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(57) ABSTRACT

An embodiment an antenna unit of an antenna array includes
a signal coupler, a phase-shifting modulator, and an antenna
element. The signal coupler has a first input-output port, a
second input-output port, and a coupled port. The phase-
shifting modulator is coupled to the coupled port of the
signal coupler, and the antenna element is coupled to the
phase-shifting modulator via a connection remote from the
signal coupler, or via an isolated port of the signal coupler.
The phase-shifting modulator is configured for both rela-
tively low signal loss and relatively low power consumption
such that the antenna array can have significantly lower

(51) Int. CL C-SWAP metrics than a conventional phased array while
HO01Q 1/38 (2006.01) retaining the higher performance metrics of a conventional
HO01Q 334 (2006.01) phased array.
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ANTENNA UNIT WITH PHASE-SHIFTING
MODULATOR, AND RELATED ANTENNA,
SUBSYSTEM, SYSTEM, AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is related to U.S. patent applica-
tion Ser. No. 16/159,567, filed Oct. 12, 2018, and titled
“BEAM-STEERING ANTENNA,” which claims priority
from U.S. Provisional Patent Application No. 62/572,043,
filed Oct. 13, 2017, the content of the related applications is
incorporated herein by reference.

SUMMARY

[0002] A phased-array antenna, or phased array, is con-
figured to steer one or more narrow, electromagnetic-signal
beams over a prescribed region of space by shifting the
phase of a reference wave by a respective amount at each of
a multitude of antenna elements. Typically, a phased array
includes, for each antenna element, a respective phase-shift
circuit, or phase shifter, to perform such phase shifting.
[0003] Unfortunately, although it typically offers unparal-
leled beam-steering performance and agility, a phased array
typically suffers from significant cost, size, weight, and
power (C-SWAP) limitations due, in large part, to the phase
shifters. For example, although a low-loss phase shifter can
maintain an antenna’s power consumption at an acceptable
level for a given application, such a phase shifter is typically
bulky (i.e., large and heavy) and expensive. And although a
reduced-size phase shifter can meet the cost, size, and
weight specifications for a given application, such a phase
shifter typically exhibits high signal loss, and, therefore,
typically requires a corresponding power amplifier at the
phase shifter’s input node or output node; the inclusion of
one power amplifier per phase shifter not only can cause the
power consumption of the phased array to exceed a specified
level, but also can offset, at least partially, the reductions in
cost, size, and weight that the low-loss phase shifter pro-
vides.

[0004] An embodiment of an antenna array that solves one
or more of the above problems with a phased array is
configured to adjust the phase of a respective signal radiated
or received by each antenna element without a conventional
phase shifter. For example, each antenna unit of the antenna
array can include a phase-shifting modulator that is config-
ured for relatively low signal loss and relatively low power
consumption, and can have a relatively small size. There-
fore, an embodiment of such an antenna array can have
significantly lower C-SWAP metrics while retaining the
higher performance metrics of a phased array.

[0005] An embodiment an antenna unit of such an antenna
array includes a signal coupler, a phase-shifting modulator,
and an antenna element. The signal coupler has a first
input-output port, a second input-output port (also referred
to herein as “signal ports™), and a signal-coupled port (also
referred to herein as a “coupled port”). The phase-shifting
modulator is coupled to the first coupled port of the signal
coupler, and the antenna element is coupled to the phase-
shifting modulator.

[0006] The phase-shifting modulator can be configured as
a through phase modulator or as a reflective reactance
modulator, can be configured for low power consumption
(e.g., approximately 0.1-1.0 Watts (W)), can be configured
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for low insertion loss (e.g., 3 db or less of insertion loss), and
can be configured to receive one or more control signals that
represent single-bit or multi-bit control of the phase that the
phase shifter imparts to a signal. Alternatively, the phase-
shifting modulator can be configured to receive an analog
control signal for a continuous (i.e., analog) selection of the
phase that the phase-shifting modulator imparts to a signal.
[0007] In an embodiment in which the phase-shifting
modulator is a through phase modulator, one port of the
through phase modulator is coupled to the coupled port of
the signal coupler, and another port of the through phase
modulator is coupled to the antenna element.

[0008] And in an embodiment in which the phase-shifting
modulator is a reflective reactance modulator, a port of the
reactance modulator is coupled to the coupled port of the
signal coupler, and the antenna element is coupled to a
signal-isolated port (also referred to herein as an “isolated
port”) of the signal coupler, and, therefore, is coupled to the
reactance modulator via the isolated and coupled ports of the
signal coupler.

[0009] By allowing selection of phase shift applied to a
signal, an embodiment of an antenna unit can omit a
conventional phase shifter yet still can be configured such
that an antenna including the antenna unit can have, between
adjacent antenna elements, a minimum lattice spacing d,
that approaches the theoretical maximum practical lattice
spacing of A/2 (at least in one dimension of an antenna array,
such as the azimuth dimension), where A is the wavelength
of a reference wave in the medium in which an antenna
including the antenna unit is configured to radiate. For
example, if an antenna is configured to radiate in air, then the
wavelength can be approximated as the free-space wave-
length A, because the magnetic permeability and the electric
permittivity of air are approximately equal to the magnetic
permeability and the electric permittivity of a vacuum,
respectively.

[0010] Furthermore, an antenna that includes an embodi-
ment of antenna unit such as described above may be better
suited for some applications than a conventional phased
array. For example, a phased array of a traditional radar
system may be too dense and may scan a field of view (FOV)
too slowly, and the radar system may be too expensive, for
use in an autonomous (self-driving) automobile. Similarly, a
phased array of a traditional radar system may be too dense,
and the radar system may be too expensive, too heavy, and
too power hungry, for use in an unmanned aerial vehicle
(UAV) such as a drone.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a diagram of a row of antenna units of a
phased antenna array, according to an embodiment.

[0012] FIG. 2 is a diagram of an antenna unit of FIG. 1
including a single antenna element and a through phase
modulator, according to an embodiment.

[0013] FIG. 3 is a diagram of an antenna unit of FIG. 1
including dual antenna elements and through phase modu-
lators, according to another embodiment.

[0014] FIG. 4 is a diagram of a through phase modulator
of FIGS. 1-3, according to an embodiment.

[0015] FIG. 5 is a diagram of the through phase modulator
of FIG. 4, according to an embodiment.

