Progress In Electromagnetics Research B, Vol. 109, 69-80, 2024

rPIER B

(Received 24 September 2024, Accepted 5 November 2024, Scheduled 28 November 2024)
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ABSTRACT: A simple technique for generating single and multiple beams from antenna arrays is presented. The approach is based on
the multistage sequential rotation technique. A new feature in using multistage sequential rotation is provided. It is demonstrated that by
applying a controlled second sequential rotation, circularly polarized antenna arrays operating alternately in a single-beam mode M1 and
multi-beam mode M2 in the same frequency band can be designed. Proof-of-concept is provided mathematically and through numerical
simulations in light of case studies. The approach can not only be applied to large antenna arrays following a modular principle adapted
to the array size and needed applications without loss of generality, but also paves the way for the manufacture of circularly polarized
antennas operating alternately or simultaneously in both modes in the same frequency band. In addition, antennas designed using the
proposed approach may have a wide range of applications ranging from monopulse radar to antennas for the compensation of interference

and blockage in dynamic communication environments.

1. INTRODUCTION

equential rotation technique (SRT) is a well-established ap-
Sproach that is used to design circularly polarized antenna
arrays [1,2]. Apart from multiple-arm spiral antennas, where
it has been applied to generate conical modes [3], the applica-
tion of sequential rotation is focused but not limited in most
studies on obtaining circularly polarized single-beam radiation
from linearly/elliptical polarized radiating elements, to improve
the axial ratio of circularly polarized antennas [4], broaden the
bandwidth, enhance the CP purity, and achieve high gain [5, 6],
and reduce mutual coupling between radiating elements and
within the feed as well [7-9]. Discussions on drawbacks such as
the excitation of grating lobes along with measures to improve
the characteristics of the antenna are also part of existing stud-
ies [4-9]. However, this technique can also be used to develop
antennas with multiple-beam radiation for applications ranging
from satellite communications to improve coverage of multi-
ple areas to radar systems to track multiple targets and mobile
communications for multicasting support. Moreover, SRT can
help us develop antennas that alternately generate both single-
and multi-beams. This work intends to demonstrate that.

In particular, the paper aims at generalizing the approach de-
veloped in [10]. For completeness, “short-cuts” adopted in our
discussion in [10] are avoided. Nevertheless, some parts of [10]
are reproduced in Section 2 not only to ensure a smooth and
continuous reading from one section to another but also to pro-
vide readers with a comprehensive discussion about the “ins
and outs” of the method by imparting deep insights into the
physics behind the approach being presented. The method is
based on the multistage sequential rotation technique (MSRT)
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and allows the design of antennas operating in both single-beam
and multi-beam modes in the same frequency range. Section 3
is devoted to the mathematical proof of the concept.

The nature of the engineering sciences is the enlightening of
scientific realizations with respect to their technical applicabil-
ity and practical conversion. This work would not have been
completed without a reference to the practical applicabilities
of the approach. Section 4 is therefore directed towards some
simulated case studies to demonstrate the validity of the con-
cept and its applicability as well. Concluding remarks round
off the work in Section 5.

Throughout the work, considerations such as the type of ra-
diating elements, the influence of distance, the mutual coupling
between elements, and the gain of the antenna are considered
peripheral aspects and treated as such.

2. THE TECHNIQUE

Consider the antenna array sketched in Fig. 1 consisting of four
identical elements. The array elements are sequentially rotated.
That is, they are arranged in a rectangular grid fashion with
element angular orientation and feeding phase 0°, 90°, 180°,
270°.

2.1. Circular Polarization of the Basic Element

Suppose that each element’s excitation amplitude is constant
and identical; let E" (1, ) be the horizontal radiated electrical
field in the far field region and E" (1}, @) its vertical counterpart.
The total radiated field F(¢, ) in the zy-plane is [1]
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FIGURE 1. Sequentially rotated array of 2 x 2-elements for generating a circularly polarized field. The yellow circular arrow indicates the sense of

rotation. el, e2, e3, and e4 are element numbering.
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since E" = E" and EY, = EY,.

The expression E", (19, ¢) - 7% + E% (0, ¢) - €7°°” is a pure
circularly polarized wave, while sin(kg sin1}) represents the ar-
ray factor. kg is the wave number; E.1, Eco, E¢3, and E¢4 are
respectively the field radiated by elements el, €2, €3, and e4.

