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SPATTIAL MODULATION SYSTEM AND
METHOD THEREOF

[0001] This application claims the benefit of priority of
Singapore Patent Application No. 10202103162Q), filed on
26 Mar. 2021, the content of which being hereby incorpo-
rated by reference in its entirety for all purposes.

TECHNICAL FIELD

[0002] The present invention generally relates to methods
of spatial modulation and spatial modulation systems, and
more particularly, relating to phased array spatial modula-
tion.

BACKGROUND

[0003] Phased array technique is widely applied in radar,
communication, sonar, audio and medical imaging applica-
tions. For example, linear modulation signals may be gen-
erated using a phased array technique and utilized in areas
such as wireless communication, light communication,
radar, radar-communication (RadCom) joint system, sonar,
audio and ultrasound, and so on. For example, practical
applications may include, but are not limited to,

[0004] Wireless communication: which may include,
but are not limited to, base station, micro base station
or pico-base station, point-to-point communication,
mobile communications, satellite and satellite ground
station, visible light communication;

[0005] Radar and RadCom: which may include, but are
not limited to, millimeter wave (mmWave) and visible
light automotive RadCom; and

[0006] Audio (e.g., loudspeaker array): which may
include, but are not limited to, sonar and sonar com-
munication and ultrasonic sensor array.

[0007] The high-speed rate data transmission of the 5G
New Radio (5G NR) requires high peak-to-average-power-
ratio (PAPR) modulation techniques, such as 256 QAM
(Quadrature Amplitude Modulation), which requires a high
linearity transmitter with a deep back-off power amplifier
(PA). Similarly, the RadCom joint system and millimeter
wave satellite communication require a high-power effi-
ciency linear transmitter. However, due to physical limita-
tions, the output power, gain and efficiency of the power
amplifier at mmWave bands are much lower than those at
centimeter-wave bands. Beamforming is thus widely applied
to increase output power at mmWave frequencies, because it
combines output power from different antenna/radiating
elements of an antenna array at a specific direction in
free-space. Besides power combination, the spatial modu-
lator performs beamforming and modulation concurrently.
Compared to the conventional physical combiner, spatial
power combination can minimize power loss of the power
combiner and better isolate the combined signals. Accord-
ingly, it is desirable to provide a high efficiency phased array
spatial modulator that, for example, reduce or minimize
adjacent channel distortion to the other unintended direc-
tions.

[0008] A need therefore exists to provide method(s) of
spatial modulation and spatial modulation system(s), and
more particularly, relating to phased array spatial modula-
tion, that seek to overcome, or at least ameliorate, problem
(s) associated with conventional methods and systems for
spatial modulation, such as but not limited to, improving

May 16, 2024

efficiency (e.g., combination efficiency). It is against this
background that the present invention has been developed.

SUMMARY

[0009] According to a first aspect of the present invention,
there is provided a method of spatial modulation using an
antenna array comprising a plurality of radiating elements
having a plurality of power amplifiers communicatively
coupled thereto, respectively, the method comprising:

[0010] determining an amplitude of an output signal to
be formed in space by the antenna array based on an
input signal;

[0011] determining a plurality of output amplitude lev-
els for the plurality of radiating elements, respectively,
based on the amplitude of the output signal and a
current output amplitude level of the antenna array;

[0012] generating one or more first signals for a first
subarray of the antenna array and one or more second
signals for a second subarray of the antenna array based
on the input signal;

[0013] assigning the plurality of output amplitude levels
determined to the plurality of power amplifiers of the
plurality of radiating elements, respectively; and

[0014] sending the one or more first signals to radiating
elements of the first subarray and sending the one or
more second signals to radiating elements of the second
subarray for transmission therefrom to form a com-
bined signal in space as the output signal, wherein

[0015] the current output amplitude level of the antenna
array corresponds to a candidate output amplitude level
of an ordered set of candidate output amplitude levels
configured for the antenna array based on an output
amplitude range of the antenna array, and

[0016] the first subarray comprises one or more first
concentric radiating element pairs and the second sub-
array comprises one or more second concentric radiat-
ing element pairs.

[0017] According to a second aspect of the present inven-
tion, there is provided a spatial modulation system compris-
ing:

[0018] an antenna array comprising a plurality of radi-
ating elements having a plurality of power amplifiers
communicatively coupled thereto, respectively;

[0019] a memory; and

[0020] at least one processor communicatively coupled
to the memory and the antenna array, and configured to:

[0021] determine an amplitude of an output signal to be
formed in space by the antenna array based on an input
signal;

[0022] determine a plurality of output amplitude levels
for the plurality of radiating elements, respectively,
based on the amplitude of the output signal and a
current output amplitude level of the antenna array;

[0023] generate one or more first signals for a first
subarray of the antenna array and one or more second
signals for a second subarray of the antenna array based
on the input signal;

[0024] assign the plurality of output amplitude levels
determined to the plurality of power amplifiers of the
plurality of radiating elements, respectively; and

[0025] send the one or more first signals to radiating
elements of the first sub array and sending the one or
more second signals to radiating elements of the second
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subarray for transmission therefrom to form a com-
bined signal in space as the output signal, wherein

[0026] the current output amplitude level of the antenna
array corresponds to a candidate output amplitude level
of an ordered set of candidate output amplitude levels
configured for the antenna array based on an output
amplitude range of the antenna array, and

[0027] the first subarray comprises one or more first
concentric radiating element pairs and the second sub-
array comprises one or more second concentric radiat-
ing element pairs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Embodiments of the present invention will be
better understood and readily apparent to one of ordinary
skill in the art from the following written description, by
way of example only, and in conjunction with the drawings,
in which:

[0029] FIG. 1 depicts a schematic flow diagram of a
method of spatial modulation using an antenna array com-
prising a plurality of radiating elements having a plurality of
power amplifiers communicatively coupled thereto, respec-
tively, according to various embodiments of the present
invention;

[0030] FIG. 2 depicts a schematic drawing of a spatial
modulation system according to various embodiments of the
present invention, according to various embodiments of the
present invention;

[0031] FIG. 3 depicts a schematic drawing of a spherical
coordinate configuration of an example 2x2 antenna array
comprising two concentric antenna element pairs (a pair of
concentric isotropic elements 1 and 2 and a pair of concen-
tric isotropic elements 3 and 4);

[0032] FIG. 4A depicts a phasor diagram illustrating the
principle of outphasing spatial modulation, according to
various example embodiments of the present invention;
[0033] FIG. 4B depicts a phasor diagram illustrating the
principle of multilevel outphasing spatial modulation
according to various example embodiments of the present
invention;

[0034] FIG. 5 depicts a plot showing simulation results of
outphasing combination efficiency of a 1-level antenna array
and a 4-level antenna array;

[0035] FIG. 6 depicts a schematic drawing of an outphas-
ing spatial modulating system, according to various example
embodiments of the present invention;

[0036] FIG. 7 depicts a schematic drawing illustrating the
spherical coordinate configuration of an example 4x4
antenna array, according to various example embodiments
of the present invention;

[0037] FIG. 8 depicts an output amplitude level transition
sequence of the example 4x4 antenna array with 1-level
antenna elements, according to various example embodi-
ments of the present invention;

[0038] FIG. 9 depicts a plot illustrating a dynamic array
factor of the example 4x4 antenna array with 1-level antenna
elements shown in in FIG. 7 at ¢=0, according to various
example embodiments of the present invention;

[0039] FIG. 10 depicts a transition sequence of an
example 4x4 antenna array with 4-level antenna elements
(i.e., 4-level at each antenna element), according to various
example embodiments of the present invention;

[0040] FIGS. 11A and 11B depict the dynamic array
factors of the example 4x4 antenna array with 4-level
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antenna elements with 16 levels and 13 levels, respectively,
at $=0, according to various example embodiments of the
present invention;

[0041] FIG. 11C depicts the outphasing system efficiency
of the example 4x4 antenna array with 4-level antenna
elements with 16 levels and 13 levels, according to various
example embodiments of the present invention;

[0042] FIG. 12 depicts another example transition
sequence of the example 4x4 array with 4-level antenna
element, according to various example embodiments of the
present invention;

[0043] FIG. 13 depicts an example transition sequence of
an example 3x5 antenna array with 4-level elements, accord-
ing to various example embodiments of the present inven-
tion;

[0044] FIGS. 14A to 14H depict a number of different
example antenna array configurations with multilevel con-
centric antenna element pairs, whereby each multilevel
antenna element is an example 4-level antenna element,
according to various example embodiments of the present
invention;

[0045] FIG. 15 depicts a schematic drawing illustrating an
example non-uniform level distribution of 10 symmetric
antenna elements with Dolph-Tschebyscheff distribution,
according to various example embodiments of the present
invention;

[0046] FIG. 16 depicts a flow diagram of an outphasing
spatial modulation method using an antenna array, according
to various example embodiments of the present invention;
[0047] FIG. 17 depicts a schematic drawing of a linear
spatial modulation system, according to various example
embodiments of the present invention;

[0048] FIGS. 18 and 19 depict two example transition
sequences of the example 4x4 antenna array with 4-level
antenna elements, according to various example embodi-
ments of the present invention;

[0049] FIGS. 20 and 21 depict two other example types of
transition sequence the example 4x4 antenna array with
4-level antenna elements that keeps each antenna element
on, according to various example embodiments of the pres-
ent invention;

[0050] FIGS. 22 and 23 depict two example transition
sequences of a 1x5 antenna array with 4-level antenna
elements and one linear concentric transition pair, according
to various example embodiments of the present invention;
[0051] FIGS. 24A to 24H depict a number of different
example array configurations with multilevel concentric
antenna element pairs, with each multilevel antenna element
being an example 4-level antenna element, according to
various example embodiments of the present invention;
[0052] FIG. 25 depicts a flow diagram of a linear spatial
modulation method using an antenna array, according to
various example embodiments of the present invention;
[0053] FIG. 26 depicts a schematic drawing of a quadra-
ture spatial modulation system, according to various
example embodiments of the present invention;

[0054] FIG. 27 depicts an example transition sequences of
an example 4x4 antenna array with 4-level elements that is
kept always on, according to various example embodiments
of the present invention;

[0055] FIG. 28 depicts a flow diagram of a quadrature
spatial modulation method using an antenna array, according
to various example embodiments of the present invention;
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[0056] FIG. 29 depicts a phasor diagram illustrating the
principle of multilevel tri-phasing modulation, according to
various example embodiments of the present invention;
[0057] FIG. 30 depicts a schematic drawing of a tri-
phasing spatial modulating system, according to various
example embodiments of the present invention;

[0058] FIGS. 31 to 33 depict schematic drawings of a
number of different antenna array configurations for the
antenna array having odd number of rows and columns,
according to various example embodiments of the present
invention;

[0059] FIG. 34 depicts an example transition sequence of
a 5x5 array with 4-level antenna elements, according to
various example embodiments of the present invention;
[0060] FIGS. 35A to 35H depicts a number of different
antenna array configurations with multilevel concentric
antenna element pairs, with each multilevel antenna element
being an example 4-level antenna element is used to repre-
sent the multilevel element, according to various example
embodiments of the present invention; and

[0061] FIG. 36 depicts a flow diagram of a tri-phasing
spatial modulation method using an antenna array, according
to various example embodiments of the present invention.

DETAILED DESCRIPTION

[0062] Various embodiments of the present invention pro-
vide methods of spatial modulation and spatial modulation
systems, and more particularly, in relation to phased array
spatial modulation. As discussed in the background, it is
desirable to provide a high efficiency phased array spatial
modulator. Accordingly, various embodiments provide
methods of spatial modulation and spatial modulation sys-
tems, and more particularly, relating to phased array spatial
modulation, that seek to overcome, or at least ameliorate,
problem(s) associated with conventional methods and sys-
tems for spatial modulation, such as but not limited to,
improving efficiency (e.g., combination efficiency).

[0063] FIG. 1 depicts a schematic flow diagram of a
method 100 of spatial modulation using an antenna array
comprising a plurality of radiating elements having a plu-
rality of power amplifiers communicatively coupled thereto,
respectively, according to various embodiments of the pres-
ent invention. The method 100 comprises: determining (at
101) an amplitude of an output signal to be formed in space
by the antenna array based on an input signal; determining
(at 102) a plurality of output amplitude levels for the
plurality of radiating elements, respectively, based on the
amplitude of the output signal and a current output ampli-
tude level of the antenna array; generating (at 104) one or
more first signals for a first subarray of the antenna array and
one or more second signals for a second subarray of the
antenna array based on the input signal; assigning (at 106)
the plurality of output amplitude levels determined to the
plurality of power amplifiers of the plurality of radiating
elements, respectively; and sending (at 108) one or more
first signals to radiating elements of the first subarray and
sending the one or more second signals to radiating elements
of the second subarray for transmission therefrom to form a
combined signal in space as the output signal. In various
embodiments, the current output amplitude level of the
antenna array corresponds to a candidate output amplitude
level of an ordered set of candidate output amplitude levels
configured for the antenna array based on an output ampli-
tude range of the antenna array. In particular, the first
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subarray comprises one or more first concentric radiating
element pairs and the second subarray comprises one or
more second concentric radiating element pairs.

[0064] Accordingly, the method 100 of spatial modulation
advantageously controls the plurality of output amplitude
levels for the plurality of radiating elements, respectively,
based on the amplitude of the output signal to be formed in
space by the antenna array and the current output amplitude
level of the antenna array, thereby optimizing the plurality of
radiating elements for transmitting signals therefrom to form
a combined signal in space as the output signal. In various
embodiments, according to the method 100 of spatial modu-
lation, the antenna array advantageously has multiple output
amplitude levels (i.e., capable of being controlled to be or set
at any one of the multiple output amplitude levels, which
may also be referred to as a multilevel antenna array) and
each of the plurality of radiating elements also advanta-
geously has multiple output amplitude levels (i.e., capable of
being controlled to be or set at any one of the multiple output
amplitude levels, which may also be referred to as a mul-
tilevel radiating element, or simply as a multilevel element).
As a result, the method 100 of spatial modulation advanta-
geously has significantly improved efficiency, and in par-
ticular, combination efficiency, since the output amplitude
level of the antenna array (and the plurality of output
amplitude levels of the plurality of radiating elements,
respectively) is dynamically controlled or adjusted for
enhancing or optimizing efficiency in forming the output
signal in space. These advantages or technical effects, and/or
other advantages or technical effects, will become more
apparent to a person skilled in the art as the method 100 of
spatial modulation, as well as the corresponding spatial
modulation system, is described in more detail according to
various embodiments and example embodiments of the
present invention.