[0016] FIG. 6 is a diagram of the through phase modulator
of FIG. 4, according to another embodiment.
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[0017] FIG. 7 is a diagram of an antenna unit of FIG. 1
including a single antenna element and a single reflective
reactance modulator, according to an embodiment.

[0018] FIG. 8 is a cutaway side view of the signal coupler
of FIG. 7, according to an embodiment.

[0019] FIG. 9 is an isometric plan view of a portion of the
antenna unit of FIG. 7 including the signal coupler and the
reactance modulator, according to an embodiment.

[0020] FIG. 10 is an isometric plan view of a portion of the
antenna unit of FIGS. 7 and 9 including the antenna element,
according to an embodiment.

[0021] FIG. 11 is a plan view of an antenna unit of FIG.
1 including a single antenna element and a single reflective
reactance modulator, according to another embodiment.
[0022] FIG. 12 is a cutaway side view of the antenna unit
of FIG. 11, according to an embodiment.

[0023] FIG. 13 is a cutaway side view of the antenna unit
of FIG. 11, according to another embodiment.

[0024] FIG. 14 is a diagram of an antenna unit of FIG. 1
including dual antenna elements and dual reflective reac-
tance modulators, according to another embodiment.
[0025] FIG. 15 is a diagram of the antenna unit of FIG. 14,
according to an embodiment in which the dual antenna
elements are offset from one another.

[0026] FIG. 16 is a cutaway side view of the antenna unit
of FIG. 15, according to an embodiment.

[0027] FIG. 17 is a diagram of a reflective reactance
modulator of FIGS. 1, 7, 9, and 11-15, according to an
embodiment.

[0028] FIG. 18 is a diagram of the reflective reactance
modulator of FIG. 17, according to an embodiment.
[0029] FIG. 19 is a diagram of the reflective reactance
modulator of FIG. 17, according to another embodiment.
[0030] FIG. 20 is a diagram of a radar subsystem that
includes at least one antenna array incorporating one or
more of the antenna units of FIGS. 1-3, 7, and 9-15,
according to an embodiment.

[0031] FIG. 21 is a diagram of a system that includes one
or more of the radar subsystem of FIG. 20, according to an
embodiment.

DETAILED DESCRIPTION

2 <

[0032] The words “approximately,” “substantially,” other
forms thereof, and other similar words, may be used below
to indicate that two or more quantities can be exactly equal,
or can be within +10%, inclusive, of one another due to, for
example, manufacturing tolerances, or other design consid-
erations, of the physical structures described below. And for
a value of a quantity a being in a range of values b to c,
“approximately,” “substantially,” other forms thereof, and
other similar words, may be used to indicate the value of a
being between b-10%lc-bl to c+10%lc-bl inclusive.
[0033] FIG. 1 is a plan view of a row 30 of antenna units
32,-32, of an antenna array 34, where each of the antenna
units is configured to shift the phase of a transmitted or
received signal, according to an embodiment. The antenna
array 34 can include one or more additional rows 30 of
antenna units 32, these possible additional rows not shown
in FIG. 1.
[0034] The phase-shifting antenna units 32 can provide the
antenna array 34 (hereinafter “antenna” or “antenna array”)
with:

[0035] a. performance metrics (e.g., beam-steering

resolution), antenna-element spacing, and component
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density that are on par, respectively, with the perfor-

mance metrics, antenna-element spacing, and compo-

nent density of a conventional phased antenna array,

and

[0036] b. C-SWAP metrics that are significantly lower,

i.e., significantly improved, as compared with the

C-SWAP metrics of a phased array.
That is, the phase-shifting antenna units 32 can impart to the
antenna 34 one or more of the best features of a conventional
phased antenna array and mitigate one or more of the worst
features of a phased array. For example, the antenna 34 may
have a lattice spacing d,, which approaches A,/2 (e.g.,
d,=0.4},), where A, is the free-space wavelength of a signal
that the antenna is configured to transmit, to receive, or to
both transmit and to receive. The lattice spacing d, is the
spacing between immediately adjacent antenna elements
(e.g., antenna elements 46 described below) measured from
a location (e.g., rightmost edge) of one of the antenna
elements to the same relative location (e.g., rightmost edge)
of the other of the antenna elements.
[0037] Still referring to FIG. 1, in addition to the antenna
units 32, each row 30 includes a respective transmission
medium 36 having a signal input-output port 38 and a
signal-termination port 40, and a respective row signal
terminator 42 coupled to the signal-termination port.
[0038] Each antenna unit 32 includes respective signal
coupler 44, one or more antenna elements 46, one or more
phase-shifting modulators 48, a first signal input-output port
50, and a second signal input-output port 52.
[0039] The signal coupler 44 is coupled to the transmis-
sion medium 36 via the signal ports 50 and 52, to the one or
more antenna elements 46, and to the one or more phase
shifters 48, and can have any suitable configuration. For
example, each signal coupler 44 can be described as effec-
tively being coupled in electrical series with respective
sections of the transmission medium 36, as including a
respective portion of the transmission medium, or as being
electrically coupled to the transmission medium. Further-
more, each signal coupler 44 can be a backward wave
coupler or a forward wave coupler, and can be configured to
present, at its ports, suitable input and output impedances.
Embodiments of the signal coupler 44 are described in more
detail below in conjunction with FIGS. 2-3, and 7-16.
[0040] Each of the one or more antenna elements 46 can
have any suitable configuration. For example, an antenna
element 46 can be an approximately planar conductor hav-
ing at least one dimension (e.g., in the dimension along
which the row 30 of antenna units 32 is aligned, or in the
orthogonal dimension) approximately equal to A,,/2, can be
configured as a voltage radiator, and can be configured to
present suitable input and output impedances to the signal
coupler 44 or to a respective phase shifter 48 (A,, is the
wavelength (e.g., center wavelength, carrier wavelength) of
the signal that each antenna element 46 transmits or receives
in the transmission medium 36).
[0041] And each of the one or more phase-shifting modu-
lators 48 is configured to impart, to a signal, a controllable
phase (e.g., controllable in response to one or more control
signals), can have any suitable topology, and can be con-
figured to provide any suitable input and output impedances.
For example, a phase-shifting modulator 48 can be a through
phase modulator or a reflective reactance modulator, can be
configured to have a suitably low level of signal attenuation
(e.g., a suitably low insertion loss such as 3 dB or less) and
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a suitably low level of power consumption (e.g., 0.1-1.0 W
or less), and can be configured to provide one or more bits
of phase resolution. Embodiments of a phase-shifting modu-
lator 48 are described in more detail below in conjunction
with FIGS. 4-6 (through phase modulator) and FIGS. 17-19
(reflective reactance modulator).

