bg of the transition
step in Fig. 1(a) are not constant due to the varying 6 and 9.
Therefore, the substrate used to build the origami base should
be stretchable along these hinges besides being foldable; also,
internal strains exist near these hinges. The angles in the
transition step (i.e., Bp and yp) denoted in Fig. 1(a) are also
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TABLE 1. Primary geometric parameters of origami pattern.

Dominant Description Designed
Parameter Value
n # of sides of the intersectional polygon 4
4 Horizontal length of each pa'rallelogram unit in 354 mm
the bottom cylinder
Length ratio of the vertical and horizontal
ratio lengths of each parallelogram unit in the bottom 0.7
cylinder
m # of steps of the bottom helix 18
£ Ratio of the radius of the top helix to the radius 08
eate of the bottom helix )
Length ratio of the vertical and horizontal
ratio, lengths of each parallelogram unit in the top 0.79
cylinder
m; # of steps of the top helix 18
w Width of the copper trace 15 mm
Folding angle between adjacent intersectional Not
polygonal planes on the bottom cylinder const.
Folding angle between adjacent intersectional Not
2 .
polygonal planes on the top cylinder const.

not constant due to the varying side lengths. Therefore, this
origami pattern is not rigidly foldable [21].

Ill. ANTENNA MODEL DESIGN

The proposed reconfigurable multi-radii origami helix at
three reconfigurable states of height is shown in Fig. 2. The
pitch sizes of the bottom and top helices, S and S;, can be
solely determined by ratio and ratio, respectively, as defined
in (1) and (2). Also, the number of turns of the bottom and top
helices, N and N, can be optimized independently solely by
changing, m| and m, respectively, without changing the val-
ues of the other primary geometric parameters, as expressed
below in (3) and (4).

ratio? - sin? (%)
sin? (%)

—1 (1)

S=n-a

ratio% - sin? (%)
sin’ (%1)

mesin(5) [[n-sin (%)) ®

M= msin (%) [[n-sin(£)] @

Note that the number of turns Ny and height h; of the
transition step do not significantly impact the antenna’s per-
formance, and N is calculated as:

No = sin <%1>/[n . sin (%)] (5)

Therefore, the geometries of the two helices can be opti-
mized in terms of the axial ratio (AR) and the 2-dB RHCP
realized gain bandwidth by varying the geometric parame-
ters of the origami pattern (i.e., ratio, ratioy, m and my).
A detailed design process for this antenna is presented in
Section IV. The circumferences of both the bottom and top

—1 2)

S| = na 'fscale

N
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helices, C and C1, remain approximately constant for differ-
ent heights (i.e., states of the antenna), as shown in Fig. 2.
Also, the total length of the antenna trace Ly, = mb + by +
m1b; remains approximately constant at the 3 states.
According to antenna theory [19] and previous analysis on
the axial-mode of origami helical antenna type [2], the pitch
size, S, circumference, C, and pitch angle, o, of a broadband
single-radius origami helical antenna should satisfy the fol-
lowing conditions in order to achieve optimal performance:

A0
S~ — 6
n (6)
3o <C<h 7)
4 0 3 0
12° < < 14° ®)
where,
ratio? - sin? (£
o = tanfl —_— = tanfl 7(2) —1 (9)
b2 —h? sin® (5)

Also, the sense of the circular polarization is determined
by the winding direction of the helical trace from its feeding
point. The proposed multi-radii origami helix is designed to
be right-hand circularly polarized (RHCP).

The proposed helical antenna due to the origami design
and the developed actuation system (see Section VII) is col-
lapsible. By appropriately changing the height of the helical
antenna, it is able to tune its behavior in terms of frequency,
axial ratio and gain. However, when a single-radius origami
helical antenna of same size changes its height to tune its
performance, its gain and bandwidth decrease and its cir-
cular polarization (CP) cannot be maintained (see results
in Section VI.B).

Therefore, to address this problem and to improve RHCP
gain, radiation pattern, 2-dB realized RHCP gain bandwidth
and CP performance at all three states of operation, a second
helix with different radius is added on top of the single
origami helix [18]. The geometric details of the proposed
multi-radii origami helix are tabulated in TABLE 1 and 2 and
shown in Fig. 2. In the next section the design process of the
origami multi-radii helix is presented.