We can now use it as a basic element for the antenna config-
urations in the following and turn attention to the description of
the technique.

2.2. Description of the Technique

The technique presented here comprises two main steps: the
design of the initial antenna and the direct application of the
first sequential rotation as the first step. The second step is
physically rotating the basic subarrays to obtain an arrange-
ment in which each subgroup is orthogonal to its subsequent
one and then applying a controlled second sequential rotation
in the same sense of rotation as the first one and in the reversed
sense.

1) Step 1: The Initial Antenna Array Configuration Al:
The 2 x 2-elements array is duplicated twice in the x- and y-
directions to obtain the array displayed in Fig. 2, which is a
16-clement array organized as 4 X 4 identical 2 x 2 element
subarrays. This configuration is named initial array configura-
tion Al assembled from subgroups. For convenience, we as-
sign each subarray an index i, where i« = 1, 2, 3, 4 (Fig. 2).

From Fig. 2, it is seen that this sequential rotation scheme
provides co-polarization in the center of the antenna and main-
tains it in each subarray. Hence, co-polarization is along the
main diagonals, and a large part of the field energy will be con-
centrated in the desired copolar component, despite the exis-
tence of cross-polarisation at some points on the planes ¢ = 0°
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and ¢ = 90°. Array Al radiates a circularly polarized field
in the broadside direction. This radiation mode is named mode
M1 radiation.

Step 2: Physical Rotation of the Basic Elements and Appli-
cation of a Controlled Second Sequential Rotation: The basic
elements are now arranged such that each subgroup is perpen-
dicular to the subsequent element to obtain array A2 (Fig. 3).
That is, a physical rotation of a subarray ¢ by 90° with respect
to the new position of subarray ¢ — 1 is performed. Precisely,
subarray 2 has been physically rotated by 90° around its perpen-
dicular axis. A further rotation of subgroup 2 by 90° gives the
phase relationship on subarray 3, which from its new position
is rotated by 90° to obtain the phase relationship on subarray 4.
In other words, subgroup 3 is rotated by 180° and subarray 4
by 270° around their respective orthogonal axis. The rotations
are counterclockwise in the present case but may also be clock-
wise. This arrangement increases the isolation between feeding
network ports, provided that each subarray has an isolated feed
with a central feeding point.

The application of a second sequential rotation (SSR) in the
same sense as the first one (black circular arrows in Fig. 4(a))
and with a phase difference of 90° between two consecutive
subarrays leads to an identical polarization state and sense as in
the initial case (Fig. 4(b)). That is seen by comparing the phase
relationship on radiating elements in Figs. 2 and 4(b). Hence,
the antenna operates in Mode M1.

In fact, circular polarization is maintained at the center of
the antenna and in each subarray after the SSR, which is log-
ical since each subarray has perfect circular polarization [7].
However, the upright preservation of the co-polarization in the
center of the antenna after the SSR in the first case (Fig. 4) is
mainly because the SSR is in the same sense as the first one.
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FIGURE 2. Initial antenna A1l. Phase relationship on the antenna’s ra-
diating elements and sense of the circular polarization. The subarrays
are numbered 1, 2, 3, and 4.

9=0°
|

¢ i 1 \
0° 90° 270° 0°
A
l 270° 180° I 180° 90°
On . ©
90° 180° 180° 270°
\, Vi
0° 270° 90° 0°
©
A2

0° 90° 270° 0°

270° 180° 180° 90°
2) @

90° 180° 180° 270°

\ V)
= 4

0° 270° 90° 0°

3) (4)

FIGURE 3. Phase relationship on the radiating elements of antenna A2.
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Second sequential rotation in the same sense of the first one.

FIGURE 4. (a): Application of the second sequential rotation in the same sense as the first one on antenna A2 and (b): obtained phase relationship

on the radiating elements.