[0065] In various embodiments, the plurality of radiating
elements are symmetrically arranged in a two-dimensional
(2D) plane, and the first subarray and the second subarray
are each symmetrical about an origin of the 2D plane.
[0066] In various embodiments, the plurality of output
amplitude levels for the plurality of radiating elements are
determined further based on an output amplitude level
transition sequence associated with the ordered set of can-
didate output amplitude levels configured for the antenna
array. In this regard, the output amplitude level transition
sequence comprises, for each candidate output amplitude
level of the ordered set of candidate output amplitude levels,
a plurality of output amplitude level settings (i.e., at which
output amplitude level to set each radiating element) for the
plurality of radiating elements, respectively, associated with
the candidate output amplitude level.

[0067] In various embodiments, the above-mentioned
determining (at 102) the plurality of output amplitude levels
for the plurality of radiating elements comprises: determin-
ing whether the amplitude of the output signal is greater than
or equal to an output amplitude value corresponding to an
immediately preceding candidate output amplitude level in
the ordered set of candidate output amplitude levels with
respect to the candidate output amplitude level correspond-
ing the current output amplitude level of the antenna array.
In this regard, the plurality of output amplitude levels for the
plurality of radiating elements are determined according to
the plurality of output amplitude level settings for the
plurality of radiating elements, respectively, associated with
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the candidate output amplitude level corresponding to the
current output amplitude level of the antenna array if the
amplitude of the output signal is determined to be greater
than or equal to the output amplitude value corresponding to
the immediately preceding candidate output amplitude level.
On the other hand, the current output amplitude level of the
antenna array is decreased according to the immediately
preceding candidate output amplitude level in the ordered
set of candidate output amplitude levels if the amplitude of
the output signal is determined to be less than the output
amplitude value corresponding to the immediately preced-
ing candidate output amplitude level.

[0068] In various embodiments, according to the output
amplitude level transition sequence associated with the
ordered set of candidate output amplitude levels configured
for the antenna array, for a transition from a highest candi-
date output amplitude level to an immediately preceding
candidate output amplitude level, output amplitude level
settings for radiating elements of an outermost first concen-
tric radiating element pair (e.g., along an edge portion of the
antenna array) of the one or more first concentric radiating
element pairs and for radiating elements of an outermost
second concentric radiating element pair (e.g., along an edge
portion of the antenna array) of the one or more second
concentric radiating element pairs are each decreased
according to an immediately preceding output amplitude
level. On the other hand, for a transition from a lowest
candidate output amplitude level to an immediately subse-
quent candidate output amplitude level, output amplitude
level settings for radiating elements of an innermost first
concentric radiating element pair (e.g., at a central portion of
the antenna array) of the one or more first concentric
radiating element pairs and for radiating elements of an
innermost second concentric radiating element pair (e.g., at
a central portion of the antenna array) of the one or more
second concentric radiating element pairs are each increased
to an immediately subsequent output amplitude level.
[0069] In various embodiments, each radiating element of
the first subarray and the second subarray has an ordered set
of candidate output amplitude levels configured for the
radiating element based on an output amplitude range of the
radiating element. In various embodiments, the output
amplitude level of the radiating element determined corre-
sponds to a candidate output amplitude level of the ordered
set of candidate output amplitude levels configured for the
radiating element and the radiating element has an output
weighting corresponding to the output amplitude level of the
radiating element. Accordingly, each radiating element may
be a multilevel radiating element.

[0070] In various embodiments (e.g., in the case of the
spatial modulation being for outphasing spatial modulation
or tri-phasing spatial modulation), a total output weighting
of the first subarray and a total output weighting of the
second subarray are the same after the above-mentioned
assigning (at 106) the plurality of output amplitude levels
determined to the plurality of power amplifiers of the
plurality of radiating elements, respectively.

[0071] In various embodiments (e.g., in the case of the
spatial modulation being for outphasing spatial modulation
or tri-phasing spatial modulation), the radiating elements of
the first subarray and the radiating elements of the second
subarray are alternately arranged in at least one direction
along the 2D plane. In addition, the above-mentioned one or
more first signals is a first constant envelop outphasing
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signal and the above-mentioned one or more second signals
is a second constant envelop outphasing signal. In this
regard, the first and second constant envelop outphasing
signals are complementary constant envelop outphasing
signals.

[0072] In various embodiments (e.g., in the case of the
spatial modulation being for tri-phasing spatial modulation),
the method 100 further comprising: generating a third signal
for a third subarray of the antenna array based on the input
signal; and sending the third signal to radiating elements of
the third subarray. In this regard, the third subarray com-
prises radiating elements of the plurality of radiating ele-
ments that neither belong to the first subarray nor the second
subarray, and the third signal is a constant envelop inphasing
signal.

[0073] In various embodiments (e.g., in the case of the
spatial modulation being for linear spatial modulation), the
method 100 further comprises: dynamically configuring the
first subarray comprising the one or more first concentric
radiating element pairs and the second subarray comprises
the one or more second concentric radiating element pairs
based on which candidate output amplitude level of the
ordered set of candidate output amplitude levels configured
for the antenna array the current output amplitude level of
the antenna array corresponds to. In this regard, the one or
more first signals are a plurality of constant envelop signals,
wherein said sending the one or more first signals comprises
sending the plurality of constant envelop signals to the
radiating elements, respectively, of the first subarray, and the
one or more second signals are a plurality of linear signals,
wherein said sending the one or more second signals com-
prises sending the plurality of linear signals to the radiating
elements, respectively, of the second subarray.

[0074] In various embodiments (e.g., in the case of the
spatial modulation being for quadrature spatial modulation),
the method 100 further comprises: generating a plurality of
third signals for a third subarray of the antenna array and a
plurality of fourth signals for a fourth subarray of the
antenna array based on the input signal; and sending the
plurality of third signals to radiating elements, respectively,
of the third subarray and sending the plurality of fourth
signals to radiating elements, respectively, of the fourth
subarray for transmission therefrom (together with the
above-mentioned transmission from the radiating elements
of the first and second subarrays) to form the combined
signal in space. In this regard, the third subarray comprises
one or more third concentric radiating element pairs and the
fourth subarray comprises one or more fourth concentric
radiating element pairs. Furthermore, the input signal is a
modulation signal comprising a quadrature signal compo-
nent and an inphase signal component. In this regard, the
above-mentioned one or more first signals for the first
subarray are a plurality of constant envelop signals gener-
ated based on the inphase signal component, the above-
mentioned one or more second signals for the second
subarray are a plurality of linear signals generated based on
the inphase signal component, the plurality of third signals
for the third subarray are a plurality of constant envelop
signals generated based on the quadrature signal component,
and the plurality of fourth signals for the fourth subarray are
a plurality of linear signals generated based on the quadra-
ture signal component. Furthermore, the above-mentioned
current output amplitude level of the antenna array com-
prises a current inphase output amplitude level of an inphase
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subarray comprising the first and second subarrays corre-
sponding to a candidate inphase output amplitude level of an
ordered set of candidate inphase output amplitude levels
configured for the inphase subarray based on an output
amplitude range of the inphase subarray, and a current
quadrature output amplitude level of an quadrature subarray
comprising the third and fourth subarrays corresponding to
a candidate quadrature output amplitude level of an ordered
set of candidate quadrature output amplitude levels config-
ured for the quadrature subarray based on an output ampli-
tude range of the quadrature subarray. In this regard, the
method 100 further comprises dynamically configuring the
first subarray comprising the one or more first concentric
radiating element pairs and the second subarray comprising
the one or more second concentric radiating element pairs
based on which candidate inphase output amplitude level of
the ordered set of candidate inphase output amplitude levels
configured for the inphase subarray the current inphase
output amplitude level of the inphase subarray corresponds
to, and dynamically configuring the third subarray compris-
ing the one or more third concentric radiating element pairs
and the fourth subarray comprising the one or more fourth
concentric radiating element pairs based on which candidate
quadrature output amplitude level of the ordered set of
candidate quadrature output amplitude levels configured for
the quadrature subarray the current quadrature output ampli-
tude level of the quadrature subarray corresponds to.

[0075] FIG. 2 depicts a schematic drawing of a spatial
modulation system 200 according to various embodiments
of'the present invention, corresponding to the method 100 of
spatial modulation as described hereinbefore with reference
to FIG. 1 according to various embodiments of the present
invention. The spatial modulation system 200 comprises: an
antenna array 204 comprising a plurality of radiating ele-
ments 206 having a plurality of power amplifiers 208
communicatively coupled thereto, respectively; a memory
212; and at least one processor 214 communicatively
coupled to the memory 212 and the antenna array 204 (e.g.,
each of the plurality of radiating elements 206), and con-
figured to perform the method 100 of spatial modulation as
described herein according to various embodiments of the
present invention. In various embodiments, the plurality of
power amplifiers 208 may be communicatively coupled to a
plurality of phase shifter 209, respectively, as shown in FIG.
2. Accordingly, in various embodiments, the at least one
processor 214 is configured to: determine an amplitude of an
output signal to be formed in space by the antenna array 204
based on an input signal; determine a plurality of output
amplitude levels for the plurality of radiating elements 206,
respectively, based on the amplitude of the output signal and
a current output amplitude level of the antenna array 204;
generate one or more first signals for a first subarray (e.g.,
206a) of the antenna array 204 and one or more second
signals for a second subarray (e.g., 2065) of the antenna
array 204 based on the input signal; assign the plurality of
output amplitude levels determined to the plurality of power
amplifiers 208 of the plurality of radiating elements 206,
respectively; and send the one or more first signals to
radiating elements of the first subarray (e.g., 206a) (e.g.,
through the corresponding phase shifter 209 and the corre-
sponding power amplifier 208) and send the one or more
second signals to radiating elements of the second subarray
(e.g., 206b) (e.g., through the corresponding phase shifter
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209 and the corresponding power amplifier 208) for trans-
mission therefrom to form a combined signal in space as the
output signal.

[0076] In various embodiments, the current output ampli-
tude level of the antenna array 204 corresponds to a candi-
date output amplitude level of an ordered set of candidate
output amplitude levels configured for the antenna array 204
based on an output amplitude range (e.g., a highest or
maximum output amplitude) of the antenna array 204. In
particular, the first subarray (e.g., 206a) comprises one or
more first concentric radiating element pairs and the second
subarray (e.g., 206b) comprises one or more second con-
centric radiating element pairs.

[0077] It will be appreciated by a person skilled in the art
that the at least one processor 214 may be configured to
perform various functions or operations through set(s) of
instructions (e.g., software modules) executable by the at
least one processor 214 to perform various functions or
operations. Accordingly, as shown in FIG. 2, the spatial
modulation system 200 may comprise an output amplitude
determining module (or an output amplitude determining
circle) 215 configured to determine an amplitude of an
output signal to be formed in space by the antenna array 204
based on an input signal; an element output amplitude level
determining module (or an element output amplitude level
determining circuit) 216 configured to determine a plurality
of output amplitude levels for the plurality of radiating
elements 206, respectively, based on the amplitude of the
output signal and a current output amplitude level of the
antenna array 204; a signal generating module (or a signal
generating circuit) 218 configured to generate one or more
first signals for a first subarray (e.g., 206a) of the antenna
array 204 and one or more second signals for a second
subarray (e.g., 2065) of the antenna array 204 based on the
input signal; an element output amplitude assigning module
(or an element output amplitude assigning circuit) 220
configured to assign the plurality of output amplitude levels
determined to the plurality of power amplifiers 208 of the
plurality of radiating elements 206, respectively; a signal
sending module (or a signal sending circuit) 222 configured
to send the one or more first signals to radiating elements of
the first sub array (e.g., 206a) and send the one or more
second signals to radiating elements of the second subarray
(e.g., 2065) for transmission therefrom to form a combined
signal in space as the output signal.

[0078] It will be appreciated by a person skilled in the art
that the above-mentioned modules are not necessarily sepa-
rate modules (or circuits), and two or more modules may be
realized by or implemented as one functional module (e.g.,
a circuit or a software program) as desired or as appropriate
without deviating from the scope of the present invention.
For example, two or more of the output amplitude deter-
mining module 215, the element output amplitude level
determining module 216, the signal generating module 218,
the element output amplitude assigning module 220 and the
signal sending module 222 may be realized (e.g., compiled
together) as one executable software program (e.g., software
application or simply referred to as an “app”), which for
example may be stored in the memory 212 and executable
by the at least one processor 214 to perform various func-
tions/operations as described herein according to various
embodiments of the present invention.

[0079] In various embodiments, the spatial modulation
system 200 corresponds to the method 100 of spatial modu-
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lation as described hereinbefore with reference to FIG. 1,
therefore, various functions or operations configured to be
performed by the least one processor 214 (or the above-
mentioned modules 215, 216, 218, 220, 222) may corre-
spond to various steps or operations of the method 100 of
spatial modulation as described herein according to various
embodiments, and thus need not be repeated with respect to
the spatial modulation system 200 for clarity and concise-
ness. In other words, various embodiments described herein
in context of the methods are analogously valid for the
corresponding systems, and vice versa.

[0080] For example, in various embodiments, the memory
212 may have stored therein the output amplitude determin-
ing module 215, the element output amplitude level deter-
mining module 216, the signal generating module 218, the
element output amplitude assigning module 220 and/or the
signal sending module 222, which respectively correspond
to various steps (or operations or functions) of the method
100 of spatial modulation as described herein according to
various embodiments, which are executable by the at least
one processor 214 to perform the corresponding functions or
operations as described herein.