IV. DESIGN PROCESS OF THE MULTI-RADII

HELICAL ANTENNA

In this section the design process of determining the multi-
radii antenna parameters is presented. Only the state 2 is
presented for brevity, whilst at other states the parameters are
defined following a similar process. The most critical param-
eters are the circumferences of both helices. The circumfer-
ence of the bottom helix determines the operational band-
width, while the circumference of the top helix improves the
AR and the RHCP gain. Since the antenna has to operate at
the frequency band 1.48 GHz-4.00 GHz (for GPS, WiMAX
and Satellite Radio communications), the horizontal length of
each parallelogram unit (see Fig. 1), a, is determined using
(10) as 35.4 mm.
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TABLE 2. Secondary geometric parameters of origami base.

Successive

Parameter Calculation Value
) @=2x/n 90°
A B=n/n [20] 45°
P y =sin™ (ratio-sin ) [2] 29.7°
b b = ratioa [2] 24.8 mm
¢ c=a,|ratio’ +cosf ,Sinfsing Not
1-cosgp const.
b b= a| f2 ratio® + S (cos6,—0.5) 1., cos6, +0.5 Not
0 0 et 1-cosg const.

) s Sl (c0s6,-0.5)=0.5, . cos(p+6)+0.5
c‘e:a\/ﬁ;(,,“rari(:'+/‘<"’< (c056,-0.5)=0.5f. cOS(p+0)+ Not

Co 1-cosg

const.
bl +ci—al Not
-1 0 0 1
=cos| ——L
b & [ 2b,c, const.
— cos™ cg +a’ —b(f Not
7 %o 2ac, const.
7 y =sin™'(ratio, -sin ) 340
a @ = feard 28.3 mm
b, b, =ratio;a, 22.4 mm
sin g, sin
¢ ¢ =aj |ratio? +cos g +22ASP Not
1-cosg const.
sin® (9] Not
>l o
h h = ay|ratio® — 2) [21 const.

sin’ ()

. (6

sin” | =+
hy . [2][ﬂ Not
hy = a\|ratio” — in? (ﬂ) const.

(a) (b) (©)

FIGURE 3. Models of multi-radii helix with variable f;.4/e. (@) fscqre = 0.4.
(b) fscate = 0.8. (€) focqre = 1.2.

A. DETERMINING PARAMETER a, OF THE TOP HELIX

The horizontal length a; (see Fig. 1) is optimized by varying
the dominant parameter f;.q as defined in TABLE 1. The
ratio; is evaluated based on (2) and the pitch size of the top
helix S; and bottom helix S, are kept constant to the values
40 mm and 31.3 mm, respectively, which will be optimized
later on. The folding angles between adjacent intersectional
polygonal planes for both cylinders are set to 57.8° and
the number of turns equal to 3.08 using (3), (4). Aiming
for a minimum axial ratio and a maximum RHCP gain the
value fycqe = 0.8 is selected after an optimization process.
Fig. 3 shows how the multi-radii geometry is modified for
different values of f;.41., while in TABLE 3 the corresponding
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TABLE 3. Simulated antenna performances vs f; .,/ and a;.

Bandwidth with -2 dB

fscale ay RHCP Gain Vgriation Max(.;‘;:CP AR Range
from the Maximum

04 | t4zmm | VHBHESIESN | 11408 | 04dB2008

08 | 28.3mm 2 G(AHf: g’;’f%G)HZ 132 dB 0dB-2.1dB

12 | 424 mm 1'64(§f':j§;,z)GHz 13dB | 0.1dB-2.9dB

maximum RHCP gain and AR range is tabulated. It is impor-
tant to note at this point, based on the results of Table 3, that
as fscale increased the 2-dB bandwidth increases, but when it
becomes larger than 1, it starts decreasing and the operating
frequency band of the antenna shifts to lower frequencies.

B. DETERMINING THE NUMBER OF TURNS

OF THE LARGE HELIX

The number of turns of the large helix, N, is optimized aiming
for the optimum 2-dB RHCP gain BW. To vary N, we vary
the number of steps of the large helix, m, while maintaining
constant 6 and n, as shown in (3). The optimum 2-dB RHCP
gain bandwidth is achieved for m = 18, for the range
1.94 GHz-3.46 GHz, a maximum RHCP gain of 12.7 dB and
an AR range of 0.4 dB-3 dB.