Along the median (the center of the antenna excluded), cross-
polarization dominates (Fig. 4(b)). As a consequence, higher
side lobe levels (SLLs) due to potential grating lobes are ex-
pected for large arrays in planes ¢ = 0° and ¢ = 90°.
Co-polarization is maintained on each subarray by reversing
the sense of the SSR (blue circular arrows in Fig. 5(a)). At
the same time, cross-polarization is formed in the center of the
antenna, indicating a nullification of the copolar field. Off the
broadside, along the planes ¢ = 0° and ¢ = 90°, co- and cross-
polarizations are mutually exclusive. Zeros or fields close to
zero appear along these planes (Fig. 5(b)). As a result, the an-
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tenna radiates in a conical mode called M2-Mode, which has
four main beams. The radiated field is circularly polarized in
the direction of main radiations since the circular polarization
is maintained in each subarray.

Off the broadside and along the medians, zero field appears if
and only if the co- and cross-polar fields are of equal intensities;
otherwise, the field is much lower along these lines than the
field in the boresight directions. This insight underpins the fact
that, when the sense of the SSR is reversed, the antenna operates
in a conical mode modus.
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FIGURE 5. (a): Application of the second sequential rotation in the reverse sense of the first one on antenna A2 and (b): obtained phase relationship

on the radiating elements.

It is noteworthy that, regardless of its sense of rotation, the
SSR has no influence on the polarization hand.

From the above demonstration, it is clear that antenna A2
can operate in two different modes in the same frequency band:
M1 mode with radiation orthogonal to the antenna plane and/or
conical radiation mode M2 with several equal beams. The num-
ber of conical beams depends on the number of subarrays and
their arrangement in groups of four subarrays. This grouping,
in turn, is a function of the number of conical beams needed.

In the present case, where the antenna is subdivided into four
subgroups, four main beams of equal intensity are radiated.

3. MATHEMATICAL PROOF-OF-CONCEPT

For the mathematical proof of the described technique, we use
Eq. (A2) in [13] for multistage sequential rotation.

Assuming right hand circular polarization (RHCP) to be
the co-polarized component and the same excitation for
all antenna elements, Eq. (A2) in [13] can be rewritten as

4 4 efjk'[)rm,n
S o
m=1n=1 T'mn
e—J(kor1,1—Br1+p1,1) 4 4
~ Z ZBJ[ ko[(m—1)ds - u+(n—1)dy - v]+(Bmn—PB11)+ (P11 —Pmn)] |
m=1n=1
K -8 4
e—J(kor1,1=Br1—p1,1) ZZ\/WGJ —ko[(m—1)ds-u+(n—1)dy-v]+(Bmn—B11)+(Pmn—©11)] ey 2)
m=1n=1

In Eq. (2),
u = sinv cos ; v = sind sin

rmn = distance between the observation point and (mth
nth)-element,

r = distance between the observation point and the geo-
metrical center of the array,

d, and d,, are the inter-element spacing. In our particular
case, it is assumed that d, = d, = d,

Bmn = excitation phase of the element,
©mn = orientation angle of the element,

1 . 1 . .
ep = ﬁ(% + jeg) and ey, = ﬁ(ew — jey) are the unit

vectors of the RHCP and LHCP waves respectively.
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FIGURE 6. Designed 4 x 4 DCSA-array with an illustration of the sense of the sense of sequential rotation for modes M1 and M2. The yellow
circular arrows indicate the sense of rotation in the single element. Black circular arrows show the rotation sense for mode M1, while blue circular
arrows delineate the rotation sense for mode M2.

Pele 18 the cross-polarization level of each element (0 < Since the 16-element array is organized as 4 x 4 iden-
Pete < 1). tical 2 x 2 element subarrays in a rectangular fashion of 2
rows and 2 columns, the total electric field may be expressed as
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T Z T m,n
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k +
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r
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e_j(k()rl‘l_ﬁll_wl,l) pod S ped
+ - { /Dete |:1 + edlkody vt(Bra—=Fr)+(e12—¢11)] 4 pil=kode ut(Ba1—Fr1)+(p21—p11)]

_|_€j[*ko(dmu+dyv)+(ﬁg2*511)+(<P22*8011)]} } ey (3)
To obtain Eq. (3), we have simplified the 16-element array to in the same sense as for the first one with a phase difference of
an array of 2 x 2 element subarrays, where each subgroup is a 90° between two adjacent elements leads to
sequentially rotated element, and a matrix indexing of the ele-