[0081] A computing system, a controller, a microcon-
troller or any other system providing a processing capability
may be provided according to various embodiments in the
present disclosure. Such a system may be taken to include
one or more processors and one or more computer-readable
storage mediums. For example, the spatial modulation sys-
tem 200 described hereinbefore may include a processor (or
controller) 204 and a computer-readable storage medium (or
memory) 202 which are for example used in various pro-
cessing carried out therein as described herein. A memory or
computer-readable storage medium used in various embodi-
ments may be a volatile memory, for example a DRAM
(Dynamic Random Access Memory) or a non-volatile
memory, for example a PROM (Programmable Read Only
Memory), an EPROM (Erasable PROM), EEPROM (Elec-
trically Erasable PROM), or a flash memory, e.g., a floating
gate memory, a charge trapping memory, an MRAM (Mag-
netoresistive Random Access Memory) or a PCRAM (Phase
Change Random Access Memory).

[0082] In various embodiments, a “circuit” may be under-
stood as any kind of a logic implementing entity, which may
be special purpose circuitry or a processor executing soft-
ware stored in a memory, firmware, or any combination
thereof. Thus, in an embodiment, a “circuit” may be a
hard-wired logic circuit or a programmable logic circuit
such as a programmable processor, e.g., a MiCrOProcessor
(e.g., a Complex Instruction Set Computer (CISC) processor
or a Reduced Instruction Set Computer (RISC) processor).
A “circuit” may also be a processor executing software, e.g.,
any kind of computer program, e.g., a computer program
using a virtual machine code, e.g., Java. Any other kind of
implementation of the respective functions may also be
understood as a “circuit” in accordance with various
embodiments. Similarly, a “module” may be a portion of a
system according to various embodiments and may encom-
pass a “circuit” as described above, or may be understood to
be any kind of a logic-implementing entity.

[0083] Some portions of the present disclosure are explic-
itly or implicitly presented in terms of algorithms and
functional or symbolic representations of operations on data
within a computer memory. These algorithmic descriptions
and functional or symbolic representations are the means
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used by those skilled in the data processing arts to convey
most effectively the substance of their work to others skilled
in the art. An algorithm is here, and generally, conceived to
be a self-consistent sequence of steps leading to a desired
result. The steps are those requiring physical manipulations
of physical quantities, such as electrical, magnetic or optical
signals capable of being stored, transferred, combined, com-
pared, and otherwise manipulated.

[0084] Unless specifically stated otherwise, and as appar-
ent from the following, it will be appreciated that throughout
the present specification, description or discussions utilizing
terms such as “determining”, “generating”, “assigning”,
“sending”, “configuring” or the like, refer to the actions and
processes of a computer system, or similar electronic device,
that manipulates and transforms data represented as physical
quantities within the computer system into other data simi-
larly represented as physical quantities within the computer
system or other information storage, transmission or display
devices.

[0085] The present specification also discloses a comput-
ing or processing system comprising the memory 212 and
the at least one processor 214 for performing various opera-
tions/functions as described herein. Such a system may be
specially constructed for the required purposes, or may
comprise a general purpose computer or other device selec-
tively activated or reconfigured by a computer program
stored in the computer. The algorithms presented herein are
not inherently related to any particular computer or other
apparatus.

[0086] Various general-purpose machines may be used
with computer programs in accordance with the teachings
herein. Alternatively, the construction of more specialized
apparatus to perform various method steps may be appro-
priate. For example, according to various embodiments, the
antenna array 204, the memory 212, the at least one pro-
cessor 214, and the above-mentioned modules 215, 216,
218, 220, 222 may be integrated to form an integrated spatial
modulation system (which may also be embodied as a
device or an apparatus).

[0087] In addition, the present specification also at least
implicitly discloses a computer program or software/func-
tional module, in that it would be apparent to the person
skilled in the art that individual steps of various methods
described herein may be put into effect by computer code.
The computer program is not intended to be limited to any
particular programming language and implementation
thereof. It will be appreciated that a variety of programming
languages and coding thereof may be used to implement the
teachings of the disclosure contained herein. Moreover, the
computer program is not intended to be limited to any
particular control flow. There are many other variants of the
computer program, which can use different control flows
without departing from the scope of the invention. It will be
appreciated by a person skilled in the art that various
modules described herein (e.g., the output amplitude deter-
mining module 215, the element output amplitude level
determining module 216, the signal generating module 218,
the element output amplitude assigning module 220 and/or
the signal sending module 222) may be software module(s)
realized by computer program(s) or set(s) of instructions
executable by a computer processor to perform the required
functions, or may be hardware module(s) being functional
hardware unit(s) designed to perform the required functions.
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It will also be appreciated that a combination of hardware
and software modules may be implemented.

[0088] Furthermore, one or more of the steps of a com-
puter program/module or method described herein may be
performed in parallel rather than sequentially. Such a com-
puter program may be stored on any computer readable
medium. The computer readable medium may include stor-
age devices such as magnetic or optical disks, memory
chips, or other storage devices suitable for interfacing with
a general purpose computer. The computer program when
loaded and executed on such a general-purpose computer
effectively results in an apparatus that implements the steps
of the methods described herein.

[0089] In various embodiments, there is provided a com-
puter program product, embodied in one or more computer-
readable storage mediums (non-transitory computer-read-
able storage medium(s)), comprising instructions (e.g., the
output amplitude determining module 215, the element
output amplitude level determining module 216, the signal
generating module 218, the element output amplitude
assigning module 220 and/or the signal sending module 222)
executable by one or more computer processors to perform
the method 100 of spatial modulation, as described herein
with reference to FIG. 1 according to various embodiments.
Accordingly, various computer programs or modules
described herein may be stored in a computer program
product receivable by a system therein, such as the spatial
modulation system 200 as shown in FIG. 2, for execution by
at least one processor 214 of the spatial modulation system
200 to perform various functions.

[0090] Software or functional modules described herein
may also be implemented as hardware modules. More
particularly, in the hardware sense, a module is a functional
hardware unit designed for use with other components or
modules. For example, a module may be implemented using
discrete electronic components, or it can form a portion of
an entire electronic circuit such as an Application Specific
Integrated Circuit (ASIC). Numerous other possibilities
exist. Those skilled in the art will appreciate that the
software or functional module(s) described herein can also
be implemented as a combination of hardware and software
modules.

[0091] It will be appreciated by a person skilled in the art
that the terminology used herein is for the purpose of
describing various embodiments only and is not intended to
be limiting of the present invention. As used herein, the
singular forms “a”, “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises” and/or “comprising,” when used in this speci-
fication, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

[0092] Any reference to an element or a feature herein
using a designation such as “first”, “second” and so forth
does not necessarily limit the quantity or order of such
elements or features, unless stated or the context requires
otherwise. For example, such designations may be used
herein as a convenient way of distinguishing between two or
more elements or instances of an element. Thus, a reference
to first and second elements does not necessarily mean that
only two elements can be employed, or that the first element
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must precede the second element. In addition, a phrase
referring to “at least one of” a list of items, or the like (e.g.,
“one or more of”), refers to any single item therein or any
combination of two or more items therein.

[0093] In order that the present invention may be readily
understood and put into practical effect, various example
embodiments of the present invention will be described
hereinafter by way of examples only and not limitations. It
will be appreciated by a person skilled in the art that the
present invention may, however, be embodied in various
different forms or configurations and should not be con-
strued as limited to the example embodiments set forth
hereinafter. Rather, these example embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the present invention to
those skilled in the art.

[0094] As discussed in the background, phased array
technique is widely applied in radar, communication, sonar,
audio and medical imaging applications. In this regard,
various example embodiments provides several methods to
generate linear modulation signals utilizing a phased array
technique, in areas such as wireless communication, light
communication, radar, radar-communication (RadCom)
joint system, sonar, audio and ultrasound, and so on. For
example, several phased array spatial modulation methods
are introduced to generate high power wideband signals
efficiently, applicable in a wide frequency range and in all
areas employing a phased array technique. For example, a
number of practical applications may include, but are not
limited to,

[0095] Wireless communication: which may include,
but are not limited to, base station, micro base station
or pico-base station, point-to-point communication,
mobile communications, satellite and satellite ground
station, visible light communication;

[0096] Radar and RadCom: which may include, but are
not limited to, mmWave and visible light automotive
RadCom;

[0097] Audio (e.g., loudspeaker array): which may
include, but are not limited to, sonar and sonar com-
munication and ultrasonic sensor array.

[0098] For example, various example embodiments
advantageously introduce several example types of higher
efficiency spatial modulators that, for example, reduce adja-
cent channel distortion to the other unintended directions. It
will be appreciated by a person skilled in the art that, besides
5G New Radio, these methods may be applied to any other
areas that utilizes a phased array technique.

[0099] For better understanding of the present invention
and without limitation or loss of generality, an outphasing
spatial modulation method, a linear spatial modulation
method, a quadrature spatial modulation method and a
tri-phasing spatial modulation method will be described later
below according to various example embodiments of the
present invention. However, it will be appreciated by a
person skilled in the art that the present invention is not
limited to these example types of spatial modulation meth-
ods, and that other types of spatial modulation methods are
within the scope of the present invention.

[0100] In the above-mentioned example spatial modula-
tion methods according to various example embodiments,
the status of the power amplifier associated with each
antenna/radiating element varies with the output amplitude
level of the antenna array dynamically, which advanta-
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geously enables a high efficiency spatial modulation. For
example, it was found that the average power efficiency of
the antenna array remains high even with a deep back off.
[0101] For better understanding, the principle of phased
array spatial modulation will now be described with refer-
ence to FIG. 3. FIG. 3 depicts a schematic drawing of a
spherical coordinate configuration of an example 2x2
antenna array comprising two concentric antenna element
pairs (a pair of concentric isotropic elements 1 and 2 and a
pair of concentric isotropic elements 3 and 4). As shown in
FIG. 3, four isotropic elements (radiating/antenna elements)
are equally spaced on a two-dimensional (2D) plane (e.g.,
x-y plane) along a circular ring with radius a. The normal-
ized field of an isotropic element may be expressed as:

o TRy (Equation 1)

R,

Ey(r, 6, ¢)=a,

where R, is the distance from the nth element to the
observation point, and an is the excitation coefficients of nth
element. For r>>a,

R, =r—a cos Y,=r—a sin O cos(¢—0,,) (Equation 2)

assuming that for amplitude R,=r, and a,=E,, Equation (1)
may be expressed as:

ok o (Equation 3)
En(r, 6, 9) = - Eyekasintcos @0,

[0102] Accordingly, the combined field (E, ,(r,0,0)) of
the isotropic elements 1 and 2 and the combined field
(E3,4(1.8,0)) of the isotropic elements 3 and 4 may be
expressed, respectively, as:

(Equation 4)
Eva(r, 6,0) = E1(r, 6, Q) + Ex(r, 6, §) =

I

Ey (edv d B-01) 4 pikasi mlM))) =

I

—jkr

Eo (2cos(ka)sinfcos(P — Pr)

I

(Equation 5)
E3oa(r, 6, 9) = Es(r, 6, Q) + Ea(r, 6, Q) =

I

Ey

+ e v

. (O-05) asinfeos( /mﬂ))):

P
—jkr

Eq (2cos(ka)sinfcos(P — P3)

I

[0103] From Equations (4) and (5), each concentric
antenna element pair equalizes with an isotropic element at
an origin of the 2D plane, and the combined fields E,_,(r,
0.0) and E, ,(1,0,0) have the same phase delay but different
array factors.

Outphasing Spatial Modulator

[0104] For better understanding, the principle of outphas-
ing spatial modulation according to various example
embodiments of the present invention will now be described
with reference to FIG. 4A. In particular, FIG. 4A depicts a
phasor diagram illustrating the principle of outphasing spa-
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tial modulation according to various example embodiments
of the present invention. The linear signal S(t) (which may
be referred to as an output signal or a combined signal) is
formed by a combination (in space) of two complementary
constant envelop signals S;(t) and S,(t) that can be amplified
by high efficiency nonlinear power amplifier. These signals
may be described as follows:

S(0)=A(r)-e7% (Equation 6)

where A(t) and w(t) are the amplitude and phase modulated
quantities.

S|(1)=E, e o] (Equation 7)

SHt)=E, e IO~ (Equation 8)

where E,,, 2max(A(t)/2), and the outphasing angle may be

max—

expressed as:
a(H)=cos (A(DIE,,)

[0105] In FIG. 4A, the constant envelop signals S,(t) and
S,(t) are divided into cosine and sine components. By
varying the outphasing angle o(t), the cosine components
are added to realize a linear amplitude modulation and the
sine components are canceled, thus the combination effi-
ciency may be expressed as:

(Equation 9)

Ne(H=cos’(al(1)) (Equation 10)

and the outphasing system efficiency may thus be expressed
as:

Ns(O=NAOND) (Equation 11)

where 1,(t) denotes the efficiency of the power amplifier.
According to Equations (10) and (11), n(t) drops with
increased outphasing angle o(t) even if a high efficiency
power amplifier is employed. From Equation (9), the out-
phasing angle o(t) can remain at a lower value range when
E, ... follows the variation of A(t) with multilevels. FIG. 4B
depicts a phasor diagram illustrating the principle of multi-
level outphasing spatial modulation according to various
example embodiments of the present invention. As illus-
trated in FIG. 4B, S(t) can be a combination of S,(t) and
S,(t) with level (output amplitude level) either at E,, ., or
E,,...o- In this regard, it can be observed that the value of the
outphasing angle o(t) associated with level E, ., is advan-
tageously lower.

[0106] As an example comparative illustration, FIG. 5
depicts a plot showing simulation results of outphasing
combination efficiency of a 1-level antenna array and a
4-level antenna array. It can be observed that the average
outphasing combination efficiency with the 4-level approach
is much higher compared to the 1-level approach.