[0042] The transmission medium 36 can be any suitable
transmission medium, such as a strip line, a microstrip line,
a coplanar waveguide (CPW), a ground-plane-backed copla-
nar waveguide (GBCPW), or an enclosed waveguide (e.g.,
a waveguide with a rectangular cross section). Furthermore,
the transmission medium 36 can be configured to support to
any suitable propagation mode (e.g., mode TE,;) of a
reference wave, and to suppress any unsuitable propagation
mode(s) of a reference wave. And the transmission medium
can be configured (e.g., tapered in the dimension along
which the row 30 of antenna units 32 is aligned) to provide
an approximately uniform signal power to each of the
antenna units.

[0043] And the terminator 42 is configured to present, at
the termination port 40 of the transmission medium 36, a
termination impedance having a value that renders negli-
gible signal reflections or other signal redirections at the
termination port. The terminator 42 can have any suitable
topology and structure.

[0044] Still referring to FIG. 1, operation of the antenna 34
is described during transmit and receive modes, according to
an embodiment.

[0045] During a transmit mode, a reference-wave genera-
tor (not shown in FIG. 1) generates a transmit reference
wave, and couples the transmit reference wave to the signal
port 38 of the transmission medium 36, and a controller
circuit (not shown in FIG. 1) generates one or more sets of
control signals, and couples each of the one or more sets of
control signals to a respective one of the phase-shifting
modulators 48.

[0046] The signal coupler 44, receives, at the signal port
501, the reference wave from the signal port 38 of the
transmission medium 36, directs a first portion (or compo-
nent) of the reference wave to the signal port 52,, and
respectively directs one or more second portions of the
reference wave (also called “transmit intermediate signals™)
to the one or more phase-shifting modulators 48, .

[0047] Each of the one or more phase-shifting modulators
48, shifts the phase of a respective transmit intermediate
signal in response to the respective set of one or more
control signals (not shown in FIG. 1) that the phase-shifting
modulator receives, and, as described below, either the
signal coupler 44, or each of the one or more phase-shifting
modulators 48, couples a respective phase-shifted transmit
intermediate signal to a respective one of the antenna
elements 46,.

[0048] And each antenna element 46, radiates a respective
transmit signal in response to the respective phase-shifted
transmit intermediate signal from a respective one of the
phase-shifting modulators 48,.

[0049] The other antenna units 32 in the row 30 operate in
a similar manner, except that the last antenna unit 32 in the
row directs, via the signal port 52,, a first portion of the
reference wave to the terminator 42 via the termination port
40 of the transmission medium 36. As stated above, the
terminator 42 has an impedance that approximately matches
the impedance that the transmission medium 36 presents to
the terminator at the port 40; therefore, the terminator causes
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reflections of the transmit reference wave at the port 40 to
have, ideally, zero energy, or otherwise to have a level of
energy that is below a reflection-energy threshold that is
suitable for the application in which the antenna 34 is being
used.

[0050] The antenna units 32 in other antenna rows (if
present) of the antenna 34 operate in a similar manner as the
antenna units of the antenna row 30.

[0051] The transmit signals from each of the antenna units
32 of the antenna 34 combine to form a transmit beam
pattern having one or more main transmit beams (not shown
in FIG. 1).

[0052] By controlling the respective phase shift imparted
by each of the phase-shifting modulators 48, and, therefore,
by controlling the relative phases of the transmit signals
radiated by the antenna elements 46, the controller circuit
(not shown in FIG. 1) can steer one or more main transmit
beams (not shown in FIG. 1) in multiple dimensions, such as
in azimuth (AZ) and elevation (EL) dimensions.

[0053] Still referring to FIG. 1, during a receive mode, a
controller circuit (not shown in FIG. 1) generates one or
more sets of control signals, and couples each of the one or
more sets of control signals to a respective one of the
phase-shifting modulators 48.

[0054] Each of the one or more antenna clements 46,, of
the antenna unit 32, receives, from a source remote from the
antenna 34, a respective receive signal, generates, in
response to the respective receive signal, a respective
receive antenna signal (also called a “receive intermediate
signal”), and couples the respective receive intermediate
signal to a respective one of the phase-shifting modulators
48,.

[0055] Each of the one or more phase-shifting modulators
48, of the antenna unit 32, shifts the phase of a respective
one of the one or more receive intermediate signals in
response to the respective set of one or more control signals
(not shown in FIG. 1) that the phase-shifting modulator
receives, and couples a respective phase-shifted receive
intermediate signal to the signal coupler 44,,.

[0056] The signal coupler 44, receives the one or more
phase-shifted receive intermediate signals, effectively com-
bines the one or more phase-shifted received intermediate
signals to generate a superimposed signal (if there is only
one phase-shifted signal, then the superimposed signal
effectively equals the one phase-shifted signal), and couples
the superimposed signal to the transmission medium 36 at
the port 50,, to form a receive reference wave that propagates
along the transmission medium toward the signal port 38.
[0057] The other antenna units 32 in the row 30 operate in
a similar manner, except that each of the other antenna units
effectively sums the superimposed signal that it generates
with the receive reference signal that the antenna unit
receives at its port 52 to generate, at its port 50, a modified
receive reference wave; and the antenna unit 32, couples a
final version of the receive reference wave (also called a
“row receive reference wave” or a “row output receive
reference wave”) to a signal analyzer (not shown in FIG. 1)
via the port 38 of the transmission medium 36.

[0058] The antenna units 32 in other antenna rows (if
present) of the antenna 34 operate in a similar manner as the
antenna units of the antenna row 30.

[0059] The row receive reference waves from all of the
antenna rows 30 are superimposed to form a total receive
reference wave, from which a signal analyzer (not shown in
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FIG. 1) forms a receive beam pattern having one or more
main receive beams. If, for example, the antenna 34 forms
part of a radar subsystem, then the signal analyzer analyzes
the receive beam pattern, particularly the one or more main
receive beams, to detect one or more objects.

[0060] Said another way, the superimposed signals gen-
erated by the signal couplers 44 in all of the one or more
antenna units 32 combine to form a receive beam pattern
having one or more main receive beams (not shown in FIG.
1) that a signal analyzer can analyze, e.g., to detect one or
more objects.