C. DETERMINING THE NUMBER OF TURNS

OF THE SMALL HELIX

Similarly, the number of turns for the small helix, N1, is opti-
mized for the highest 2-dB RHCP gain BW. To vary N,
the number of steps of the small helix, m, is varied while
01 and n, are maintained constant as shown in (4). After
an iterative process the value m; = 18 is selected as a
compromise between optimal 2-dB RHCP gain bandwidth at
the range of 1.94 GHz-3.46 GHz, a maximum RHCP gain
of 12.7 dB and an AR range of 0.4 dB-3 dB.

D. SPACING BETWEEN ADJACENT TURNS

OF BOTTOM HELIX

The next parameter to be optimized is the spacing between
adjacent turns of the bottom helix, S. This spacing con-
trols the frequency-band reconfigurability of the multi-radii
antenna. According to (1), S is only related to the ratio of
unit lengths in Fig. 1; therefore, all other parameters of the
antenna remain constant.

The simulated performance of the antenna versus S is
summarized in TABLE 4, which shows that as S increases,
the operating frequency band of the multi-radii helix shifts
to lower frequencies, and the 2-dB gain bandwidth first
increases and then decreases. Therefore, the optimal S to
achieve the widest 2-dB RHCP gain bandwidth is 31.3mm,
which corresponds to a ratio of 0.7.

E. SPACING BETWEEN ADJACENT TURNS OF TOP HELIX
Similarly, using (2), S7 is optimized by varying ratio
and keeping all the other parameters constant. The antenna
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(2) (b) (©)

FIGURE 4. Models of multi-radii helix with variable S. (a) S = 20 mm.
(b) S =31.3mm. (c) S = 60 mm.

TABLE 4. Simulated antenna performances vs pitch.

Bandwidth with -2 dB Max.
S ratio RHCP Gain Variation RHCP AR Range
from the Maximum Gain
2.48 GHz-3.66 GHz
20 mm 0.69 (AF=38.4%) 13.9dB 0.2dB-1.9dB
2 GHz-3.52 GHz
31.3mm 0.7 (AF=55.1%) 13.2dB 0dB-2.1 dB
1.76 GHz-2.12 GHz
60 mm 0.74 (AF=18.6%) 9.8dB 0.7 dB-2.6 dB
(a) (b) (©

(d) (®

FIGURE 5. Models of multi-radii helix with variable S;. (a) S; = 16 mm.
(b) S; =32 mm. (c) S; = 50 mm. (d) S; = 65.6 mm. (e) S; = 75.2 mm.

models for different values of S are shown in Fig. 5, while
in TABLE 5 the antenna performance is tabulated for the
corresponding cases.

It is interesting the fact that the spacing between the adja-
cent turns of the top helix doesn’t affect significantly the max-
imum RHCP gain but only the 2-dB RHCP gain bandwidth.
The best value is achieved for S| = 65.6 mm.

V. SUMMARY OF PERFORMANCE TRENDS FOR A
MULTI-RADII HELICAL ANTENNA

The most critical parameters for the design of the multi-
radii helical antenna are the circumferences of both helices.
The circumference of the bottom helix determines the oper-
ational bandwidth, while the circumference of the top helix
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TABLE 5. Simulated antenna performances vs S;.

Bandwidth with -2 dB Max.
St ratios RHCP Gain Variation RHCP AR Range
from the Maximum Gain
2.4 GHz-3.1 GHz
16 mm 0.69 (AF=25.5%) 12.5dB 0.6 dB-3 dB
1.96 GHz-3.48 GHz
32 mm 0.71 (Af=55.9%) 13.2dB 0.5dB-2.9 dB
1.96 GHz-3.44 GHz
50 mm 0.75 (Af=54.8%) 13.2dB 0.1 dB-1.2dB
1.72 GHz-3.52 GHz
65.6 mm 0.79 (AF=68.7%) 12.5dB 0.1dB-1.4 dB
1.74 GHz-3.48 GHz
75.2 mm 0.82 (AF=66.7%) 12.6 dB 0.2 dB-1dB

improves the AR and the RHCP gain. When the circumfer-
ence of the top helix, Cy, increases while staying smaller than
C, the RHCP gain and AR are improved without impacting
the 2-dB RHCP realized gain bandwidth. However, when C;
increases beyond C, the RHCP gain stops increasing, and the
bandwidth and AR deteriorate. When the number of turns
of either the bottom or the top helix increases, the RHCP
realized gain increases inside its 2-dB RHCP realized gain
bandwidth, while the RHCP gain bandwidth first increases
and then decreases. When the pitch size of the top helix,
S1, increases, the 2-dB RHCP realized gain bandwidth first
increases and then decreases without significantly affecting
the RHCP realized gain, and AR tends to improve. Adding
a third smaller helical section on top of the multi-radii helix
does not improve the bandwidth (the results for an antenna
with three helices are omitted for reasons of brevity).