[0107] FIG. 6 depicts a schematic drawing of an outphas-
ing spatial modulating system 600 (which may also be
referred to as an outphasing spatial modulator) according to
various example embodiments of the present invention. The
spatial modulation system 600 comprises: an antenna array
604 comprising a plurality of antenna elements 606 (which
may also be interchangeably referred to as radiating ele-
ments) having a plurality of power amplifiers 608 commu-
nicatively coupled thereto, respectively; a multilevel out-
phasing signal generator 614 (e.g., comprising a memory
and at least one processor communicatively coupled to the
memory and the antenna array 604), and configured to
perform a method of outphasing spatial modulation. In
various example embodiments, the plurality of power ampli-
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fiers 608 may be communicatively coupled to a plurality of
phase shifters 609, respectively, as shown in FIG. 6.

[0108] In various example embodiments, the multilevel
outphasing signal generator 614 is configured to: determine
an amplitude of an output signal to be formed in space by the
antenna array 604 based on an input signal (e.g., a(t)cos(®
(t)); determine a plurality of output amplitude levels (E,,,) for
the plurality of antenna elements 606, respectively, based on
the amplitude of the output signal and a current output
amplitude level of the antenna array 604; generate a first
signal (e.g.. an outphasing signal cos(o(t)+a(t)) for a first
subarray (e.g., 606a) of the antenna array 604 and a second
signal (e.g., an outphasing signal cos(@(t)—o(t)), which is
complementary to the outphasing signal cos(@(t)+0u(t)) for a
second subarray (e.g., 6060) of the antenna array 604 based
on the input signal; assign the plurality of output amplitude
levels (E,,) determined to the plurality of power amplifiers
608 of the plurality of antenna elements 606, respectively;
and send the first signal to antenna elements of the first
subarray (e.g., 606a) (e.g., through the corresponding phase
shifter 609 and the corresponding power amplifier 608) and
send the second signal to antenna elements of the second
subarray (e.g., 606b) (e.g., through the corresponding phase
shifter 609 and the corresponding power amplifier 608) for
transmission therefrom to form a combined signal (i.e., the
above-mentioned output signal) in space.

[0109] In various example embodiments, the current out-
put amplitude level of the antenna array 604 corresponds to
a candidate output amplitude level of an ordered set of
candidate output amplitude levels configured for the antenna
array 604 (i.e., multilevel antenna array) based on an output
amplitude range of the antenna array 604. In particular, the
first subarray (e.g., 606a) comprises one or more first
concentric antenna element pairs (e.g., antenna elements 6
and 11 may form a first concentric antenna element pair) and
the second subarray (e.g., 606b) comprises one or more
second concentric antenna element pairs (e.g., antenna ele-
ments 7 and 10 may form a second concentric antenna
element pair).

[0110] In various example embodiments, the outphasing
angle ou(t) for the above-mentioned first and second signals
may be determined based on the plurality of output ampli-
tude levels determined for the plurality of antenna elements
606 and the current output amplitude level of the antenna
array 604, such as but not limited to, based on the above-
mentioned Equation 9. In various example embodiments, the
amplitude of the output signal to be formed may be deter-
mined based on the input signal, such as based on Equations

(6) to (9).

[0111] By way of an example only and without limitation,
FIG. 7 depicts a schematic drawing illustrating the spherical
coordinate configuration of an example 4x4 antenna array
604, according to various example embodiments of the
present invention. As shown in FIG. 7, the antenna array 604
may be divided into two subarrays (e.g., first and second
subarrays) 606a, 606b represented in gray and white, respec-
tively. Multilevel outphasing signal generated by the mul-
tilevel outphasing signal generator 614 may be sent to the
corresponding antenna element through a corresponding
phase shifter 609 and a corresponding power amplifier 608.
As a result, the two subarrays transmit complementary
outphasing signals, which are combined in free space to
form a combined signal.
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[0112] In various example embodiments, the antenna ele-
ments 606 are symmetrically arranged in a two-dimensional
(2D) plane. For example, as shown in FIG. 7, the antenna
elements 606 are symmetrically located in the x-y plane. The
total far-zone field of the antenna array 604 is the product of
a single reference element at a selected reference point and
its array factor as follows:

E(r) = E,f(r)- [array factor] (Equation 12)

— jhr — jkr

) e (Equation 13)
= A@p)-e 0.

e
as E(r) =S@)-

I
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Equation (12) is expressed as: A(t)-e /¥®. — =
P

—jkr
. e . .

—jl(t) 10} (1)
Bz - € 740 P '[e Jat '[graYSubarrayfacmr] +el0.

[whitesuparray facmr]]

[0113] In various example embodiments, the first subarray
(e.g., gray subarray) 606a and the second subarray (e.g.,
white subarray) 6060 are each symmetrical about an origin
of the 2D plane. For example, as shown in FIG. 7, the first
and second subarrays 606a, 6065 are symmetrical around
the origin of the x-y plane, with their reference point
coinciding with the entire combined antenna array. In this
regard, the sub array factor does not affect the phase
relationship of the two complementary outphasing signals,
and increasing the number of antenna elements can help to
reduce the amplitude difference of the two subarrays further.

[0114] In various example embodiments, each antenna
element of the first subarray 606a and the second subarray
6065 has an ordered set of candidate output amplitude levels
configured for the antenna element based on an output
amplitude range of the antenna element. In this regard, the
output amplitude level of the antenna element determined
corresponds to a candidate output amplitude level of the
ordered set of candidate output amplitude levels configured
for the antenna element. Furthermore, the antenna element
has an output weighting corresponding to the output ampli-
tude level of the antenna element. For example, the output
amplitude range of each antenna element may be divided
into 1 to L uniform or nonuniform distribution levels (e.g.,
an antenna element having 1-level may correspond to turn-
ing the antenna element on (level 1) or off (level 0)), where
L can be any number from 1 to as large as desired or as
appropriate. For example, a 4x4 antenna array with 1-level
at each antenna element (which may be referred to as 1-level
antenna element) can divide its output amplitude into 4
levels (4L) output amplitude levels (e.g., the number of
available combined states in this 4x4 antenna array, it
includes level 0 to level 4, but level O is not used and the zero
output is achieved at level 1 with the outphasing angle

e
a®) =7,

so it is divided into 4 levels). In this regard, the output
amplitude level of the antenna array 604 may be modified by
switching on and off selected antenna elements (in the case
of 1-level antenna elements).
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[0115] In various example embodiments, the plurality of
output amplitude levels for the plurality of antenna elements
606 are determined further based on an output amplitude
level transition sequence associated with the ordered set of
candidate output amplitude levels configured for the antenna
array 604. The output amplitude level transition sequence
comprises, for each candidate output amplitude level of the
ordered set of candidate output amplitude levels, a plurality
of output amplitude level settings for the plurality of antenna
elements 606, respectively, associated with the candidate
output amplitude level.

[0116] By way of an example only and without limitation,
FIG. 8 depicts an output amplitude level transition sequence
of the example 4x4 antenna array with 1-level antenna
elements. As shown in FIG. 8, concentric subarray antenna
element pairs (i.e., a first concentric antenna element pair
and its corresponding second concentric antenna element
pair) turn off (level 0) from along an edge portion of the
antenna array to a center portion of the antenna array when
the output amplitude level is reduced, and on the other hand,
turn on in a reverse manner when the output amplitude level
is increased. Accordingly, for example, for a transition from
a highest candidate output amplitude level to an immediately
preceding candidate output amplitude level, output ampli-
tude level settings for antenna elements of an outermost first
concentric antenna element pair of the one or more first
concentric antenna element pairs and for antenna elements
of an outermost second concentric antenna element pair of
the one or more second concentric antenna element pairs are
each decreased according to an immediately preceding out-
put amplitude level. On the other hand, for a transition from
a lowest candidate output amplitude level to an immediately
subsequent candidate output amplitude level, output ampli-
tude level settings for antenna elements of an innermost first
concentric antenna element pair of the one or more first
concentric antenna element pairs and for antenna elements
of an innermost second concentric antenna element pair of
the one or more second concentric antenna element pairs are
each increased to an immediately subsequent output ampli-
tude level.

[0117] FIG. 9 depicts a plot illustrating a dynamic array
factor of the example 4x4 antenna array with 1-level antenna
elements shown in in FIG. 7 at $=0. As shown in FIG. 9, the
maximum output is the array factor of the traditional antenna
array. In this regard, compared to the traditional antenna
array, the elevation angle 6 at the maximum output is
consistent but at the minimum output, it changes with on and
off of selected antenna elements.

[0118] By way of an example, FIG. 10 depicts a transition
sequence of an example 4x4 antenna array with 4-level
antenna elements (i.e., 4-level at each antenna element),
according to various example embodiments of the present
invention. As shown in FIG. 10, the antenna array has a total
of 16 levels (output amplitude levels, e.g., level 1 to level
16). The dynamic array factors of 16 levels and 13 levels
(e.g., level 4 to level 16) at =0 in FIGS. 11A and 11B
respectively, and their outphasing system efficiency is illus-
trated in FIG. 11C. From these figures, it can be observed
that the 16-level transition have more variation of 0 at the
minimum output when the lowest 4 levels (e.g., level 1 to
level 4) transit are as described in FIGS. 8 and 10, but the
amplitude variation is very limited since the output power is
low in the last 4 levels. The 0at the minimum output of the
13-level transition is almost consistent with the traditional
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antenna array. As shown in FIG. 11C, both transitions have
the same combination efficiency at same transitions levels,
and the 16-level transition have a higher average combina-
tion efficiency.

[0119] By way of another example, FIG. 12 depicts
another example transition sequence of the example 4x4
array with 4-level antenna element, according to various
example embodiments of the present invention. With this
transition sequence, the antenna array is able to concentrate
more energy in the horizontal direction, and by turning the
antenna array 90°, the antenna array is able to concentrate
more energy in the vertical direction. Accordingly, both
transition sequences shown in FIGS. 10 and 12 can help the
sector beam scan and management of 5G New Radio base
station.

[0120] It will be understood by a person skilled in the art
that although the above-described antenna array configura-
tion (e.g., as shown in FIG. 7) has a square 4x4 antenna array
configuration, the antenna array configuration may have any
shape or size configuration (e.g., with any number of rows
and columns) as desired or as appropriate as long as the
antenna array has a symmetrical configuration in a 2D plane
(i.e., the antenna elements are symmetrically arranged in a
2D plane). If both m and n are odd number in a mxn antenna
array, the number of antenna elements of the first subarray
606a would be different from the number of antenna ele-
ments of the second subarray 6065, but the sum of weight-
ings of antenna elements of each subarray is the same. That
is, the total output weighting of the first subarray 606a and
the total output weighting of the second subarray 6065 are
the same.

[0121] By way of examples, FIG. 13 depicts an example
transition sequence of an example 3x5 antenna array (odd
numbers of rows and columns) with 4-level elements,
according to various example embodiments of the present
invention. In this case, the reference point is an antenna
element of the white subarray 6065 at a center thereof. In
various example embodiments, the transition may stop at
greater than level 3 (>3L) to keep all antenna elements on or
continue to turn off certain antenna elements. It will be
understood by a person skilled in the art that although the
example antenna array shown in FIG. 13 is a rectangular 3x5
antenna array, the antenna array may also be any odd
number of rows and columns.

[0122] By way of further examples, besides rectangular
antenna array and linear antenna array, FIGS. 14A to 14H
show a number of different example antenna array configu-
rations with multilevel concentric antenna element pairs,
whereby each multilevel antenna element is an example
4-level antenna element, according to various example
embodiments of the present invention. In particular, FIG.
14A depicts a schematic drawing of an example uniform
circular antenna array, FIG. 14B depicts a schematic draw-
ing of an example concentric circular antenna array, FIG.
14C depicts a schematic drawing of an example circular
planar antenna array, FIG. 14D depicts a schematic drawing
of an example elliptical planar antenna array, and FIG. 14E
depicts a schematic drawing of an example triangular lattice
rectangular antenna array, FIG. 14F depicts a schematic
drawing of a triangular lattice circular planar antenna array,
FIG. 14G depicts a schematic drawing of an example
triangular lattice elliptical planar antenna array, and FIG.
14H depicts a schematic drawing of an example uniform
hexagonal antenna array. Accordingly, as can be seen, in
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various example embodiments, the antenna elements of the
first subarray (e.g., gray subarray) 606a and the antenna
elements of the second subarray (e.g., white subarray) 6065
are alternately arranged in at least one direction along the 2D
plane, such as a circular direction as shown in FIG. 14A, a
radial direction as shown in FIG. 14B, both horizontal and
vertical directions as shown in FIGS. 14C and 14D, and a
horizontal direction as shown in FIGS. 14E to 14H.
[0123] In the antenna array configurations shown in FIGS.
14E to 14H, the number of antenna elements in the two
subarrays 606a, 6065 may not be equal, and thus, certain
antenna elements level may be adjusted to balance the total
output weighing level of both subarrays (i.e., such that the
total output weighting of the first (gray) subarray 606a and
the total output weighting of the second (white) subarray
6065 are the same). In various example embodiments, as
shown in FIGS. 14E to 14H, the lower level antenna
elements (i.e., antenna elements having less or the least
levels) may be arranged along an edge portion of the antenna
array 604. In the above example antenna array configura-
tions, similarly, transitions start from the concentric subarray
element pairs along an edge portion of the antenna array to
the center portion of the antenna array when the output
amplitude decreases, and vice versa when the output ampli-
tude increases.

[0124] In various example embodiments, although the
transition levels associated with the antenna elements of an
antenna array described above are uniformly distributed, it
will be appreciated that non-uniform distribution may also
be implemented. By way of an example only and without
limitation, FIG. 15 depicts a schematic drawing illustrating
an example non-uniform level distribution of 10 symmetric
antenna elements with Dolph-Tschebyscheft distribution.
[0125] In various example embodiments, in the MIMO
application, the antenna array size may be configured or
reconfigurable based on the required beamwidth and side-
lobe level. In various example embodiments, the maximum
output amplitude level of each antenna element can be
selected between 1 to the maximum available output ampli-
tude level based on the required output power.