[0061] By controlling the phase shifts imparted by each of
the phase-shifting modulators 48, and, therefore, by control-
ling the relative phases of the receive intermediate signals
generated by the antenna elements 46, the controller circuit
(not shown in FIG. 1) can steer the one or more main receive
beams (not shown in FIG. 1) in multiple dimensions, such as
in AZ and EL.

[0062] Still referring to FIG. 1, alternate embodiments of
the antenna row 30, the antenna units 32, and the antenna 34
are contemplated. For example, one antenna row 30 can
have a different number, or a different type, of antenna units
32 than another antenna row. Furthermore, a controller
circuit (not shown in FIG. 1) can deactivate each of one or
more of the antenna units 32 during a transmit mode or a
receive mode such that each of the deactivated antenna units
effectively radiates a transmit signal of zero energy or of a
level of non-zero energy that is negligible for the applica-
tion, or effectively receives a receive signal of zero energy
or of a level of non-zero energy that is negligible for the
application. Moreover, one or more embodiments described
below in conjunction with FIGS. 2-21 may be applicable to
the antenna row 30, the antenna units 32, or the antenna 34
of FIG. 1.

[0063] FIG. 2 is a diagram of one of the antenna units 32
of FIG. 1, which antenna unit includes a single antenna
element 46 and a single through phase modulator 48, accord-
ing to an embodiment in which components common to
FIGS. 1 and 2 are labeled with same reference numbers.
[0064] The signal coupler 44 includes a signal port 60
coupled to the signal port 50 of the antenna unit 32, a signal
port 62 coupled to the signal port 52 of the antenna unit, a
signal-coupled port 64, and an optional signal-isolated port
66. In an embodiment, the signal port 50 is the same port as
the signal port 60, and the signal port 52 is the same as the
signal port 62; that is, in an embodiment, the ports 50 and 60
are a same, single port, and the ports 52 and 62 are another
same, single port.

[0065] The through phase modulator 48 includes a signal
port 68 coupled to the signal-coupled port 64 of the signal
coupler 44, a signal port 70, and one or more control nodes
72 each configured to receive a respective control signal
from a controller circuit (not shown in FIG. 4). The phase
modulator 48 is called a “through phase modulator” because
it is configured to receive a signal on one of the ports 68 and
70, to shift the phase of the received signal by an amount
related to the values of the one or more control signals, and
to provide the phase-shifted signal at the other one of the
ports 68 and 70. As described above, the through phase
modulator 48 is configured to have a relatively small size, a
relatively light weight, and a relatively low signal-insertion
loss, and to consume a relatively low level of power. For
example, the through phase modulator 48 can be disposed on
a single layer of a platform such as a printed circuit board
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(PCB), can have as few as one active component (e.g., a
two-terminal impedance device) per control node 72, can
have an insertion loss that is no higher than approximately
3 dB, and can have a power consumption that is no higher
than approximately 1 W.

[0066] And the antenna element 46 includes a signal port
74 coupled to the signal port 70 of the phase modulator 48.

[0067] In operation during a transmit mode, the signal
coupler 44 receives, on the signal port 60, the transmit
reference wave as indicated by the right-side arrowhead of
a signal-path-indication line 76, couples a first portion of the
received transmit reference wave to the port 62, and couples
a second portion of the transmit reference wave, called the
transmit intermediate signal, to the signal-coupled port 64.
And as indicated by the right-side arrowhead of a signal-
path-indication line 78, the signal coupler 44 couples the
first portion of the reference wave from the port 62 to the
transmission medium 36 directly or via the port 52 if
present. Depending on the position of the antenna unit 32 in
the row of antennas, the power of the first portion of the
transmit reference wave that the signal coupler 44 effec-
tively returns to the transmission medium 36 can be much
different than the power of the transmit intermediate signal
that the signal coupler couples to the signal-coupled port 64.
For example, the power of the first portion of the reference
wave can be in an approximate range of one time to ten
thousand times greater than the power of the transmit
intermediate signal.

[0068] The through phase modulator 48 receives, on its
port 68, the transmit intermediate signal from the coupled-
signal port 64 of the signal coupler 44 as indicated by the
lower arrowhead of a signal-path-indication curve 80, and
receives, on the one or more control nodes 72, a respective
one or more control signals from a controller circuit (not
shown in FIG. 2).

[0069] In response to the one or more control signals, the
phase modulator 48 shifts the phase of the transmit inter-
mediate signal by an amount related to the values of the one
or more control signals, and provides the phase-shifted
transmit intermediate signal at the port 70. For example,
each of the control signals can represent a respective bit of
phase-shift resolution between 0° and 360°. Further in
example, if the number of control signals is two, then the
control signals can cause the relative phase shift that the
phase modulator 48 imparts to the intermediate signal to be
approximately one of the following four values: 0°, 90°,
180°, and 270°. The through phase modulator 48 can be
configured with any suitable number of bits of phase-shift
resolution, such as approximately between one and sixteen
bits of phase-shift resolution, to provide a number of pos-
sible different values of phase shift in an approximate range
of two values to two hundred fifty six values.

[0070] The antenna element 46 receives, at the signal port
74, the phase-shifted transmit intermediate signal from the
port 70 of the through phase modulator 48 as indicated by
the lower arrowhead of a signal-path-indication curve 82,
and, in response to the phase-shifted signal, radiates a
transmit signal having approximately the same phase and
approximately the same frequency as the phase-shifted
transmit intermediate signal.

[0071] In operation during a receive mode, the antenna
element 46 receives a receive signal from a remote source,
and, in response to the receive signal, generates, at the port
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74, a receive intermediate signal having approximately the
same phase and approximately the same frequency as the
receive signal.

[0072] The through phase modulator 48 receives, on the
port 70, the receive intermediate signal from the port 74 of
the antenna element 46 as indicated by the upper arrowhead
of the signal-path-indication curve 82, and receives, on the
one or more control nodes 72, a respective one or more
control signals from a controller circuit (not shown in FIG.
3.

[0073] In response to the one or more control signals, the
phase modulator 48 shifts the phase of the receive interme-
diate signal by an amount related to the values of the one or
more control signals, and provides the phase-shifted receive
intermediate signal at the port 68. For example, each of the
control signals can represent a respective bit of phase-shift
resolution between 0° and 360°. Further in example, if the
number of control signals is two, then the control signals can
cause the relative phase shift that the phase modulator 48
imparts to the receive intermediate signal to be approxi-
mately one of the following four values: 0°, 90°, 180°, and
270°. The through phase modulator 48 can be configured
with any suitable number of bits of phase-shift resolution,
such as approximately between one and sixteen bits of
phase-shift resolution, to provide a number of possible
different values of phase shifts in an approximate range of
two values to two hundred fifty six values.