Based on these findings, the design process of a multi-radii

helix is as follows:

1. the circumference of the bottom helix, C, is chosen for
the desired operating frequency band based on (7);

2. the circumference of the top helix, Cj, is chosen to
improve AR and RHCP gain in the designed frequency
band, based on (7);

3. the number of turns for the bottom helix is chosen
to optimize the 2-dB RHCP realized gain bandwidth
using (1);

4. the number of turns for the top helix is chosen to
achieve a compromise between 2-dB RHCP realized
gain bandwidth and the maximum zenithal RHCP gain
using (2);

5. the pitch size of the bottom helix, S, is chosen based
on (8) and (9) and is optimized to achieve multiband
operation;

6. the pitch size of the top helix, S, is chosen based on (8)
and (9) and is optimized for each reconfigurable state
to improve their 2-dB RHCP realized gain bandwidth
and CP performance.

Vi. COMPARISON OF ORIGAMI MULTI-RADII HELIX
WITH STANDARD AND ORIGAMI HELICES

A. COMPARISON OF ORIGAMI MULTI-RADII

HELIX WITH STANDARD HELIX

The performance of the semi-folded state of the origami
multi-radii helix, shown in Fig. 2(b), is compared with the

VOLUME 7, 2019

(a) (b)

FIGURE 6. The geometries of: (a) standard helix, and (b) standard
multi-radii helix.

performance of a standard helix and a standard multi-radii
helix (see Fig. 6). The pitch sizes, circumferences, and pitch
angles of the standard multi-radii helix are the same with
the ones of the proposed origami multi-radii helix. Also,
the geometric parameters of the standard helix are the same
with the ones of the bottom helix in the origami multi-radii
antenna. All three antennas have the same uniform copper
width of 15 mm and a total number of turns of approximately
6.3. All other geometric parameters are also kept the same,
including ground plane sizes (D = 200 mm), distances from
the ground (3.5 mm), SMA feeding ports and positions of
the antennas for a fair comparison. The pitch angle for all
three antennas, «, is 12.5° which falls into the optimum range
(12° to 14°) to achieve optimal circular polarization [1].

i
N

% S
\ E .. o
v * i - o

pefir

40 ) -Standard Helix

=-=-Standard Multi-Radii Helix

5 —Origami Multi-Radii Helix

. ?.5 2 25 3 3.5 4 4.5 5 55 6 6.5
Frequency (GHz)

FIGURE 7. Comparison of simulated S, of standard, standard multi-radii,
and origami multi-radii helices.

Figs. 7-10 compare the performance (i.e., reflection coeffi-
cient, zenithal realized RHCP gain, zenithal AR and radiation
patterns) of the three antennas. In TABLE 6, the performance
of the three antennas is summarized and the best performance
is shaded. The simulation analysis was performed by ANSYS
HFSS. The fractional bandwidth Af is calculated as [19]:

fmax _fmin
Af — —Jmax  Jin
/ (fmax +fmin)/2

It can be concluded from these results that:

x 100% (10)

1. The origami multi-radii helix exhibits the widest S;;
bandwidth (Fig. 7).
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FIGURE 8. Comparison of simulated zenithal RHCP realized gain of
standard, standard multi-radii, and origami multi-radii helices.
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FIGURE 9. Comparison of simulated zenithal axial ratio of standard,
standard multi-radii, and origami multi-radii helices.

(@ (b)

FIGURE 10. Comparison of simulated radiation patterns of standard,
standard multi-radii, and origami multi-radii helices at their center
frequency of operation, fc.

2. The standard multi-radii helix has the largest RHCP
realized gain but has the narrowest 2-dB RHCP realized
gain bandwidth (Af = 35.9%).

3. The origami multi-radii helix has the widest 2-dB
RHCEP realized gain bandwidth (Af = 66.2%), which
is approximately two times larger than the one of the
standard multi-radii helix, while its maximum RHCP
realized gain is smaller than the one of the standard
multi-radii helix only by 1.1 dB (Fig. 8).

4. The origami multi-radii helix has the widest CP
bandwidth with AR<3 dB and the best AR perfor-
mance (i.e., AR<0.7 dB) inside the 2-dB RHCP gain

13008

TABLE 6. Performance comparison of standard, standard multi-radii, and
origami multi-radii helices.