—jk
ments was adopted. Eq — e oL {1 4 o—ikodv | g—ikodu | 6*jkod(u+v)} en
r

3.1. Physical Rotation of the Elements and Application of the e—ikorn ‘ .
Second Sequential Phased Rotation +— {\/pele {1 + eI (—kodv+180%)

A physical rotation of the basic elements as described in Sub-

subsection 2.2 and application of a second sequential rotation ¢ (Thodutoa07) ej[ikOd(uHHSGOO]} } er @)
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Bearing in mind that 360° coincide with 0° and 540° with 180°,
Eq. (4) may be rewritten as

e—Jkor1 ) ) )
ET _ {1 + e—]kodv + e—]kodu + e—]kod(u-‘rv)}eR
e Jhorn 3(—kodv+180°)
+T{Vpele |:].+6 0
4 eikod(utv) 4 ej(_kodu+180°)} } eL (5)

From Eq. (5), it is seen that there is no additional instanta-
neous phase progression in the far-field phase between adjacent
copolar components, which suggests that the second sequen-
tial rotation either has no influence on the phase progression
of the copolar field after the first sequential rotation or only
reinforces it. The cross-polar field on its side shows a phase
progression of 180° between adjacent components, resulting in
a zero cross-polar field in the broadside direction. In fact, the
excitation phase equals minus the orientation angle of the ele-
ment (5; = —;). As aresult, the cross-polar field components
are canceled out, yielding a directive copolar beam [2, 14]. The
antenna therefore operates in mode M1-radiation.

Reversing now the sense of the second sequential rotation
yields

e—Jkori

E; = {1+€7jk0dv+180°

r

1 eJkodu—180° | e—jkod(u+v)}eR

e—Jkorn

+ {\/@ |:1 +ej(—k‘gd1}~‘r360°)

r

| ed(—kodu+360°) | ej[fkod(w”)*%ooq } e (6)

which by considering that 360° coincide with 0° may be rewrit-
ten as
e—Jkori1

- o
Ep = & {1 | —dkodv+180
.

1 e ikod(utv) | o—jkodu—180 }eR

e—Jkor11

R — {\/ Dele []- + e_jkOdv

r

+ e—dkodu +e—jk0d(u+v)”eL 7

Equation (7) shows that apart from the phase due to
kodu, kodv and kod(u + v), there is an additional phase
progression of 180° between the copolar field components,
which, following considerations about four-arm spiral anten-
nas, together with the fact that for 5; = (; the copolar field
becomes zero along the broadside direction, suggests radiation
of the conical mode M2 with four main beams, a null along the
axis orthogonal to the antenna plane, rotation symmetry about
the boresight axis, and circular polarization [3].

The approach thus presented paves the way for the manu-
facture of circularly polarized antennas operating alternately in
both modes in the same frequency band, as demonstrated in the
next section in light of case studies.

4. CASE STUDIES

The technique described above was applied to different antenna
arrays: the broadband antenna for satellite communication pre-
sented in [15], the double cornu-spiral antenna (DCSA) [16],
and the spiral antenna arrays investigated in [17]. However,
because of the space limitation, only simulated results for the
broadband antenna for the DCSA using ANSYS-HFSS are pre-
sented below. Results for the broadband antenna for satellite
are found in [10]. Details on radiation characteristics, such as
the gain of the respective basic elements and arrays thereof, can
be found in cited sources and will not be repeated here. In-
stead, we will put emphasis on the radiation patterns and axial
ratios. Nevertheless, peripheral aspects of this work, such as
the isolation between input ports and the reflection coefficient,
are mentioned.

The array of 2 x 2-elements in [16] was duplicated twice
in the z- and y-directions yielding a 4 x 4-elements array of
DCSA in which the array of 2 x 2-elements is a subarray (Fig.
6). Each 2 x 2-subarray has the 0°, 90°, 180°, 270° element
angular and phase arrangements (Fig. 7). Fig. 8 shows the phase
relationship on radiating elements after rotation of subarrays 2,
3, and 4 as described in Step 2 (Subsection 2.2). The overall
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FIGURE 7. Phase relationship on the radiating elements of the basic
2 X 2-subarray element.
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FIGURE 8. Phase relationship on the radiating elements of the 4 x 4-
array after rotation of subgroups 2, 3 and 4 as described in Subsec-
tion 2.2. The rotation was clockwise.
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dimensions of the antenna are 64.5 x 64.5 x 2.453 mm. The
distance between two adjacent radiating elements in the z and y
directions was d, = d,, = d = \/4, where X is the wavelength
at the operation frequency (24 GHz). Simulations have been
carried out by applying the approach presented in Section 2.2.