[0074] The signal coupler 44 receives, on the coupled-
signal port 64, the phase-shifted receive intermediate signal
from the phase modulator 48, and couples the phase-shifted
signal to the transmission medium 36 via the port 60, and the
port 50 if present, as indicated by the upper arrowhead of
signal-path-indicator curve 80.

[0075] The signal coupler 44 also receives, on the port 62,
a receive reference wave (if the antenna unit 32 is other than
the last antenna unit 32, in the row 30 of FIG. 1), and
couples the receive reference wave to the transmission
medium 36 via the port 60, and via the port 50 if present, as
indicated by the leftmost arrowheads of the signal-path-
indicator lines 78 and 76.

[0076] That is, the signal coupler 44 effectively combines
the phase-shifted receive intermediate signal from the
coupled-signal port 64 and the receive reference wave from
the port 62 by superimposing one of these signals onto the
other of these signals, and provides, via the port 60 and the
port 50 if present, the combined signal to the transmission
medium 36 as a modified receive reference wave. Depend-
ing on the location of the antenna unit 32 within the row 30
(FIG. 1), the power of the received reference wave from the
port 62 can be very different than the power of the phase-
shifted receive intermediate signal that the signal coupler
receives at the signal-coupled port 64. For example, the
power of the receive reference wave can be in an approxi-
mate range of one time to ten thousand times greater than the
power of the phase-shifted receive intermediate signal.
[0077] Still referring to FIG. 2, alternate embodiments of
the antenna unit 32 are contemplated. For example, during
operation in both the transmit mode and the receive mode,
the antenna element 46 may shift the phase of the phase-
shifted transmit intermediate signal or the receive signal,
respectively, by other than 0°, and the amount of the phase
shift may depend on the frequency of the transmit reference
wave and the receive signal, respectively. Furthermore, the
signal coupler 44 can be considered to be a four-port signal
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coupler if the signal coupler includes the signal-isolated port
66, and can be considered to be a three-port signal coupler
if the signal coupler lacks the signal-isolated port. Moreover,
although the signal coupler 44 is described as a backward
coupler, the signal coupler can be a forward coupler in which
the relative locations of the signal-coupled port 64 and the
signal-isolated port 66 are reversed. In addition, one or more
embodiments described above in conjunction with FIG. 1
and below in conjunction with FIGS. 3-21 may be applicable
to the antenna unit 32 of FIG. 2.

[0078] FIG. 3 is a diagram of one of the antenna units 32
of FIG. 1, which antenna unit includes dual antenna ele-
ments 46, and 46, and dual through phase modulators 48,
and 48,, according to an embodiment in which components
common to FIGS. 1-3 are labeled with same reference
numbers. Including dual antenna elements 46 and dual phase
modulators 48 can allow a reduction in the area per antenna
unit 32, and, therefore, can allow a reduction in the area, in
the component density, or in both the area and component
density of the antenna 34 (FIG. 1).

[0079] The signal coupler 44 of FIG. 3 is similar to the
signal coupler 44 of FIG. 2 except that the signal coupler of
FIG. 3 has two signal-coupled ports 64, and 64, and two
optional signal-isolated ports 66, and 66,. That is, unlike the
signal coupler 44 of FIG. 2, which is a three-port (if the
isolated port 66 is omitted) or four-port signal coupler, the
signal coupler 44 of FIG. 3 is a four-port (if the isolated ports
66, and 66, are omitted) or a six-port signal coupler.
[0080] The first antenna element 46, and the first through
phase modulator 48, are similar to the antenna element 46
and the through phase modulator 48, respectively, of FIG. 2,
and are coupled to one another and to the first signal-coupled
port 64, of the signal coupler 44 in a manner similar to the
manner in which the antenna element 46 and the phase
modulator 48 of FIG. 2 are coupled to one another and to the
signal-coupled port 64 of the signal coupler 44 of FIG. 2.
[0081] Likewise, the second antenna element 46, and the
second through phase modulator 48, are similar to the
antenna element 46 and the through phase modulator 48,
respectively, of FIG. 2, and are coupled to one another and
to the second signal-coupled port 64, of the signal coupler
44 of FIG. 3 in a manner similar to the manner in which the
antenna element 46 and the phase shifter 48 of FIG. 2 are
coupled to one another and to the signal-coupled port 64 of
the signal coupler 44 of FIG. 2.

[0082] In operation during a transmit mode, the signal
coupler 44 receives, on the signal port 60, the transmit
reference wave as indicated by the rightmost arrowhead of
the signal-path-indicator line 76, couples a first portion of
the received transmit reference wave to the port 62, couples
a second portion the transmit reference wave, called the first
transmit intermediate signal, to the first signal-coupled port
64,, and couples a third portion of the transmit reference
wave, called the second transmit intermediate signal, to the
second signal-coupled port 64,. And as indicated by the
right-side arrowhead of the signal-path-indicator line 78, the
signal coupler 44 couples the first portion of the transmit
reference wave from the port 62 to the transmission medium
36 directly or via the port 52 (if present). Depending on the
position of the antenna unit 32 in the row 30 (FIG. 1), the
power of the first portion of the transmit reference wave that
the signal coupler 44 effectively returns to the transmission
medium can be much different than the powers of the first
and second transmit intermediate signals that the signal
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coupler couples to the first and second signal-coupled ports
64, and 64,, respectively. For example, the power of the first
portion of the transmit reference wave can be in an approxi-
mate range of one time to ten thousand times greater than the
respective power of each of the first and second transmit
intermediate signals.

[0083] The first through phase modulator 48, receives, on
the port 68, the first transmit intermediate signal from the
first coupled-signal port 64, of the signal coupler 44 as
indicated by the upper arrowhead of a signal-path-indicator
curve 80,, and receives, on the one or more first control
nodes 72, a respective one or more first control signals from
a controller circuit (not shown in FIG. 3).

[0084] Similarly, the second through phase modulator 48,
receives, on the port 68,, the second transmit intermediate
signal from the second coupled-signal port 64, of the signal
coupler 44 as indicated by the lower arrowhead of a signal-
path-indicator curve 80,, and receives, on the one or more
second control nodes 72,, a respective one or more second
control signals from a controller circuit (not shown in FIG.
3.