[0126] FIG. 16 depicts a flow diagram of an outphasing
spatial modulation method 1600 using an antenna array
according to various example embodiments of the present
invention. The method 1600 comprises: assigning (at 1602)
output power, beamwidth and sidelobe level;

[0127] and configuring (at 1604) the antenna array size,
architecture, the highest output amplitude level of the
antenna array and of each antenna element. For example, the
antenna array size may be configured based on the required
beamwidth. For example, the highest output amplitude level
of'the antenna array may be configured based on the required
output power. For example, based on the side level require-
ment, the output amplitude level of each antenna element
may be defined according to its taper values. At 1606, the
output amplitude (A) (amplitude of the output signal to be
formed in space by the antenna array based on an input
signal) may be determined. At 1608, it is determined
whether the output amplitude (A) is determined to be greater
than or equal to the current output amplitude level (e.g.,
corresponding to a sum of the current output amplitude
levels of the plurality of antenna elements) of the antenna
array minus 1 (E_,,,,). If so, at 1610, a plurality of output
amplitude levels determined for the plurality of antenna
elements may be assigned to the plurality of antenna ele-
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ments, respectively. In addition, a first signal may be sent to
antenna elements of the first subarray and a second signal
may be sent to antenna elements of the second subarray for
transmission therefrom to form a combined signal in space.
In this regard, the first and second signals are complemen-
tary constant envelop outphasing signals. If not, at 1612, it
is determined whether the current output amplitude level of
the antenna array minus 1 (E,,,,;) is equal to a specified or
predefined minimum output amplitude level of the antenna
array minus 1 (E,,,,;). If so, the method 1600 proceeds to
1610. If not, at 1614, the current output amplitude level of
the antenna array minus 1 (E,, ;) may be decreased to an
immediately preceding output amplitude level (e.g., by 1)
(or equivalently, the current output amplitude level of the
antenna array may be decreased to an immediately preced-
ing output amplitude level), and the method 1600 loops back
to 1608. At 1618, if transmission by the antenna array ends,
the method 1600 may thus stop. On the other hand, if
transmission by the antenna array is to continue, at 1616, the
current output amplitude level of the antenna array may be
reset to a predefined highest output amplitude level of the
antenna array minus 1 and the method 1600 loops back to
1606 to obtain the amplitude (A) of a new output signal to
be formed in space by the antenna array based on a new
input signal. For example, at 1616, in an example 4-level
4x4 antenna array, it may have 16 levels (e.g., level 1 to level
16) whereby the highest output amplitude level is level 16.
In this regard, the current output amplitude level of the
antenna array may be reset to the highest output amplitude
level minus 1 (e.g., corresponding to level 15) because the
highest output amplitude level and cannot be exceeded, and
thus, the current output amplitude level of the antenna array
may be reset to level 15.

Linear Spatial Modulator

[0128] FIG. 17 depicts a schematic drawing of a linear
spatial modulation system 1700 (which may also be referred
to as a linear spatial modulator) according to various
example embodiments of the present invention. The linear
spatial modulation system 1700 comprises: an antenna array
1704 comprising a plurality of antenna elements 1706
having a plurality of power amplifiers 1708 communica-
tively coupled thereto, respectively; a linear signal generator
1714 (e.g., comprising a memory and at least one processor
communicatively coupled to the memory and the antenna
array 1704), and configured to perform a method of linear
spatial modulation. In various example embodiments, the
plurality of power amplifiers 1708 may be communicatively
coupled to a plurality of phase shifter 1709, respectively, as
shown in FIG. 17. In various example embodiments, the
linear signal generator 1714 is configured to: determine an
amplitude of an output signal to be formed in space by the
antenna array 1704 based on an input signal (e.g., A,,(t)
cos(w(t)+@)); determine a plurality of output amplitude
levels (A,,) for the plurality of antenna elements 1706,
respectively, based on the amplitude of the output signal and
a current output amplitude level of the antenna array 1704;
generate a plurality of first signals (e.g., constant envelop
signals a,,(t)cos(m(t)+qp)) for a first subarray of the antenna
array 1704 and a plurality of second signals (e.g., linear
signals a,(t)cos(w(t)+¢p)) for a second subarray of the
antenna array 1704 based on the input signal; assign the
plurality of output amplitude levels (A,,) determined to the
plurality of power amplifiers 1708 of the plurality of antenna
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elements 1706, respectively; and send the plurality of first
signals to antenna elements, respectively, of the first subar-
ray (e.g., through the corresponding phase shifter 1709 and
the corresponding power amplifier 1708) and send the
plurality of second signals to antenna elements, respectively,
of the second subarray for transmission therefrom to form a
combined signal (i.e., the above-mentioned output signal) in
space.

[0129] In various example embodiments, the current out-
put amplitude level of the antenna array 1704 corresponds to
a candidate output amplitude level of an ordered set of
candidate output amplitude levels configured for the antenna
array 1704 (i.e., multilevel antenna array) based on an output
amplitude range of the antenna array 1704. In particular, the
first subarray comprises one or more first concentric antenna
element pairs and the second subarray comprises one or
more second concentric antenna element pairs.

[0130] In particular, the method 1700 further comprises
dynamically configuring the first subarray comprising the
one or more first concentric antenna element pairs and the
second subarray comprises the one or more second concen-
tric antenna element pairs based on which candidate output
amplitude level of the ordered set of candidate output
amplitude levels configured for the antenna array the current
output amplitude level of the antenna array corresponds to.
In this regard, the plurality of first signals are a plurality of
constant envelop signals and are sent to the radiating ele-
ments, respectively, of the first subarray. The plurality of
second signals are a plurality of linear signals and are sent
to the radiating elements, respectively, of the second subar-
ray.

[0131] By way of an example only and without limitation,
FIG. 17 depicts a linear spatial modulator 1700 having an
example 4x4 antenna array 1704. In various example
embodiments, the linear signal generator 1714 may be
configured to generate m multilevel signals a,, cos(wt+gp)
(corresponding to the above-mentioned plurality of first
signals or the above-mentioned plurality of constant envelop
signals) and n linear signals a,, cos(wt+p) (corresponding to
the above-mentioned plurality of second signals or the
above-mentioned plurality of linear signals), and these sig-
nals are respectively sent to the power amplifiers 1708 of the
corresponding antenna elements 1706. The total voltage
output (output amplitude) (A(t)) of the power amplifiers of
the antenna elements 1706 may be expressed as A(t)=A + .
. +AL G (a,(D+ . .. +a,(1), where G is the gain of the
power amplifiers operating in linear amplification mode.
Accordingly, A(t) may be determined as the amplitude of the
output signal to be formed in space by the antenna array
based on the input signal. In the example 4x4 antenna array
1704, m+n=16, that is, the number of antenna elements in
the antenna array 1704 is 16.

[0132] By way of examples only and without limitations,
FIGS. 18 and 19 depict two example transition sequences of
the example 4x4 antenna array 1704 with 4-level antenna
elements. As can be seen in FIGS. 18 and 19, two concentric
antenna element pairs (labelled as V) transmit linear signals
(e.g., corresponding to the above-mentioned plurality of
second signals for the second subarray of the antenna array
1704) and the remaining antenna elements of the antenna
array 1704 transmit constant envelop multilevel signals
(e.g., corresponding to the above-mentioned plurality of first
signals for the first subarray of the antenna array 1704). In
various example embodiments, as shown in FIGS. 18 and
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19, the transitions start from the concentric subarray element
pairs along an edge portion of the antenna array 1704 to the
center portion of the antenna array 1704 when the output
amplitude decreases, and vice versa when the output ampli-
tude increases. Accordingly, as can be seen from FIGS. 18
and 19, both the first subarray comprising the one or more
first concentric antenna element pairs and the second sub-
array comprises the one or more second concentric antenna
element pairs are dynamically configured based on which
candidate output amplitude level of the ordered set of
candidate output amplitude levels configured for the antenna
array the current output amplitude level of the antenna array
1704 corresponds to.

[0133] Similarly, as described hereinbefore for the out-
phasing spatial modulator 600, the number of rows and
columns of the antenna array 1704 can be any number as
desired or as appropriate (e.g., any even or odd number).
Similarly, the maximum output amplitude level of each
antenna element 1706 can be selected between one to the
maximum available output level based on the required
output power.

[0134] By way of examples only and without limitations,
FIGS. 20 and 21 depict two other example types of transition
sequence the example 4x4 antenna array 1704 with 4-level
antenna elements that keeps each antenna element on. The
null point of the array pattern remains constant. By way of
examples only and without limitations, FIGS. 22 and 23
depict two example transition sequences of a 1x5 antenna
array with 4-level antenna elements and one linear concen-
tric transition pair. In these two example transition
sequences, the maximum output of each concentric antenna
element pair is 4L. and the maximum output of the 1x5
antenna array is 10L.

[0135] By way of further examples, besides rectangular
antenna array and linear antenna array, FIGS. 24A to 24H
show a number of different example array configurations
with multilevel concentric antenna element pairs, with each
multilevel antenna element being an example 4-level
antenna element, according to various example embodi-
ments of the present invention. In particular, FIG. 24A
depicts a schematic drawing of a uniform circular antenna
array, FIG. 24B depicts a schematic drawing of a concentric
circular antenna array, FIG. 23C depicts a schematic draw-
ing of a circular planar antenna array, FIG. 24D depicts a
schematic drawing of an elliptical planar antenna array, FIG.
24E depicts a schematic drawing of a triangular lattice
rectangular antenna array, FIG. 24F depicts a schematic
drawing of a triangular lattice circular planar antenna array,
FIG. 24G depicts a schematic drawing of a triangular lattice
elliptical planar antenna array, and FIG. 24H depicts a
schematic drawing of a uniform hexagonal antenna array.
[0136] FIG. 25 depicts a flow diagram of a linear spatial
modulation method 2500 using an antenna array 1704
according to various example embodiments of the present
invention. The method 2500 comprises: assigning (at 2502)
output power, beamwidth and sidelobe level; and configur-
ing (at 2504) the antenna array size, architecture, the highest
output amplitude level of the antenna array and of each
antenna element. For example, the antenna array size may be
configured based on the required beamwidth. For example,
the highest output amplitude level of the antenna array may
be configured based on the required output power. For
example, based on the side level requirement, the output
amplitude level of each antenna element may be defined



US 2024/0162964 Al

according to its taper values. At 2506, the output amplitude
(A) (amplitude of the output signal to be formed in space by
the antenna array based on an input signal) may be deter-
mined. At 2508, it is determined whether the output ampli-
tude (A) is determined to be greater than or equal to the
current output amplitude level (e.g., corresponding to a sum
of the current output amplitude levels of antenna elements)
of the antenna array minus 1 (E,,,,). If so, at 2510, a
plurality of output amplitude levels determined may be
assigned to the plurality of antenna elements, respectively.
In addition, a plurality of first signals (constant envelop
signals) may be sent to antenna elements, respectively, of the
first subarray and a plurality of second signals (linear
signals) may be sent to antenna elements, respectively, of the
second subarray for transmission therefrom to form a com-
bined signal in space. If not, at 2512, it is determined
whether the current output amplitude level of the antenna
array minus 1 (E_, ;) is equal to a specified or predefined
minimum output amplitude level of the antenna array minus
1 (E,,m1)- If so, the method 2500 proceeds to 2510. If not,
at 2514, the current output amplitude level of the antenna
array minus 1 (E,, ;) may be decreased to an immediately
preceding output amplitude level (e.g., by 1) (or equiva-
lently, the current output amplitude level of the antenna
array may be decreased to an immediately preceding output
amplitude level), and the method 2500 loops back to 2508.
At 2518, if transmission by the antenna array ends, the
method 2500 may thus stop. On the other hand, if transmis-
sion by the antenna array is to continue, at 2516, the current
output amplitude level of the antenna array may be reset to
a predefined highest output amplitude level of the antenna
array minus 1 and the method 2500 loops back to 2506 to
obtain the amplitude (A) of a new output signal to be formed
in space by the antenna array based on a new input. As
described hereinbefore, at 2510, the first subarray compris-
ing the one or more first concentric antenna element pairs
and the second subarray comprises the one or more second
concentric antenna element pairs are dynamically config-
ured based on which candidate output amplitude level of the
ordered set of candidate output amplitude levels configured
for the antenna array the current output amplitude level of
the antenna array corresponds to.

[0137] Similarly, as described hereinbefore for the out-
phasing spatial modulator 600, in the above examples,
transitions start from the concentric subarray element pairs
along an edge portion to the center portion of the antenna
array when the output amplitude decreases, and the opposite
when the output amplitude increases. Furthermore, although
the transition levels associated with the antenna elements of
an antenna array 1704 are uniformly distributed, it will be
appreciated that non-uniform distribution may also be
implemented as described hereinbefore with reference to
FIG. 15.

Quadrature Spatial Modulator

[0138] FIG. 26 depicts a schematic drawing of a quadra-
ture spatial modulation system (which may also be inter-
changeably referred to as a quadrature spatial modulator)
2600 according to various example embodiments of the
present invention. The quadrature spatial modulation system
2600 comprises: an antenna array 2604 comprising a plu-
rality of antenna elements 2606 having a plurality of power
amplifiers 2608 communicatively coupled thereto, respec-
tively; a linear signal generator 2614 (e.g., comprising a
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memory and at least one processor communicatively
coupled to the memory and the antenna array 2604), and
configured to perform a method of quadrature spatial modu-
lation. In various example embodiments, the two linear
signal generators shown in FIG. 26 are the same linear signal
generator but just shown at two locations for the inphase (I)
and the quadrature (QQ) components, respectively, for better
illustration. In various example embodiments, the plurality
of power amplifiers 2608 may be communicatively coupled
to a plurality of phase shifter 2609, respectively, as shown in
FIG. 26.