Standard Standard Origami
Antenna Performance Helix Multi-radii Multi-radii
Helix Helix
Si BW 1.69 GHz- 1.67 GHz- 1.6 GHz-
(S1<-10dB) 6.1 GHz 6.12 GHz 5.95 GHz
(Af=113%) (Af=114%) (Af=115%)
1.72 GHz- 1.74 GHz- 1.7 GHz-
(A(;;;?Z;) 3.12 GHz 3.9GHz 3.96 GHz
(Af=57.9%) (Af=76.6%) (Af=79.9%)
Max. RHCP Gain 13.7.dB 14.3dB 13.2dB
BW within -2 dB 1.78 GHz- 2.38 GHz- 1.78 GHz-
RHCP Gain Variation 3.12 GHz 3.42 GHz 3.54 GHz
from the Maximum (Af=54.7%) (Af=35.9%) (Af=66.2%)
AR Range within 0.04 dB-
RHCP Gain BW 0.6 dB-2.3 dB 09dB 0.1 dB-0.7 dB
Frequency Band
Reconfigurability No No M

bandwidth out of all the three antennas compared
here (Fig. 9).

5. The origami multi-radii helix can also reconfigure its
operating frequency band by changing its height as
it was demonstrated in Section III, whereas the two
standard helical antennas cannot.

Also, the elevation radiation patterns of the three anten-
nas at their corresponding center frequencies of operation,
fe = (fmax + fmin)/2, are compared in Fig. 10.

Square ground planes of the same electrical size (D=1.5A.)
at their f; were used for fair comparison of their sidelobes.
It can be seen from Fig. 10 that the multi-radii helices
(origami and standard) have lower sidelobes than the ones
of the standard helix. Therefore, compared to the standard
helices, the proposed origami multi-radii helix exhibits a
2% larger S1; bandwidth, a 22% larger CP bandwidth,
a 30.3% larger 2-dB RHCP realized gain bandwidth and the
smallest AR. These outweigh the fact that the origami
multi-radii helix exhibits a smaller RHCP gain by 1.1 dB
compared to the standard multi-radii helix. In fact, the gain
of the origami multi-radii helix can be further enhanced by
adding a reflector without impairing its CP performance.

B. PERFORMANCE COMPARISON OF ORIGAMI
MULTI-RADII HELIX WITH STANDARD
SINGLE-RADIUS ORIGAMI HELIX
The geometry of the single-radius (i.e., standard) origami
helix at three states is shown in Fig. 11. The pitch size, S,
circumference, C, and pitch angle of the origami helix are the
same with the ones of the bottom helix in the origami multi-
radii helix at three states (Fig. 2). Also, both origami antennas
have the same number of turns at the all three states. All other
geometric parameters (i.e., n, a, ratio, w, 6) are kept the same,
including the ground plane size (D = 200 mm), distance from
the ground (3.5 mm), SMA feeding port and position of the
antennas for a fair comparison.

The performance (i.e., S11, zenithal realized RHCP gain,
zenithal axial ratio and elevation radiation patterns) of the
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(a) (b) ©

FIGURE 11. Standard origami helix at: (a) state 1 (unfolded state),
(b) state 2 (semi-folded state), and (c) state 3 (folded state).

--Origami Helix (State 1)
--Origami Multi-Radii Helix (State 1)
--Origami Helix (State 2)
--Origami Multi-Radii Helix (State 2)
-~QOrigami Helix (State 3)
~+Origami Multi-Radii Helix (State 3)

\
\
A
v
v
v
(Vi

_495 2 25 3 35 : 4 4.5 5 55 6 6.5
Frequency (GHz)

FIGURE 12. Comparison of simulated S;; of origami single-radius and
multi-radii helices at three states (blue lines: state 1; black lines: state 2;
red lines: state 3).

--Origami Helix (State 1)
--Origami Multi-Radii Helix (State 1)
-+Origami Helix (State 2)
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FIGURE 13. Comparison of simulated realized RHCP gain of origami
single-radius and multi-radii helices at three states (blue lines: state 1;
black lines: state 2; red lines: state 3).

origami singe-radius and multi-radii helices is compared in
all three states of operation in Figs. 12-15.