[0085] In response to the one or more first control signals
on the one or more first control nodes 72,, the first phase
modulator 48, shifts the phase of the first transmit interme-
diate signal by an amount related to the values of the one or
more first control signals, and provides the phase-shifted
first transmit intermediate signal at the port 70,. For
example, each of the first control signals can represent a
respective bit of phase-shift resolution between 0° and 360°.
[0086] Similarly, in response to the one or more second
control signals on the one or more second control nodes 72,
the second phase modulator 48, shifts the phase of the
second transmit intermediate signal by an amount related to
the values of the one or more second control signals, and
provides the phase-shifted second transmit intermediate
signal at the port 70,. For example, each of the second
control signals can represent a respective bit of phase-shift
resolution between 0° and 360°.

[0087] The first antenna element 46, receives, at the signal
port 74, the first phase-shifted transmit intermediate signal
from the port 70, of the first through phase modulator 48, as
indicated by the upper arrowhead of the signal-path-indica-
tor curve 82, and, in response to the phase-shifted first
transmit intermediate signal, radiates a first transmit signal
having approximately the same phase and approximately the
same frequency as the phase-shifted first transmit interme-
diate signal.

[0088] Similarly, the second antenna element 46, receives,
at the signal port 74,, the phase-shifted second transmit
intermediate signal from the port 70, of the second through
phase modulator 48, as indicated by the lower arrowhead of
the signal-path-indicator curve 82,, and, in response to the
phase-shifted second transmit intermediate signal, radiates a
second transmit signal having approximately the same phase
and approximately the same frequency as the phase-shifted
second transmit intermediate signal.

[0089] In operation during a receive mode, the first
antenna element 46, receives a first receive signal from a
remote source, and, in response to the first receive signal,
generates, at the port 74, a first receive intermediate signal
having approximately the same phase and approximately the
same frequency as the first receive signal.

[0090] Likewise, the second antenna element 46, receives
a second receive signal from the remote source (or from
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another remote source), and, in response to the second
receive signal, generates, at the port 74,, a second receive
intermediate signal having approximately the same phase
and approximately the same frequency as the second receive
signal.

[0091] The first through phase modulator 48, receives, at
the port 70,, the first receive intermediate signal from the
port 74, of the first antenna element 46, as indicated by the
lower arrowhead of the signal-path-indicator curve 82, and
receives, on the one or more first control nodes 72,, a
respective one or more first control signals from a controller
circuit (not shown in FIG. 3).

[0092] Similarly, the second through phase modulator 48,
receives, on the port 70,, the second receive intermediate
signal from the port 74, of the second antenna element 46,
as indicated by the upper arrowhead of the signal-path-
indicator curve 82,, and receives, on the one or more second
control nodes 72,, a respective one or more second control
signals from a controller circuit (not shown in FIG. 3).
[0093] In response to the one or more first control signals
on the one or more first control nodes 72,, the first phase
modulator 48, shifts the phase of the first receive interme-
diate signal by an amount related to the values of the one or
more first control signals, and provides a phase-shifted first
receive intermediate signal at the port 68,. For example,
each of'the first control signals can represent a respective bit
of phase-shift resolution between 0° and 360°.

[0094] Similarly, in response to the one or more second
control signals on the one or more second control nodes 72,
the second through phase modulator 48, shifts the phase of
the second receive intermediate signal by an amount related
to the values of the one or more second control signals, and
provides a phase-shifted second receive intermediate signal
at the port 68,. For example, each of the second control
signals can represent a respective bit of phase-shift resolu-
tion between 0° and 360°.

[0095] The signal coupler 44 receives, on the first
coupled-signal port 64,, the phase-shifted first receive inter-
mediate signal from the first through phase modulator 48,,
receives, on the second coupled-signal port 64,, the phase-
shifted second receive intermediate signal from the second
through phase modulator 48,, and couples the phase-shifted
first and second receive intermediate signals to the trans-
mission medium 36 via the port 60, and the port 50 (if
present), as indicated by the leftmost arrowheads of the
signal-path-indicator curves 80, and 80,. That is, the signal
coupler 44 effectively combines the phase-shifted first and
second receive intermediate signals by superimposing them
on one another, and couples the combined phase-shifted
receive intermediate signal to the transmission medium 36.
[0096] The signal coupler 44 also receives, on the port 62,
a receive reference wave (if the antenna unit 32 is other than
the last antenna unit 32, in the row 30 of FIG. 1), and
couples the receive reference wave to the transmission
medium 36 via the port 60, and via the port 50 (if present),
as indicated by the leftmost arrowheads of the signal-path-
indicator lines 78 and 76.

[0097] That is, the signal coupler 44 effectively combines
the phase-shifted first and second receive intermediate sig-
nals from the first and second coupled-signal ports 64, and
64,, and the receive reference wave from the port 62, by
superimposing these signals onto one another, and provides,
via the port 60 (and the port 50 if present), the combined
signal to the transmission medium 36 as a modified receive
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reference wave. Depending on the location of the antenna
unit 32 within the row 30 (FIG. 1), the power of the received
reference wave from the port 62 can be very different than
the powers of the phase-shifted first and second intermediate
signals that the signal coupler 44 receives at the first and
second signal-coupled ports 64, and 64,, respectively. For
example, the power of the receive reference wave can be in
an approximate range of one time to ten thousand times
greater than the respective power of each of the phase-
shifted first and second receive intermediate signals.

[0098] Still referring to FIG. 3, alternate embodiments of
the antenna unit 32 are contemplated. For example, during
operation in both the transmit mode and the receive mode,
one or both of the first and second antenna elements 46, and
46, may shift the phases of the respective phase-shifted first
and second intermediate signals, or the first and second
receive signals, respectively, by other than 0° and the
amounts of these phase shifts may depend on the frequency
of the transmit reference wave and the receive signals,
respectively. Furthermore, although described as forming
part of one antenna row 30, the antenna unit 32 can form
respective parts of two antenna rows, where the signal
coupler 44 forms a part common to both antenna rows, the
first antenna element 46, and the first phase modulator 48,
form part of one of the antenna rows, and the second antenna
element 46, and the second phase modulator 48, form part
of another one of the antenna rows. Moreover, one or more
embodiments described above in conjunction with FIGS.
1-2 and below in conjunction with FIGS. 4-21 may be
applicable to the antenna unit 32 of FIG. 3.