Figures 9 and 10 display the phase relationship on radiating
elements and sense of the circular polarization after the appli-
cation of the two-stage sequential rotation for modes M1 and
M2, respectively. As can be seen from Fig. 9, co-polarization
is obtained in the center of the array and along the whole diag-
onals (main and secondary) of the array structure, while in the
principal planes (¢ = 0° and ¢ = 90°), as well as the planes
parallel them, co-polarization and cross-polarization alternate.
Radiation patterns can be considered a superposition of co- and
cross-polarizations at each angle in the elevation direction. In
particular, side lobes contain energy components from co- and
cross-polar fields. This is substantiated in Fig. 11 where radia-
tion patterns at different frequencies are presented.
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FIGURE 9. Phase relationship on radiating elements and illustration of
the sense of the circular polarization after application of the two-stage
rotation for mode M1 radiation. Along the diagonals, we have co-
polarization. On the ¢ = 0° and ¢ = 90° planes, as well as the planes
parallel to these two planes, co-polarization and cross-polarization al-
ternate.

The influence of the sequential rotation and MSR as
described in the previous sections but also in the literature
[1,2,4,6-14] are well appreciated by observing the radiation
characteristics (Figs. 11 to 16). Especially the input ports are
decoupled from each other (Fig. 13); the axial ratio (Figs.
14, 15) is improved in magnitude, frequency, and angular
range compared to the 2 x 2-elements array. The polarization
is RHCP with a high degree of polarization purity in the
boresight direction over a large bandwidth (Fig. 16). Sidelobe
levels are enhanced as expected. SLLs of —11.054dB in the
principal planes (¢ = 0° and ¢ = 90°) are recorded at angles
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FIGURE 10. Phase relationship on radiating elements and illustration of
the circular polarization’s sense after applying the two-stage sequential
rotation for mode M2 radiation.

immediately off the broadside direction as can be seen from
Fig. 11 where the radiation patterns at 22, 24, 25, and 26 GHz
are displayed. At oblique cut planes, ¢ = 45° and 135° the
SLLs are much lower: SLL,,,, = —18.81dB at f = 24 GHz.
This is a consequence of the double sequential rotation. Along
the cut-planes ¢ = 45° and ¢ = 135° and in planes parallel
to them, co-polarization is along the whole diagonals (Fig.
9), and a large part of the field energy is concentrated in the
desired copolar component, which leads to low SLLs.

On the ¢ = 0 and ¢ = 90 planes and the planes parallel to
them, co-polarization and cross-polarization alternate (Fig. 9).
This induces high SLLs at some elevation angles, as shown in
Fig. 11.

Mode M2 radiation is obtained by reversing the sense of the
second sequential rotation according to the rotation sense of the
blue arrow (Fig. 6). Again, the antenna shows good radiation
characteristics. The phase reversion affects neither the reflec-
tion coefficient nor the coupling between ports. They are iden-
tical to the reflection coefficient and isolation between ports in
the mode M1 case. The axial ratio (Fig. 17) and radiation pat-
tern (Figs. 18 and 19) change however.

The antenna exhibits mode M2 pattern with four main beams
pointing in different directions simultaneously, a sharp on-axis
null and rotational symmetry about the broadside axis (Fig.
18). Maximal radiation occurs at ¢ = +45° +135°. 2D-
radiation pattern diagrams are therefore only presented along
these planes. Figs. 19 shows the corresponding pattern at dif-
ferent frequencies. The null at the boresight axis is visible, es-
pecially at 21 and 22 GHz.

Note that slight deviations in the amplitude of the radiation
patterns were observed at some off-resonance frequencies.

The cross-polar discrimination is displayed in Fig. 20. Ob-
viously, changing the sense of the second sequential rotation
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FIGURE 11. Normalized radiation pattern at 21, 22 and 23 24, 25, and 26 GHz for mode M1. Because of the rotational symmetry of the radiation

pattern about the broadside axis, only patterns at ¢ = 0° and ¢ = 135° are displayed. Similar results were obtained in orthogonal planes, ¢ = 90°
and ¢ = 45°.
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FIGURE 12. Input reflexion coefficients. The impedance bandwidth of FIGURE 13.