The comparison of these results is summarized in
TABLE 7. The following conclusions are drawn:

1. The standard origami helix (Fig. 11), can operate in
only the first two states with CP performance cover-
ing the following frequency band: 1.3 GHz-1.78 GHz
and 1.78 GHz-3.46 GHz. However, the proposed
origami multi-radii helix can operate at three states
with CP performance covering the following bands:
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FIGURE 14. Comparison of simulated axial ratio of origami single-radius
and multi-radii helices at three states (blue lines: state 1; black lines:
state 2; red lines: state 3).

TABLE 7. Performance comparison of origami single-radius and
multi-radii helices at three states.

Realized AR
State of RHCP Gain Max. Range
Origami S1 BW CP BW BW within -2 Realized withir? 2
ongamt (S<1008) | (AR<3d) | B Variation RHCP ekt
om the a Gain BW
- 156 GHz- 132GHz- 13 GHz-
Origami 5.96 GHz 4.2GHz 178 GHz 7d8 0508
. (BF=117%) (AF=104%) (Af=31.2%)
Origami 1.7 GHz- 122 GHz- 1.22 GHz- 05an.
Multi-radii 6.1 GHz 3.4 GHz 1.84 GHz 6.1dB o
Helix (AF=113%) (6F=94%) (AF=42.1%)
[ 1.7GHz576 175 GHz- 178 GHz-
Origami GHz 3.59 GHz 3.46 GHz 13.4.d8 98
) (AF=109%) (Af=68.9%) (Af=64.1%) -
Origami 1.6 GHz- 1.69 GHz- 1.78 GHz- 0.1 dB-
Multi-radii 5.96 GHz 3.94 GHz 3.54 GHz 13dB P
Helix (AF=116%) (AF=79.9%) (AF=66.2%) :
- 2.66 GHz- 3.9 GHz-
oa'gfi;“' 3.02 GHz N/A 4GHz 73dB e
. (AF=12.7%) (6F=2.5%)
Origami 2.18 GHz- 1.6 GHz- 3.64 GHz- 0.6 dB-
Multi-radii 4.1 GHz 4.4GHz 4.04 GHz 10.1dB Py
Helix (AF=116%) (Af=93.3%) (AF=10.4%) :

1.22 GHz-1.84 GHz and 1.78 GHz-3.54 GHz and
3.64 GHz-4.04 GHz, depending on the gain require-
ments. Especially the third state can operate in the
range 3.64 GHz-4.4 GHz with a gain of 6 dB in the
upper band.

2. The origami multi-radii helix has smaller maximum
AR at states 2 and 3, as shown in Fig. 14.

3. At states 2 and 3, the origami multi-radii helix has
lower sidelobe level than that of the standard origami
helix. Also, at state 3 the origami multi-radii helix has
a maximum RHCP gain that is larger by 2.8 dB than
the one of the standard origami helix.

Fig. 13 shows that the realized RHCP gain of the origami
helices at state 1 significantly decreases in the frequency
range of 2 GHz-3 GHz. This occurs because the geometri-
cal parameters of the helical antennas do not satisfy condi-
tions (6) and (7) in this frequency range. For example, at
f = 2.5 GHz the pitch size of the bottom helix, S, (which
mainly affects the antenna performance) is 0.71¢ and its
circumference, C = 1.24¢. On the contrary, at a lower
frequency, e.g., f = 1.5 GHz, the gain is high (i.e., 6 dB)
because the pitch size, S is 0.4 and the circumference C =
0.71A0, which are much closer to the optimal values provided
by (6) and (7). Also, at state 1, the origami helices operate
efficiently at frequencies higher than 2.5 GHz because they
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(a) State 1 at f,

(b) State 2 at f,

(c) State 3 at f

FIGURE 15. Comparison of simulated elevation radiation patterns of the
origami single-radius and multi-radii helices at the center frequencies f¢
in their 2-dB realized gain bandwidths at: (a) state 1; (b) state 2; and

(c) state 3.

resonate at a higher-order mode. This can be easily validated
by seeing that at a higher frequency, such as f = 4 GHz the
pitch size, S = Ao and the circumference, C = 1.8A¢, which
confirm that the helices operate at a higher-order mode indeed
[10], [13, p. 230]. A general observation that can be done
is about the maximum gain variation along the frequency.
Figs. 12-14 show that at each state the multi-radii helical
antenna operates efficiently at a different frequency band.
This behavior is expected (supportive results were also
shown in [18]) and it can be attributed to the change of the

13010
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FIGURE 16. Prototype of origami multi-radii helix at 3 reconfigurable
states. (a) State 1. (b) State 2. (c) State 3.