[0099] FIG. 4 is a diagram of one of the through phase
modulators 48 of FIGS. 2-3, according to an embodiment.

[0100] In addition to the ports 68 and 70 and the control
nodes 72,-72,, the through phase modulator 48 includes a
transmission medium 90, one or more active devices 92, -
92,, and one or more signal terminators 94,-94,.

[0101] The transmission medium 90 is coupled between
the ports 68 and 70, and can be any type of transmission
medium that is suitable for an application in which the
antenna 30 (FIG. 1) is configured to be used. For example,
the transmission medium 90 can be the same as, or similar
to, the transmission medium 36. Further in example, the
transmission medium 90 can be a strip line, a microstrip line,
a CPW, a GBCPW, or a tubular waveguide having a cross
section that is rectangular or another suitable shape.

[0102] The one or more active devices 92 each have a first
port 96 coupled to the transmission medium 90, each have
a second port 98 coupled to a respective one of the control
nodes 72, and are each configured to have a respective
complex impedance that can be altered in response to a
respective one of the one or more control signals on the
control nodes 72. For example, each device 92 can be any
device (see, e.g., FIGS. 5-6) suitable for an application in
which the antenna 34 (FIG. 1) is configured to be used.
Further in example, by applying to an active device 92 a
binary control signal on a respective control line 72, a
controller circuit (not shown in FIG. 4) can cause the
impedance of the active device to have one of two values
depending on whether the control signal represents logic 0
or a logic 1, and, therefore, can cause the active device to
contribute one bit of phase shift to a signal propagating from
one of the ports 68 and 70 to the other of the ports 68 and
70.
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[0103] Furthermore, the port 96, of an active device 92,
closest to the port 68 is spaced from the port 68 by a distance
d,, the port 96, of a device 92, closest to the port 70 is
spaced from the port 70 by approximately the distance d,,
and the ports 96 of the active devices 92, and 92, and of the
other active devices 92 disposed between the active devices
92, and 92 are spaced apart by approximately a distance d,,
which may be approximately the same as, or different
(shorter or longer) than, the distance d,. Because the phase
shift imparted to a signal by the through phase modulator 48
depends on the distances d, and d,, a designer can set these
distances such that the phase modulator imparts a respective
phase shift to a signal propagating along the transmission
medium 90 for each possible logic-1-logic-0 pattern of the
control signals at the control nodes 72.

[0104] Each signal terminator 94 has a node 100 coupled
to a node 102 of a respective one of the active devices 92,
and is configured to match the impedance of the respective
active device at the node 102 so that the power of a signal
reflected back into the node 102 is approximately zero or is
otherwise negligible for the application(s) in which the
antenna 34 (FIG. 1) is configured. For example, although not
shown, each terminator 94 may have another node coupled
to a reference conductor such as a ground plane.

[0105] Still referring to FIG. 4, operation of the through
phase modulator 48 is described according to an embodi-
ment in which a transmit intermediate signal propagates into
the phase modulator via the port 68 and propagates out of the
phase shifter via the port 70.

[0106] First, a controller circuit (not shown in FIG. 4)
generates, on the control nodes 72, the control signals
having respective values that correspond to a total phase
shift that the controller circuit controls the phase modulator
48 to impart to the transmit intermediate signal.

[0107] Next, the transmit intermediate signal experiences
a first phase shift as it propagates the distance d, from the
port 68 to the location of the transmission medium 90 that
is coupled to the port 96, of the active device 92,. The
amount of the first phase shift is related to the distance d,
and to the wavelength A, of the transmit intermediate signal
in the transmission medium 90; the greater the distance d,
and the shorter the wavelength A, the greater the first phase
shift and vice-versa (assuming d,<n-A,, where n is an
integer).

[0108] Then, at the location of the transmission medium
90 that is coupled to the port 96, of the active device 92, the
transmit intermediate signal experiences a second phase
shift due to the impedance of the active device 92,, which
impedance corresponds to the value of the control signal on
the control node 72,. The terminator 100, causes the com-
bination of the active device 96, and the terminator 100, to
reflect negligible (for the application) or no signal energy
back onto the transmission medium 90.

[0109] Next, the transmit intermediate signal experiences
one or more additional phase shifts due to the approximate
distance d; between each pair of adjacent active devices 92
and in response to the active devices themselves, if there are
more than the two active devices 92, and 92, . The amounts
of the phase shifts imparted to the transmit intermediate
signal in response to the approximate distances d, are related
to the distance d; and the wavelength X, of the transmit
intermediate signal, the greater the distance and the shorter
the wavelength the greater the phase shift, and vice-versa
(assuming d;<n-A,,, where n is an integer). The impedance
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of each active device 92 corresponds to the value of the
control signal on the respective control node 72 coupled to
the active device. And the terminators 100 cause the respec-
tive combinations of the active devices 96 and the termina-
tors 100 to reflect negligible (for the application) or no signal
energy back onto the transmission medium 90.

[0110] Then, the transmit intermediate signal experiences
an additional phase shift in response to the impedance of the
active device 96, which impedance corresponds to the
value of the control signal on the control node 72,

[0111] Next, the transmit intermediate signal experiences
a final phase shift as it propagates the approximate distance
d, from the location of the transmission medium 90 that is
coupled to the port 96, of the active device 92, to the port
70. The amount of the phase shift imparted to the transmit
intermediate signal in response to the approximate distance
d, is related to the distance d, and to the wavelength A,,,, the
greater the distance and the shorter the wavelength the
greater the phase shift, and vice-versa (assuming d;<n-h,,,
where n is an integer).

[0112] At the port 70, the transmit intermediate signal has
a total phase shift equal to the sum of all the phase shifts that
the transmit intermediate signal experienced as it propagated
along the transmission medium 90 between the port 68 and
the port 70.

[0113] Still referring to FIG. 4, operation of the through
phase modulator 48 is described according to an embodi-
ment in which a receive intermediate signal propagates into
the phase modulator via the port 70 and propagates out of the
phase modulator via the port 68.

[0114] First, a controller circuit (not shown in FIG. 4)
generates the control signals having respective values that
correspond to a total phase shift that the controller circuit
controls the phase modulator 48 to impart to the receive
intermediate signal.