Port-to-port coupling. The ports are well isolated from
the antenna is identical to that of the 2 x 2-clements array. each other.
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FIGURE 16. Cross polar discrimination for mode M1 operation at 22, 24, 25, and 26 GHz. The XPD for all frequencies is at least 36 dB at ¢ = 0.

The antenna is right-hand circular polarized.
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FIGURE 19. Normalized radiation pattern at 21, 22, 23, 24, 25, 25, and 26 GHz for mode M2.
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FIGURE 20. Cross polar discrimination (XPD) at 21, 23, and 24 GHz for mode M2. The minimum XPD is 22.57 dB at 23 GHz and ¢ = 16°. The

antenna is still right-hand circular polarised.

does not influence the polarization sense. Radiated waves are
still right-hand circularly polarized with high polarization pu-
rity.

Observe that in both operation modes (M1 and M2), the pat-
terns are grating-lobes free, although the antenna is relatively
large with 64 elements compared to the operating frequency.
The patterns are also stable in the frequency range of interest.

Although the antenna’s gain is not a primary concern of the
present study, it is nevertheless essential to mention that an-
tenna arrays designed using the technique presented in this
work are open to any comparison with comparable antennas
in the literature. The 4 x 4-DCSA taken here as an example
shows a good gain of more than 15dB over a wide frequency
range from 21.36 to 26.89 GHz with a gain of 18.74 dB at the
operating frequency and a maximum of 19.89 dB at 25 GHz in
mode M1 operation. In mode M2, the gain is above 7.5dB
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over a bandwidth of 7.5 GHz, from 19.44 to 26.94 GHz, with
a maximum gain of 13.67 at 24 GHz. Remembering that, in
mode M2 operation, the antenna radiates four tilted beams si-
multaneously, and this gain can be considered high.

5. CONCLUSION

A simple technique for designing circularly polarized antenna
arrays operating in two modes has been presented. A controlled
double sequential rotation is used to obtain single and multi-
mode radiation in the same frequency range. Proof-of-concept
is provided mathematically and through numerical simulations
in light of some case studies. Whether operating in single-
beam mode or multi-beams, the designed antennas using this
technique show overall good radiation characteristics. The ap-
proach can not only be applied to large antenna arrays following
a modular principle adapted to the array size and needed appli-
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cations without loss of generality, but also paves the way for the
manufacture of circularly polarized antennas operating in both
modes in the same frequency band, thus enabling their use in a
wide range of applications, such as:

- monopulse radar systems using a wideband antenna
operating in two radiating modes,

- communication and direction-finding systems in
civil and military environments,

- compensation of interference and blockage in dy-
namic communication environments

- satellite communications,

- and radio astronomy.

Moreover, designed antennas using the presented approach can
be directly connected to the receiver without a mode-forming
network. For simple applications, an hybrid junction is more
than enough to make up the sum and the difference in order
to obtain a reference pattern (Mode M1) and difference pattern
(mode M2) simultaneously. Otherwise, a beam-forming circuit
may be needed to allow the vector combination of M1 and M2
modes for a simultaneous radiation of the two modes.

The author would have provided measurement data for com-
parison. Unfortunately, it was not possible due to a limited bud-
get. Nevertheless, given

a)- the accuracy and precision of the simulations and
the consideration of all factors that can influence the
radiation characteristics [18, 19],

b)- the fact that the 4 x 4 DCSA is based on the 2 x 2
DCSA, whose measured and simulated results match
[16]. In particular, the 4 x 4 DCSA and the 2 x 2
DCSA have identical impedance bandwidth,

c)- the certainty that the application of the approach to
three different antennas has provided similar results,

there is no doubt that, if carried out, the obtained experimental
results will validate simulated data. Potential deviations be-
tween measurements and simulated data can be attributed to
measurement uncertainties, manufacturing tolerances, inaccu-
racies in soldering the pin connector, and human-made noise.
These sources of errors have already been discussed in [16—19].

Last but not least, if the approach presented here is com-
bined with other methods in the literature, beam steering can
be achieved, as will be shown in future work.
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