TABLE 8. Dimensions of actuation mechanism.

H HI1 a al r rl
232 mm 552 mm 35.3 mm 28 mm 2.6 mm

4.5 mm

electrical characteristics of the antenna along the frequency.
The performance of a helical antenna (e.g., gain, bandwidth
of operation, axial ratio) depends on its geometrical param-
eters [10], such as the pitch angle, the spacing between the
turns, the diameter of the helix, the length of one turn, etc.
In the case of a physically reconfigurable structure, such
as our origami helix, several of its geometrical parameters
change (e.g., distance between the turns, total height of the
structure, etc.) at the different states and in turn provide
different performance.

VII. FABRICATION OF ANTENNA AND
ACTUATION MECHANISM
A. FABRICATION OF THE ORIGAMI MULTI-RADII HELIX
The origami base of the designed origami multi-radii helix in
Fig. 2 is fabricated using 2-mil thick FPC Kapton, which is a
material used for space applications. An axial force, applied
on the top step of the antenna, is needed to deploy and stow
the antenna. As the antenna collapses it also rotates. The
rotated angle between the two states is: m- A9+ (1+mp)- A6 .
The 2-mil thick FPC Kapton is more suitable than a thicker
substrate, since it requires less force to change the antenna
height and maintains the shape of the folded planes without
deformation. Also, this antenna can collapse to be stowed in
a compact volume given by [2],
2.2

VOlumecompact = b+ Wll;_ i (11
where ¢ is the thickness of flexible substrate, the footprint
of the origami base is n’a?/(4w), and the height of the
compacted origami base is 4(m + m; + 1)t. The folding
pattern in Fig. 1 is perforated with Silhouette Cameo on the
Kapton substrate for accurate creases. A 3-mil copper trace
is glued on the 2-mil planar FPC Kapton substrate as shown
in Fig. 1 and then the 3-D antenna is folded up, as shown
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(a) (b)

FIGURE 17. Actuation mechanism of the origami multi-radii helix.
(a) Side view. (b) Perspective view.

(2)

(b)

©

FIGURE 18. Simulated and measured S;; results of the origami
multi-radii helix at: (a) state 1, (b) state 2 and (c) state 3.

in Fig. 16. The ground plane is built using a 1-mm thick
FR4 board that is metallized on one side. It is important to
note that the proposed antenna, when it is stowed, occupies
approximately 29.5 times smaller volume versus when it is
fully deployed. The volume savings for this antenna can be
calculated as:

Volume ompact . dm +my + 1t

Volumeunoldea S - N + St - (No + Ni)

(12)
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(b)

(©

FIGURE 19. Simulated and measured realized RHCP gain of the origami
multi-radii helix at: (a) state 1, (b) state 2 and (c) state 3.

B. ACTUATION MECHANISM

An actuation mechanism is proposed for this antenna as
shown in Fig. 17 that can reconfigure the antenna height
without the need of a rotation mechanism. This actuation
mechanism is placed along the axis of the helical antenna.
Two free-to-rotate 1 mm-thick square slabs are positioned at
the top end of two concentric tubes, as shown in Fig. 17(a).
The larger square Slab is fixed to the 4 sides of the top of the
bottom origami cylinder base, and the smaller square Slab;
is fixed to the 4 sides of the top of the top origami cylinder
base.

The bottom ends of the two concentric tubes T and T are
movable. After installing the antenna on its ground plane,
T is used to adjust the height of the bottom helix H, then
T, is used to adjust the height of the top helix (Hi-H).
The concentric tubes are 0.15-mm thin polypropylene, so its
dielectric property does not affect the antenna performance.
Also, the polypropylene tubes are bendable to accommodate
antenna measurement in the anechoic chamber. The other
parts of the actuation mechanism are made of PLA and are
3-D printed. Since these PLA parts are electrically small
(<0.0451), they also have little impact on the antenna per-
formance. The main dimensions of the actuation mechanism
are listed in TABLE 8.
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FIGURE 20. Simulated and measured axial ratio of the origami multi-radii
helix at: (a) state 1, (b) state 2 and (c) state 3.