[0139] In various example embodiments, the linear signal
generator 2614 is configured to: determine an amplitude of
an output signal to be formed in space by the antenna array
2604 based on an input signal (a modulation signal com-
prising an inphase signal component (i(t)cos(w(t))) and a
quadrature signal component (q(t)cos(w(t))). In this regard,
since the input signal comprises inphase signal component
and a quadrature signal component, the amplitude of the
output signal comprises an amplitude of an output inphase
signal component to be formed in space by the subarray
2606a (which may be referred to herein as inphase subarray)
and an amplitude of an output quadrature signal component
to be formed in space by the subarray 26065 (which may be
referred to herein as quadrature subarray). The linear signal
generator 2614 is further configured to determine a plurality
of output amplitude levels (I,, for antenna elements of the
inphase subarray 2606a, Q,, for antenna elements of the
quadrature subarray 26065) for the plurality of antenna
elements 2606, respectively, based on the amplitude of the
output signal (the amplitude of the output inphase signal
component for the inphase subarray 26064 and the ampli-
tude of the output quadrature signal component for the
quadrature subarray 26065) and a current output amplitude
level of the antenna array 2604 (the current output amplitude
level of the inphase subarray 2606a for determining output
amplitude levels for antenna elements of the inphase sub-
array 2606a and the current output amplitude level of the
quadrature subarray 26065 for determining output amplitude
levels for antenna elements of the quadrature subarray
26065); generate a plurality of first signals (i,,(t)cos(m(t)))
for a first subarray of the antenna array 2604 and a plurality
of'second signals (i,,(t)cos(w(t))) for a second subarray of the
antenna array 2604 based on the input signal (more particu-
larly, the inphase signal component i(t) cos(w(t)); generate a
plurality of third signals (q,,(t)sin(w(t))) for a third subarray
of the antenna array and a plurality of fourth signals (q,,(t)
sin(w(1))) for a fourth subarray of the antenna array based on
the input signal (more particularly, the quadrature signal
component q(t)sin(m(t)); assign the plurality of output
amplitude levels (IM for antenna elements of the inphase
subarray 26064 and QM for antenna elements of the quadra-
ture subarray 26065) determined to the plurality of power
amplifiers 2608 of the plurality of antenna elements 2606,
respectively; and send the plurality of first signals to antenna
elements, respectively, of the first subarray (e.g., through the
corresponding phase shifter 2609 and the corresponding
power amplifier 2608), send the plurality of second signals
to antenna elements, respectively, of the second subarray,
send the plurality of third signals to radiating elements,
respectively, of the third subarray and send the plurality of
fourth signals to radiating elements, respectively, of the
fourth subarray for transmission therefrom to form a com-
bined signal (i.e., the above-mentioned output signal com-
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prising an output inphase signal component and an output
quadrature signal component) in space. In various example
embodiments, the inphase subarray 2606a comprises the
above-mentioned first and second subarrays and the quadra-
ture subarray 26065 comprises the above-mentioned third
and fourth subarrays.

[0140] In various example embodiments, the current out-
put amplitude level of the antenna array comprises a current
inphase output amplitude level of the inphase subarray
2606a comprising the first and second subarrays correspond-
ing to a candidate inphase output amplitude level of an
ordered set of candidate inphase output amplitude levels
configured for the inphase subarray 2606a based on an
output amplitude range of the inphase subarray 26064, and
a current quadrature output amplitude level of the quadrature
subarray 26065 comprising the third and fourth subarrays
corresponding to a candidate quadrature output amplitude
level of an ordered set of candidate quadrature output
amplitude levels configured for the quadrature subarray
26065 based on an output amplitude range of the quadrature
subarray 26065. In particular, the above-mentioned first
subarray comprises one or more first concentric antenna
element pairs, the above-mentioned second subarray com-
prises one or more second concentric antenna element pairs,
the above-mentioned third subarray comprises one or more
third concentric radiating element pairs and the above-
mentioned fourth subarray comprises one or more fourth
concentric radiating element pairs.

[0141] In various example embodiments, the plurality of
first signals for the first subarray are constant envelop
signals generated based on the inphase signal component,
the plurality of second signals for the second subarray are
linear signals generated based on the inphase signal com-
ponent, the plurality of third signals for the third subarray
are constant envelop signals generated based on the quadra-
ture signal component, and the plurality of fourth signals for
the fourth subarray are linear signals generated based on the
quadrature signal component.

[0142] In particular, similar to the method 1700 of linear
spatial modulation, the method 2600 further comprises
dynamically configuring the first subarray comprising the
one or more first concentric radiating element pairs and the
second subarray comprising the one or more second con-
centric radiating element pairs based on which candidate
inphase output amplitude level of the ordered set of candi-
date inphase output amplitude levels configured for the
inphase subarray the current inphase output amplitude level
of the inphase subarray corresponds to, and the third sub-
array comprising the one or more third concentric radiating
element pairs and the fourth subarray comprising the one or
more fourth concentric radiating element pairs based on
which candidate quadrature output amplitude level of the
ordered set of candidate quadrature output amplitude levels
configured for the quadrature subarray the current quadra-
ture output amplitude level of the quadrature subarray
corresponds to.

[0143] By way of an example only and without limitation,
FIG. 26 depicts a schematic drawing of the quadrature
spatial modulator 2600 having an example 4x4 antenna
array, according to various example embodiments of the
present invention. As shown in FIG. 26, the antenna array
2604 comprises two concentric subarrays, namely, an
inphase subarray 2606a shown in gray and a quadrature
subarray 26065 shown in white. In various example embodi-
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ments, the inphase and quadrature subarrays 2606a, 26065
each corresponds to a linear spatial subarray as described
hereinbefore with reference to FIG. 17 according to various
example embodiments, but that the input signal is a modu-
lation signal, whereby the input signal for the inphase
subarray 26064 is an inphase signal component i(t) and the
input signal for the quadrature subarray 26065 is a quadra-
ture signal component q(t).

[0144] The number of antenna elements in each of the
inphase and quadrature subarrays 2606a, 26065 can be the
same or different, but the total weighting of each subarray
2606a, 26065 is configured to be equal, in the same or
similar manner as described hereinbefore for the outphasing
spatial modulator 600. In various example embodiments, an
alternative circuit can be added in the baseband or RF to
improve the amplitude matching performance between the
two quadrature modulation signals. In various example
embodiments, for example, the transition sequences of the
two inphase and quadrature subarrays 2606a, 26065 may
use the same transition sequence as described hereinbefore
for the linear spatial modulator 1700. In various example
embodiments, the linear signal generator 2614 may be
configured to generate m multilevel signals i,, cos(wt) and
q,, cos(wt), n linear signals i, cos(wt) and q,, cos(wt) respec-
tively, where I(t)=I,+ . . . +L +G,(i,(D)+ . . . +i,(t)) and
QMQ,+ . . . +Q, +G(q,(D)+ . . . +q,(1)), where G, and G,
are the gains of the respective quadrature signal power
amplifiers operating in linear amplification mode. Accord-
ingly, in various example embodiments, I(t) may be deter-
mined as the amplitude of the output inphase signal com-
ponent to be formed in space by the subarray 2606a and Q(t)
may be determined as the amplitude of the output quadrature
signal component to be formed in space by the subarray
26065. Similarly, as described hereinbefore for the outphas-
ing spatial modulator 600 and the linear spatial modulator
1700. The transitions start from the concentric subarray
element pairs along an edge portion of the antenna array to
the center of the antenna array when the output amplitude
decreases, and vice versa when the output amplitude
increases. Similarly, as also described hereinbefore, either
uniform or nonuniform transition level may be imple-
mented.

[0145] By way of an example only and without limitation
FIG. 27 depicts an example transition sequences of an
example 4x4 antenna array with 4-level elements that is kept
always on. By way of further examples, besides rectangular
antenna array and linear antenna array, the antenna array
may have other configurations as desired or as appropriate,
as long as the antenna array has a symmetrical configuration
in a 2D plane (i.e., the antenna elements are symmetrically
arranged in a 2D plane), such as but not limited to, the
example antenna array configurations as shown in FIGS.
14A to 14H for the outphasing spatial modulator 600, which
may also be employed for the quadrature spatial modulator
2600. As can be seen from FIG. 27, the first subarray
comprising the one or more first concentric radiating ele-
ment pairs (e.g., one or more concentric gray radiating
element pairs labelled with number) and the second subarray
comprising the one or more second concentric radiating
element pairs (e.g., a concentric radiating gray radiating
element pair labelled with i,) are dynamically configured
based on which candidate inphase output amplitude level of
the ordered set of candidate inphase output amplitude levels
configured for the inphase subarray the current inphase
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output amplitude level of the inphase subarray corresponds
to, and the third subarray comprising the one or more third
concentric radiating element pairs (e.g., one or more con-
centric white radiating element pairs labelled with number)
and the fourth subarray comprising the one or more fourth
concentric radiating element pairs (e.g., a concentric radi-
ating gray radiating element pair labelled with q,) are
dynamically configured based on which candidate quadra-
ture output amplitude level of the ordered set of candidate
quadrature output amplitude levels configured for the
quadrature subarray the current quadrature output amplitude
level of the quadrature subarray corresponds to.

[0146] FIG. 28 depicts a flow diagram of a quadrature
spatial modulation method 2800 using an antenna array
2604 according to various example embodiments of the
present invention. The method 2800 comprises: assigning
(at 2802) output power, beamwidth and sidelobe level; and
configuring (at 2804) the antenna array size, architecture, the
highest output amplitude level for each of the inphase
subarray 2606a and the quadrature subarray 26065 of the
antenna array and of each antenna element 2606. For
example, the antenna array size may be configured based on
the required beamwidth. For example, the highest output
amplitude level for each of the inphase subarray 2606a and
the quadrature subarray 26065 may be configured based on
the required output power. For example, based on the side
level requirement, the output amplitude level of each
antenna element may be defined according to its taper
values.

[0147] For the inphase (I) subarray 2606a, at 2806, the
output amplitude (I) (amplitude of the inphase output signal
to be formed in space by the inphase subarray 2606a) may
be determined. At 2808, it is determined whether the output
amplitude (1) is determined to be greater than or equal to the
current output amplitude level (e.g., corresponding to a sum
of the current output amplitude levels of the inphase subar-
ray 2606a) minus 1 (E, ). If so, at 2810, a plurality of
output amplitude levels determined may be assigned to the
plurality of antenna elements, respectively, of the first and
second subarrays of inphase subarray 2606a. In addition, a
plurality of first signals (constant envelop signals) may be
sent to antenna elements, respectively, of the first subarray
and a plurality of second signals (linear signals) may be sent
to antenna elements, respectively, of the second subarray for
transmission therefrom to form a combined signal in space.
If not, at 2812, it is determined whether the current output
amplitude level of the inphase subarray minus 1 (E_,,,,;) is
equal to a specified or predefined minimum output ampli-
tude level of the inphase subarray 26064 minus 1 (E_,,,,). If
s0, the method 2800 proceeds to 2810. If not, at 2814, the
current output amplitude level of the inphase subarray 26064
minus 1 (E,,,;) may be decreased to an immediately pre-
ceding output amplitude level (e.g., by 1) (or equivalently,
the current output amplitude level of the inphase subarray
26064 may be decreased to an immediately preceding output
amplitude level), and the method 2800 loops back to 2808.
At 2830, if transmission by the inphase subarray 2606a
ends, the method 2800 may thus stop. On the other hand, if
transmission by the inphase subarray 2606q is to continue,
at 2816, the current output amplitude level of the inphase
subarray 26064 may be reset to a predefined highest output
amplitude level of the inphase subarray 26064 minus 1 and
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the method 2800 loops back to 2806 to obtain the amplitude
(D) of a new inphase output signal to be formed in space by
the inphase subarray 2606a.

[0148] Similarly, for the quadrature (Q) subarray 26064, at
2818, the output amplitude (Q) (amplitude of the quadrature
output signal to be formed in space by the quadrature
subarray 2606a) may be determined. At 2820, it is deter-
mined whether the output amplitude (Q) is determined to be
greater than or equal to the current output amplitude level
(e.g., corresponding to a sum of the current output amplitude
levels of the quadrature subarray 26065) minus 1 (E,,,,,,.)-
If so, at 2822, a plurality of output amplitude levels deter-
mined may be assigned to the plurality of antenna elements,
respectively, of the third and fourth subarrays of the quadra-
ture subarray 26065. In addition, a plurality of third signals
(constant envelop signals) may be sent to antenna elements,
respectively, of the third sub array and a plurality of fourth
signals (linear signals) may be sent to antenna elements,
respectively, of the fourth subarray for transmission there-
from (together with the above-mentioned transmission from
the first and second subarrays) to form the combined signal
in space. If not, at 2824, it is determined whether the current
output amplitude level of the quadrature subarray minus 1
(Bsumg1) 18 equal to a specified or predefined minimum
output amplitude level of the quadrature subarray 26065
minus 1 (B, ,)- If so, the method 2800 proceeds to 2822.
If not, at 2826, the current output amplitude level of the
quadrature subarray 26066 minus 1 (E,,, ) may be
decreased to an immediately preceding output amplitude
level (e.g., by 1) (or equivalently, the current output ampli-
tude level of the quadrature subarray 26065 may be
decreased to an immediately preceding output amplitude
level), and the method 2800 loops back to 2820. At 2830, if
transmission by the quadrature subarray 26065 ends, the
method 2800 may thus stop. On the other hand, if transmis-
sion by the quadrature 26065 is to continue, at 2828, the
current output amplitude level of the quadrature subarray
26065 may be reset to a predefined highest output amplitude
level of the quadrature subarray 26065 minus 1 and the
method 2800 loops back to 2818 to obtain the amplitude (Q)
of' a new quadrature output signal to be formed in space by
the quadrature subarray 26065.

[0149] As described hereinbefore, at 2810, the first sub-
array comprising the one or more first concentric antenna
element pairs and the second subarray comprises the one or
more second concentric antenna element pairs are dynami-
cally configured based on which candidate inphase output
amplitude level of the ordered set of candidate inphase
output amplitude levels configured for the inphase subarray
2606a the current inphase output amplitude level of the
inphase subarray 2606a corresponds to. Similarly, at 2822,
the third subarray comprising the one or more third concen-
tric antenna element pairs and the fourth subarray comprises
the one or more fourth concentric antenna element pairs are
dynamically configured based on which quadrature candi-
date output amplitude level of the ordered set of quadrature
candidate output amplitude levels configured for the quadra-
ture subarray 260654 the current output amplitude level of the
quadrature subarray 26065 corresponds to.