VIIl. SIMULATED AND MEASURED RESULTS

The wideband frequency reconfigurability of the proposed
origami multi-radii helix is validated with simulated and
measured results, as shown in Fig. 18-21 and TABLE 9.
In Fig. 19 the measured 3-D pattern at the operating frequency
with maximum RHCP gain of each state is shown, and the
CP bandwidth where the AR is less than 3 dB is shaded.
The severe decrease of the gain at state 1 in the frequency
range 2 GHz-3GHz, is caused by the geometrical parameters
of the antenna not satisfying conditions (6) and (7) (this was
explained in detail in Section VI-B). Even though this dip in
gain seems undesired at a first glance, it can be very useful
in some cases. Countries, which are using parts of the band
2300-2700 MHz for BSS (Broadcasting Satellite Services),
MSS (Mobile Satellite Services) or FSS (Fixed Satellite
Service) networks, demand geographical separation of the
services or band segmentation to avoid spurious and out-of-
band emissions. Therefore, the decrease in gain, which the
origami helices experience at certain frequencies in state 1,
can be used to effectively filter RF signals at these frequencies
without requiring additional filters in the RF front-ends of
these helices. Fig. 21 shows the radiation patterns at these
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(2)

(b)

(©)

FIGURE 21. Simulated and measured elevation radiation patterns of the
origami multi-radii helix at: (a) state 1 at 1.56 GHz, (b) state 2 at 3.16 GHz,
and (c) state 3 at 3.88 GHz.

typical operating frequencies. All the measurements were
performed using a StarLab Anechoic Chamber.

Our measured results validate that our origami multi-
radii helix can change its height to reconfigure its opera-
tion between 3 states while maintaining RHCP. Specifically,
this design is capable for GPS, Satellite Radio and WiMAX
applications. As it is shown in Table 9, state 1 is suitable for
the low band of 1.42 GHz-2.01 GHz covering the GPS band
(1.575 GHz) with a gain of 6.1 dB and an AR below 1.5 dB.
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TABLE 9. Simulated and measured results of the origami multi-radii helix
at 3 states.

Realized
RHCP Gain
o Max. AR Range
(S)tr?;::. CP BW szwég"" " | Realized | within 2-
(AR<-3 dB) o RHCP dB RHCP
Antennas Variation X X
Gain Gain BW
from the
Maximum
1.22 GHz- 1.22 GHz- 05 dB-
Simu. 3.4 GHz 1.84 GHz 6.1 dB 3 dB
1 (Af=94%) (Af=42.1%)
1.42 GHz- 1.42 GHz- 01 dB-
Meas. 3.2GHz 2.01 GHz 6.3dB édB
(AF=77.1%) (Af=34.4%)
1.69 GHz- 1.78 GHz- 0.1 dB-
Simu. 3.94 GHz 3.54 GHz 13 dB 0'6 dB
2 (Af=79.9%) (Af=66.2%) )
1.7 GHz- 1.78 GHz- 0.1 dB-
Meas. 4.14 GHz 3.64 GHz 12.7 dB 2'2 dB
(Af=83.6%) (Af=68.6%) )
1.6 GHz- 3.64 GHz- 0.6 dB-
Simu. 4.4 GHz 4.04 GHz 10.1dB 2'5 dB
3 (Af=93.3%) (Af=10.4%) )
1.98 GHz- 3.72 GHz- 03 dB-
Meas. 4.3 GHz 4.06 GHz 10.5dB 2'4 dB
(Af=73.9%) (Af=8.7%) )

Also, according to Table 9, states 2 or 3 can cover WiMAX
and Satellite Radio, respectively, since each one state exhibits
higher gain in its respective application. Especially for
downlink C-band services (e.g., 3700-4200 MHz in USA,
3625-4200 MHz in Brazil), the state 3 is the most suitable one
than all three antenna states, as it provides a realized RHCP
gain of 6 dB. Even higher gains can be achieved by increasing
the size of the ground plane as shown in [22].

IX. CONCLUSIONS

This paper presents the design of a physically reconfigurable
multi-radii antenna that can be stowed efficiently. The volume
of this antenna at its stowed state is approximately 29.5 times
smaller than its volume when it is fully deployed. Also, this
antenna can dynamically change its height to reconfigure its
performance and operate in different bands while maintaining
circular polarization for applications, such as, GPS, satel-
lite radio, WiMax and satellite communications. The per-
formance of this antenna was validated through simulations
and measurements. The design process for this antenna along
with its optimization were also provided. In addition, this
antenna outperforms the standard single and multi-radii heli-
cal antennas as it exhibits larger bandwidths. Finally, the cur-
rent design outperforms the single-radius origami helix as
it exhibits improved CP performance at all three states of
operation.
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