[0150] In various example embodiments, steps for subar-
ray 2606a and steps for subarray 26065 shown in FIG. 28
may be performed in parallel for transmission from the first,
second, third and fourth subarrays simultaneously to form
the combined signal in space.
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Tri-Phasing Spatial Modulator

[0151] FIG. 29 depicts a phasor diagram illustrating the
principle of multilevel tri-phasing modulation, according to
various example embodiments of the present invention. As
shown in FIG. 29, the linear signal S(t) is a combination of
three constant envelop signals Sy(t), S,(t) and S,(7) that can
be amplified by high efficiency nonlinear amplifier. In par-
ticular, a constant envelop inphasing signal Sy(t) is added
compared with the outphasing spatial modulator 600 as
described hereinbefore according to various example
embodiments. Through this, the effect due to the mismatch
between the two outphasing signals is reduced. The rela-
tionship of these signals may be described as below:

S@ = 1SOlLe@) = (Equation 14)

[SoWILp(@) +1S1(DILlp@) + 80) + S2(DIL (@) — 6D

S@ =150 ]
21812

Equation 15
em:cosfl( (Equation 13)

[0152] FIG. 30 depicts a schematic drawing of a tri-
phasing spatial modulating system 3000 (which may also be
referred to as a tri-phasing spatial modulator) according to
various example embodiments of the present invention. The
tri-phasing spatial modulation system 3000 comprises: an
antenna array 3004 comprising a plurality of antenna ele-
ments 3006 having a plurality of power amplifiers 3008
communicatively coupled thereto, respectively; a multilevel
tri-phase signal generator 3014 (e.g., comprising a memory
and at least one processor communicatively coupled to the
memory and the antenna array 3004), and configured to
perform a method of tri-phasing spatial modulation. In
various example embodiments, the plurality of power ampli-
fiers 3008 may be communicatively coupled to a plurality of
phase shifter 3009, respectively, as shown in FIG. 30.
[0153] In various example embodiments, the multilevel
outphasing signal generator 3014 is configured to: determine
an amplitude of an output signal to be formed in space by the
antenna array 3004 based on an input signal (e.g., a(t)cos
(@(t)); determine a plurality of output amplitude levels (E,,)
for the plurality of antenna elements 3006, respectively,
based on the amplitude of the output signal and a current
output amplitude level of the antenna array 3004; generate
a first signal (e.g., an outphasing signal cos(@(t)+0(t)) for a
first subarray (e.g., 3006a) of the antenna array 3004, a
second signal (e.g., an outphasing signal cos(®(t)-6(t)),
which is complementary to the outphasing signal cos(®(t)+
6(t)) for a second subarray (e.g., 3006b) of the antenna array
3004 and a third signal (e.g., inphasing signal cos(¢(t)) for
a third subarray (e.g., 3006¢) of the antenna array 3004
based on the input signal; assign the plurality of output
amplitude levels (E,,) determined to the plurality of power
amplifiers 3008 of the plurality of antenna elements 3006,
respectively; and send the first signal to antenna elements of
the first subarray (e.g., 3006a) (e.g., through the correspond-
ing phase shifter 3009 and the corresponding power ampli-
fier 3008), send the second signal to antenna elements of the
second subarray (e.g., 30065) and send the third signal to
antenna elements of the third subarray (e.g., 3006¢) for
transmission therefrom to form a combined signal (i.e., the
above-mentioned output signal) in space.

[0154] In various example embodiments, the current out-
put amplitude level of the antenna array 3004 corresponds to
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a candidate output amplitude level of an ordered set of
candidate output amplitude levels configured for the antenna
array 3004 (i.e., multilevel antenna array) based on an output
amplitude range of the antenna array 3004. In particular, the
first subarray (e.g., 3006a) comprises one or more first
concentric antenna element pairs (e.g., antenna elements 6
and 11 may form a first concentric antenna element pair) and
the second subarray (e.g., 30065) comprises one or more
second concentric antenna element pairs (e.g., antenna ele-
ments 7 and 10 may form a second concentric antenna
element pair). Furthermore, the third subarray comprises
radiating elements of the plurality of radiating elements that
neither belong to the first subarray nor the second subarray.
The plurality of first signals and the plurality of second
signals are constant envelope signals, and more particularly,
the plurality of first signals and the plurality of second
signals are complementary constant envelop outphasing
signals, and the third signal is a constant envelop inphasing
signal.

[0155] In various example embodiments, the outphasing
angle O(t) for the above-mentioned first and second signals
may be determined based on the plurality of output ampli-
tude levels determined for the plurality of antenna elements
3006(a), 3006(H) and the current output amplitude levels of
the inphasing signal and the antenna array 3004, such as but
not limited to, based on the above-mentioned Equation 15.
In various example embodiments, the amplitude of the
output signal to be formed may be determined based on the
input signal, such as based on Equations (14) to (15).
[0156] By way of an example only and without limitation,
FIG. 30 depicts a schematic drawing of the example tri-
phasing spatial modulator 3000 having an example 4x4
antenna array 3004, according to various example embodi-
ments of the present invention. As shown, two concentric
antenna pairs are used for the two complementary outphas-
ing signals, and the other antenna elements are used for the
inphasing signal. Although only one concentric antenna pair
for each outphasing signal is shown in FIG. 30, more
concentric antenna pairs can be applied as desired or as
appropriate.

[0157] By way of examples only and without limitation,
FIGS. 31 to 33 depict schematic drawings of a number of
different antenna array configurations for the antenna array
3004 having odd number of rows and columns. In the
example 5x5 antenna array 3004, multiple concentric
antenna pairs are used for the two outphasing signals and can
be expanded to the other concentric antenna pairs further.
Similarly, as described hereinbefore for the outphasing spa-
tial modulator 600, transitions start from the concentric
subarray element pairs along an edge portion to the center
portion of the antenna array 3004 when the output amplitude
decreases, and vice versa when the output amplitude
increases. Furthermore, either uniform or nonuniform tran-
sition levels may be employed.

[0158] By way of an example only and without limitation,
FIG. 34 shows an example transition sequence of a 5x5
array with 4-level antenna elements. By way of further
examples, besides rectangular antenna array and linear
antenna array, FIGS. 35A to 35H show a number of different
antenna array configurations with multilevel concentric
antenna element pairs, with each multilevel antenna element
being an example 4-level antenna element is used to repre-
sent the multilevel element, according to various example
embodiments of the present invention. In particular, FIG.
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35A depicts a uniform circular antenna array, FIG. 35B
depicts a concentric circular antenna array, FIG. 35C depicts
a circular planar antenna array, FIG. 35D depicts an elliptical
planar antenna array, FIG. 35E depicts a triangular lattice
rectangular antenna array, FIG. 35F depicts a triangular
lattice circular planar antenna array, FIG. 35G depicts a
triangular lattice elliptical planar antenna array, and FIG.
35H depicts a uniform hexagonal antenna array.

[0159] FIG. 36 depicts a flow diagram of a tri-phasing
spatial modulation method 3600 using an antenna array
according to various example embodiments of the present
invention. The method 3600 comprises: assigning (at 3602)
output power, beamwidth and sidelobe level; and configur-
ing (at 3604) the antenna array size, architecture, the highest
output amplitude level of the antenna array and of each
antenna element. For example, the antenna array size may be
configured based on the required beamwidth. For example,
the highest output amplitude level of the antenna array may
be configured based on the required output power. For
example, based on the side level requirement, the output
amplitude level of each antenna element may be defined
according to its taper values. At 3606, the output amplitude
(A) (amplitude of the output signal to be formed in space by
the antenna array based on an input signal) may be deter-
mined. At 3608, it is determined whether the output ampli-
tude (A) is determined to be greater than or equal to the
current output amplitude level (e.g., corresponding to a sum
of the current output amplitude levels of the plurality of
antenna elements) of the antenna array minus 1 (E,,,,;). If
s0, at 3610, a plurality of output amplitude levels determined
may be assigned to the plurality of antenna elements,
respectively. In addition, a first signal may be sent to antenna
elements, respectively, of the first subarray, a second signal
may be sent to antenna elements, respectively, of the second
subarray and a third signal may be sent to antenna elements
of the third subarray for transmission therefrom to form a
combined signal in space. In this regard, the first and second
signals are complementary constant envelop outphasing
signals and the third signal is an inphasing signal. If not, at
3612, it is determined whether the current output amplitude
level of the antenna array minus 1 (E,,,;) is equal to a
specified or predefined minimum output amplitude level of
the antenna array minus 1 (E_,,,,). If so, the method 3600
proceeds to 3610. If not, at 3614, the current output ampli-
tude level of the antenna array minus 1 (E_,,,) may be
decreased to an immediately preceding output amplitude
level (e.g., by 1) (or equivalently, the current output ampli-
tude level of the antenna array may be decreased to an
immediately preceding output amplitude level), and the
method 3600 loops back to 3608. At 3618, if transmission by
the antenna array ends, the method 3600 may thus stop. On
the other hand, if transmission by the antenna array is to
continue, at 3616, the current output amplitude level of the
antenna array may be reset to a predefined highest output
amplitude level of the antenna array minus 1 and the method
3600 loops back to 3606 to obtain the amplitude (A) of a
new output signal to be formed in space by the antenna array
based on a new input signal.

[0160] Accordingly, four example types of spatial modu-
lators and a number of transition sequences with multilevel
element have been described hereinbefore according to
various example embodiments of the present invention. As
described hereinbefore, according to various example
embodiments, all the transitions start from the concentric
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subarray element pairs along an edge portion to the center
portion of the antenna array when the output amplitude
decreases, and vice versa when the output amplitude
increases. In addition, either uniform or non-uniform tran-
sition levels may be implemented. It will be appreciated by
a person skilled in the art that the antenna array configura-
tion is not limited to rectangular array or linear array. For
example, a number of other example antenna array configu-
rations with multilevel concentric antenna element pairs
have been shown. In the multilevel configurations, although
mainly 4 levels have been described, the actual number of
levels can be from 1 to from 1 to as large as desired or as
appropriate, and each level can be equal or unequal.
[0161] Invarious example embodiments, there is provided
a outphasing spatial modulator comprising two arrays of a
plurality of radiating elements in each array are symmetri-
cally arranged whereby a radiating element of a first subar-
ray is adjacent to radiating elements of a second subarray
array; and the radiating element of the second subarray is
adjacent to radiating elements of the first subarray, each
radiating element connected and driven by high efficiency
constant envelop power amplifier with a sequence of mul-
tilevel outphasing signals received from a multilevel out-
phasing signal generator to generate a linear modulation
signal in free space.
[0162] In various example embodiments, the outphasing
signal to each of the two subarrays may be divided into a
number of levels. The output level may be modified by
changing the level of the signal that is fed into the radiating
elements.
[0163] In various example embodiment, the sequence of
multilevel outphasing signals may be configured based on
predetermined bandwidth and sidelobe levels.
[0164] In various example embodiments, other than an
outphasing spatial modulator, the phase spatial modulator
may also be a linear, quadrature or tri-phasing phased array
spatial modulator.
[0165] While embodiments of the invention have been
particularly shown and described with reference to specific
embodiments, it should be understood by those skilled in the
art that various changes in form and detail may be made
therein without departing from the scope of the invention as
defined by the appended claims. The scope of the invention
is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency of
the claims are therefore intended to be embraced.
What is claimed is:
1. A method of spatial modulation using an antenna array
comprising a plurality of radiating elements having a plu-
rality of power amplifiers communicatively coupled thereto,
respectively, the method comprising:
determining an amplitude of an output signal to be formed
in space by the antenna array based on an input signal;

determining a plurality of output amplitude levels for the
plurality of radiating elements, respectively, based on
the amplitude of the output signal and a current output
amplitude level of the antenna array;

generating one or more first signals for a first subarray of

the antenna array and one or more second signals for a
second subarray of the antenna array based on the input
signal;

assigning the plurality of output amplitude levels deter-

mined to the plurality of power amplifiers of the
plurality of radiating elements, respectively; and
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sending the one or more first signals to radiating elements
of'the first subarray and sending the one or more second
signals to radiating elements of the second subarray for
transmission therefrom to form a combined signal in
space as the output signal, wherein

the current output amplitude level of the antenna array

corresponds to a candidate output amplitude level of an
ordered set of candidate output amplitude levels con-
figured for the antenna array based on an output ampli-
tude range of the antenna array, and

the first subarray comprises one or more first concentric

radiating element pairs and the second subarray com-
prises one or more second concentric radiating element
pairs.

2. The method according to claim 1, wherein

the plurality of radiating elements are symmetrically

arranged in a two-dimensional (2D) plane, and

the first subarray and the second subarray are each sym-

metrical about an origin of the 2D plane.

3. The method according to claim 1, wherein the plurality
of output amplitude levels for the plurality of radiating
elements are determined further based on an output ampli-
tude level transition sequence associated with the ordered set
of candidate output amplitude levels configured for the
antenna array, the output amplitude level transition sequence
comprising, for each candidate output amplitude level of the
ordered set of candidate output amplitude levels, a plurality
of output amplitude level settings for the plurality of radi-
ating elements, respectively, associated with the candidate
output amplitude level.

4. The method according to claim 3, wherein said deter-
mining the plurality of output amplitude levels for the
plurality of radiating elements comprises:

determining whether the amplitude of the output signal is

greater than or equal to an output amplitude value
corresponding to an immediately preceding candidate
output amplitude level in the ordered set of candidate
output amplitude levels with respect to the candidate
output amplitude level corresponding the current out-
put amplitude level of the antenna array, wherein

the plurality of output amplitude levels for the plurality of

radiating elements are determined according to the
plurality of output amplitude level settings for the
plurality of radiating elements, respectively, associated
with the candidate output amplitude level correspond-
ing to the current output amplitude level of the antenna
array if the amplitude of the output signal is determined
to be greater than or equal to the output amplitude value
corresponding to the immediately preceding candidate
output amplitude level, and

the current output amplitude level of the antenna array is

decreased according to the immediately preceding can-
didate output amplitude level in the ordered set of
candidate output amplitude levels if the amplitude of
the output signal is determined to be less than the
output amplitude value corresponding to the immedi-
ately preceding candidate output amplitude level.

5. The method according to claim 3, wherein according to
the output amplitude level transition sequence associated
with the ordered set of candidate output amplitude levels
configured for the antenna array,

for a transition from a highest candidate output amplitude

level to an immediately preceding candidate output
amplitude level, output amplitude level settings for
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radiating elements of an outermost first concentric
radiating element pair of the one or more first concen-
tric radiating element pairs and for radiating elements
of an outermost second concentric radiating element
pair of the one or more second concentric radiating
element pairs are each decreased according to an imme-
diately preceding output amplitude level, and

for a transition from a lowest candidate output amplitude
level to an immediately subsequent candidate output
amplitude level, output amplitude level settings for
radiating elements of an innermost first concentric
radiating element pair of the one or more first concen-
tric radiating element pairs and for radiating elements
of an innermost second concentric radiating element
pair of the one or more second concentric radiating
element pairs are each increased to an immediately
subsequent output amplitude level.

6. The method according to claim 3, wherein

each radiating element of the first subarray and the second
subarray has an ordered set of candidate output ampli-
tude levels configured for the radiating element based
on an output amplitude range of the radiating element,
wherein the output amplitude level of the radiating
element determined corresponds to a candidate output
amplitude level of the ordered set of candidate output
amplitude levels configured for the radiating element
and the radiating element has an output weighting
corresponding to the output amplitude level of the
radiating element, and

a total output weighting of the first subarray and a total
output weighting of the second subarray are the same
after said assigning the plurality of output amplitude
levels determined to the plurality of power amplifiers of
the plurality of radiating elements, respectively.

7. The method according to claim 3, wherein

the radiating elements of the first subarray and the radi-
ating elements of the second subarray are alternately
arranged in at least one direction along the 2D plane,
and

the one or more first signals is a first constant envelop
outphasing signal and the one or more second signals is
a second constant envelop outphasing signal, wherein
the first and second constant envelop outphasing sig-
nals are complementary constant envelop outphasing
signals.

8. The method according to claim 7, further comprising:

generating a third signal for a third subarray of the
antenna array based on the input signal; and

sending the third signal to radiating elements of the third
subarray, wherein

the third subarray comprises radiating elements of the
plurality of radiating elements that neither belong to the
first subarray nor the second subarray, and

the third signal is a constant envelop in-phasing signal.

9. The method according to claim 3, further comprising:

dynamically configuring the first subarray comprising the
one or more first concentric radiating element pairs and
the second subarray comprises the one or more second
concentric radiating element pairs based on which
candidate output amplitude level of the ordered set of
candidate output amplitude levels configured for the
antenna array the current output amplitude level of the
antenna array corresponds to, wherein
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the one or more first signals are a plurality of constant
envelop signals, wherein said sending the one or more
first signals comprises sending the plurality of constant
envelop signals to the radiating elements, respectively,
of the first subarray, and

the one or more second signals are a plurality of linear
signals, wherein said sending the one or more second
signals comprises sending the plurality of linear signals
to the radiating elements, respectively, of the second
subarray.

10. The method according to claim 3, further comprising:

generating a plurality of third signals for a third subarray
of the antenna array and a plurality of fourth signals for
a fourth subarray of the antenna array based on the
input signal; and

sending the plurality of third signals to radiating elements,
respectively, of the third subarray and sending the
plurality of fourth signals to radiating elements, respec-
tively, of the fourth subarray for transmission therefrom
to form the combined signal in space, wherein

the third subarray comprises one or more third concentric
radiating element pairs and the fourth subarray com-
prises one or more fourth concentric radiating element
pairs,

the input signal is a quadrature amplitude modulation
signal comprising a quadrature signal component and
an inphase signal component,

the one or more first signals for the first subarray are a
plurality of constant envelop signals generated based
on the inphase signal component,

the one or more second signals for the second subarray are
a plurality of linear signals generated based on the
inphase signal component,

the plurality of third signals for the third subarray are a
plurality of constant envelop signals generated based
on the quadrature signal component,

the plurality of fourth signals for the fourth subarray are
a plurality of linear signals generated based on the
quadrature signal component,

the current output amplitude level of the antenna array
comprises a current inphase output amplitude level of
an inphase subarray comprising the first and second
subarrays corresponding to a candidate inphase output
amplitude level of an ordered set of candidate inphase
output amplitude levels configured for the inphase
subarray based on an output amplitude range of the
inphase subarray, and a current quadrature output
amplitude level of an quadrature subarray comprising
the third and fourth subarrays corresponding to a can-
didate quadrature output amplitude level of an ordered
set of candidate quadrature output amplitude levels
configured for the quadrature subarray based on an
output amplitude range of the quadrature subarray, and

the method further comprises dynamically configuring the
first subarray comprising the one or more first concen-
tric radiating element pairs and the second subarray
comprising the one or more second concentric radiating
element pairs based on which candidate inphase output
amplitude level of the ordered set of candidate inphase
output amplitude levels configured for the inphase
subarray the current inphase output amplitude level of
the inphase subarray corresponds to, and dynamically
configuring the third subarray comprising the one or
more third concentric radiating element pairs and the
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fourth subarray comprising the one or more fourth
concentric radiating element pairs based on which
candidate quadrature output amplitude level of the
ordered set of candidate quadrature output amplitude
levels configured for the quadrature subarray the cur-
rent quadrature output amplitude level of the quadra-
ture subarray corresponds to.

11. A spatial modulation system comprising:

an antenna array comprising a plurality of radiating

elements having a plurality of power amplifiers com-
municatively coupled thereto, respectively;

a memory; and

at least one processor communicatively coupled to the

memory and the antenna array, and configured to:
determine an amplitude of an output signal to be formed
in space by the antenna array based on an input signal;
determine a plurality of output amplitude levels for the
plurality of radiating elements, respectively, based on
the amplitude of the output signal and a current output
amplitude level of the antenna array;

generate one or more first signals for a first subarray of the

antenna array and one or more second signals for a
second subarray of the antenna array based on the input
signal;

assign the plurality of output amplitude levels determined

to the plurality of power amplifiers of the plurality of
radiating elements, respectively; and

send the one or more first signals to radiating elements of

the first sub array and sending the one or more second
signals to radiating elements of the second subarray for
transmission therefrom to form a combined signal in
space as the output signal, wherein

the current output amplitude level of the antenna array

corresponds to a candidate output amplitude level of an
ordered set of candidate output amplitude levels con-
figured for the antenna array based on an output ampli-
tude range of the antenna array, and

the first subarray comprises one or more first concentric

radiating element pairs and the second subarray com-
prises one or more second concentric radiating element
pairs.

12. The spatial modulation system according to claim 11,
wherein

the plurality of radiating elements are symmetrically

arranged in a two-dimensional (2D) plane, and

the first subarray and the second subarray are each sym-

metrical about an origin of the 2D plane.

13. The spatial modulation system according to claim 11,
wherein the plurality of output amplitude levels for the
plurality of radiating elements are determined further based
on an output amplitude level transition sequence associated
with the ordered set of candidate output amplitude levels
configured for the antenna array, the output amplitude level
transition sequence comprising, for each candidate output
amplitude level of the ordered set of candidate output
amplitude levels, a plurality of output amplitude level set-
tings for the plurality of radiating elements, respectively,
associated with the candidate output amplitude level.

14. The spatial modulation system according to claim 13,
wherein said determine the plurality of output amplitude
levels for the plurality of radiating elements comprises:

determining whether the amplitude of the output signal is

greater than or equal to an output amplitude value
corresponding to an immediately preceding candidate
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output amplitude level in the ordered set of candidate
output amplitude levels with respect to the candidate
output amplitude level corresponding the current out-
put amplitude level of the antenna array, wherein

the plurality of output amplitude levels for the plurality of
radiating elements are determined according to the
plurality of output amplitude level settings for the
plurality of radiating elements, respectively, associated
with the candidate output amplitude level correspond-
ing to the current output amplitude level of the antenna
array if the amplitude of the output signal is determined
to be greater than or equal to the output amplitude value
corresponding to the immediately preceding candidate
output amplitude level, and

the current output amplitude level of the antenna array is
decreased according to the immediately preceding can-
didate output amplitude level in the ordered set of
candidate output amplitude levels if the amplitude of
the output signal is determined to be less than the
output amplitude value corresponding to the immedi-
ately preceding candidate output amplitude level.

15. The spatial modulation system according to claim 13,
wherein according to the output amplitude level transition
sequence associated with the ordered set of candidate output
amplitude levels configured for the antenna array,

for a transition from a highest candidate output amplitude
level to an immediately preceding candidate output
amplitude level, output amplitude level settings for
radiating elements of an outermost first concentric
radiating element pair of the one or more first concen-
tric radiating element pairs and for radiating elements
of an outermost second concentric radiating element
pair of the one or more second concentric radiating
element pairs are each decreased according to an imme-
diately preceding output amplitude level, and

for a transition from a lowest candidate output amplitude
level to an immediately subsequent candidate output
amplitude level, output amplitude level settings for
radiating elements of an innermost first concentric
radiating element pair of the one or more first concen-
tric radiating element pairs and for radiating elements
of an innermost second concentric radiating element
pair of the one or more second concentric radiating
element pairs are each increased to an immediately
subsequent output amplitude level.

16. The spatial modulation system according to claim 13,
wherein

each radiating element of the first subarray and the second
subarray has an ordered set of candidate output ampli-
tude levels configured for the radiating element based
on an output amplitude range of the radiating element,
wherein the output amplitude level of the radiating
element determined corresponds to a candidate output
amplitude level of the ordered set of candidate output
amplitude levels configured for the radiating element
and the radiating element has an output weighting
corresponding to the output amplitude level of the
radiating element, and

a total output weighting of the first subarray and a total
output weighting of the second subarray are the same
after said assigning the plurality of output amplitude
levels determined to the plurality of power amplifiers of
the plurality of radiating elements, respectively.
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17. The spatial modulation system according to claim 13,
wherein
the radiating elements of the first subarray and the radi-
ating elements of the second subarray are alternately
arranged in at least one direction along the 2D plane,
and
the one or more first signals is a first constant envelop
outphasing signal and the one or more second signals is
a second constant envelop outphasing signal, wherein
the first and second constant envelop outphasing sig-
nals are complementary constant envelop outphasing
signals.
18. The spatial modulation system according to claim 17,
wherein the at least one processor is further configured to:
generate a third signal for a third subarray of the antenna
array based on the input signal; and
send the third signal to radiating elements of the third
subarray, wherein
the third subarray comprises radiating elements of the
plurality of radiating elements that neither belong to the
first subarray nor the second subarray, and
the third signal is a constant envelop in-phasing signal.
19. The spatial modulation system according to claim 13,
wherein the at least one processor is further configured to:
dynamically configure the first subarray comprising the
one or more first concentric radiating element pairs and
the second subarray comprises the one or more second
concentric radiating element pairs based on which
candidate output amplitude level of the ordered set of
candidate output amplitude levels configured for the
antenna array the current output amplitude level of the
antenna array corresponds to, wherein
the one or more first signals are a plurality of constant
envelop signals, wherein said send the one or more first
signals comprises sending the plurality of constant
envelop signals to the radiating elements, respectively,
of the first subarray, and
the one or more second signals are a plurality of linear
signals, wherein said send the one or more second
signals comprises sending the plurality of linear signals
to the radiating elements, respectively, of the second
subarray.
20. The spatial modulation system according to claim 13,
wherein the at least one processor is further configured to:
generate a plurality of third signals for a third subarray of
the antenna array and a plurality of fourth signals for a
fourth subarray of the antenna array based on the input
signal; and
send the plurality of third signals to radiating elements,
respectively, of the third subarray and sending the
plurality of fourth signals to radiating elements, respec-
tively, of the fourth subarray for transmission therefrom
to form the combined signal in space, wherein
the third subarray comprises one or more third concentric
radiating element pairs and the fourth subarray com-
prises one or more fourth concentric radiating element
pairs
the input signal is a quadrature amplitude modulation
signal comprising a quadrature signal component and
an inphase signal component,
the one or more first signals for the first subarray are a
plurality of constant envelop signals generated based
on the inphase signal component,
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the one or more second signals for the second subarray are
a plurality of linear signals generated based on the
inphase signal component,

the plurality of third signals for the third subarray are a
plurality of constant envelop signals generated based
on the quadrature signal component,

the plurality of fourth signals for the fourth subarray are
a plurality of linear signals generated based on the
quadrature signal component,

the current output amplitude level of the antenna array
comprises a current inphase output amplitude level of
an inphase subarray comprising the first and second
subarrays corresponding to a candidate inphase output
amplitude level of an ordered set of candidate inphase
output amplitude levels configured for the inphase
subarray based on an output amplitude range of the
inphase subarray, and a current quadrature output
amplitude level of an quadrature subarray comprising
the third and fourth subarrays corresponding to a can-
didate quadrature output amplitude level of an ordered
set of candidate quadrature output amplitude levels
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configured for the quadrature subarray based on an
output amplitude range of the quadrature subarray, and

the at least one processor is further configured to dynami-

cally configure the first subarray comprising the one or
more first concentric radiating element pairs and the
second subarray comprising the one or more second
concentric radiating element pairs based on which
candidate inphase output amplitude level of the ordered
set of candidate inphase output amplitude levels con-
figured for the inphase subarray the current inphase
output amplitude level of the inphase subarray corre-
sponds to, and dynamically configure the third subarray
comprising the one or more third concentric radiating
element pairs and the fourth subarray comprising the
one or more fourth concentric radiating element pairs
based on which candidate quadrature output amplitude
level of the ordered set of candidate quadrature output
amplitude levels configured for the quadrature subarray
the current quadrature output amplitude level of the
quadrature subarray corresponds to.
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