[0115] Next, the receive intermediate signal experiences a
first phase shift as it propagates approximately the distance
d, from the port 70 to the location of the transmission
medium 90 that is coupled to the port 96, of the active
device 92,. The amount of the first phase shift is related to
the distance d, and to the wavelength A ; the greater the
distance d, and the shorter the wavelength A, the greater the
first phase shift and vice-versa (assuming d,<n-A,,, where n
is an integer).

[0116] Then, at the location of the transmission medium
90 that is coupled to the port 96, of the active device 92, the
receive intermediate signal experiences a second phase shift
due to the impedance of the active device 92, which
impedance corresponds to the value of the control signal on
the control node 72,. The terminator 100, causes the com-
bination of the active device 96, and the terminator 100, to
reflect negligible (for the application) or no signal energy
back onto the transmission medium 90.

[0117] Next, the receive intermediate signal experiences
one or more additional phase shifts due to the distance d,
between adjacent active devices 92 and in response to the
active devices themselves, if there are more than the two
active devices 92, and 92,_. The amounts of the phase shifts
imparted to the receive intermediate signal in response to the
distances d; (or of approximately d,) are related to the
distance d; and the wavelength A, of the receive interme-
diate signal, the greater the distance and the shorter the
wavelength A, the greater the phase shift, and vice-versa
(assuming d;<n-A,,, where n is an integer). The impedance
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of each active device 92 corresponds to the value of the
control signal on the respective control node 72 coupled to
the active device. And the terminators 100 cause the respec-
tive combinations of the active devices 96 and the termina-
tors 100 to reflect negligible (for the application) or no signal
energy back onto the transmission medium 90.

[0118] Then, the receive intermediate signal experiences
an additional phase shift in response to the impedance of the
active device 96,, which impedance corresponds to the
value of the control signal on the control node 72,.

[0119] Next, the receive intermediate signal experiences a
final phase shift as it propagates the distance d, from the
location of the transmission medium 90 that is coupled to the
port 96, of the active device 92, to the port 70. The amount
of the phase shift imparted to the receive transmit interme-
diate signal in response to the distance d, (or of approxi-
mately d,) is related to the distance d, and the wavelength
., the greater the distance and the shorter the wavelength
the greater the phase shift, and vice-versa (assuming
d,<n-A,,, where n is an integer).

[0120] At the port 68, the receive intermediate signal has
a total phase shift equal to the sum of all the phase shifts that
the receive intermediate signal experienced as it propagated
along the transmission medium 90 between the port 70 and
the port 68.

[0121] Still referring to FIG. 4, alternate embodiments of
the through phase modulator 48 are contemplated. For
example, although more than two active devices 92 and
terminators 94 are described, the through phase modulator
48 can have only one or two active-device-terminator pairs.
Furthermore, each of one of more of the active devices 92
may be a different type of device than each of one or more
other of the active devices. Moreover, although described as
receiving only one control signal on one control line 72,
each of one or more of the active devices 92 can receive no,
or more than one, control signal. In addition, although
described as being digital signals, each of one or more of the
control signals can be a respective analog signal having one
or more voltage levels (e.g., 0 Volts, —6 Volts) that each
define a respective state of a respective active device 92, and
that each can be used to toggle the state of the active device.
Furthermore, one or more embodiments described above in
conjunction with FIGS. 1-3 and below in conjunction with
FIGS. 5-21 may be applicable to the through phase modu-
lator 48 of FIG. 4.

[0122] FIG. 5 is a diagram of the through phase modulator
48 of FIG. 4, according to an embodiment in which each of
the active devices 92 includes a respective two-terminal
impedance device 110 (e.g., a PIN diode), and where like
numerals reference components common to FIGS. 4-5.
[0123] A controller circuit (not shown in FIG. 5) is con-
figured to cause each two-terminal impedance device 110 to
present an inductive impedance to the signal propagating
along the transmission medium 90 by generating, on the
respective control line 72, a control voltage that causes the
device 110 to be inductive.

[0124] The respective inductive impedance causes each
two-terminal device 110 to shift the phase of the signal
propagating along the transmission medium 90 by a corre-
sponding first amount.

[0125] Similarly, the controller circuit (not shown in FIG.
5) is configured to cause each two-terminal device 110 to
present a capacitive impedance to the signal propagating
along the transmission medium 90 by generating, on the
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respective control line 72, a control voltage that causes the
two-terminal device to be capacitive.

[0126] The respective capacitive impedance causes each
two-terminal impedance device 110 to shift the phase of the
signal propagating along the transmission medium 90 by a
corresponding second amount that is different from the first
amount.

[0127] Furthermore, the through phase modulator 48 can
include a suitable and respective RF bypass circuit, or a
suitable and respective RF bypass structure (neither bypass
circuit nor bypass structure shown in FIG. 5), coupled to one
or both terminals 112 114 of each two-terminal impedance
device 110 so that the DC control voltage does not affect,
adversely, the RF operation of the through phase modulator
48, and so that the RF signals do not affect, adversely, the
DC operation of the through phase modulator. Said another
way, the RF bypass circuits or RF bypass structures effec-
tively isolate the control-voltage-generating circuitry from
the RF signals, and effectively isolate the RF circuitry from
the DC signals.

[0128] The operation of the through phase modulator 48 of
FIG. 5 is similar to the operation of the through phase
modulator 48 of FIG. 5 in an embodiment.

[0129] Still referring to FIG. 5, alternate embodiments of
the through phase modulator 48 are contemplated. For
example, each of one or more of the two-terminal impedance
devices 110 may be, or may otherwise include, a respective
varactor or a respective PIN diode. Furthermore, although
the control lines 72 are described as being coupled to the
terminals 112 of the two-terminal impedance devices 110,
each of one or more of the control lines can be coupled to
the other terminal 114 of a respective two-terminal imped-
ance device. Moreover, although each control voltage is
describe as having two values, each of one or more of the
control voltages can have more than two values. In addition,
one or more embodiments described above in conjunction
with FIGS. 1-4 and below in conjunction with FIGS. 6-21
may be applicable to the through phase modulator 48 of FI1G.
5.

[0130] FIG. 6 is a diagram of the through phase modulator
48 of FIG. 4, according to an embodiment in which each of
the active devices 92 includes a respective capacitor 120,
which includes a capacitive junction over a tunable two-
dimensional material layer, and where like numerals refer-
ence components common to FIGS. 4-6.

[0131] Each capacitor 120 includes conductive electrodes
122 and 124, and a material 126 (e.g., a ferroelectric material
such as PbTiO;, BaTiO;, PbZrO;, Barium Strontium Titan-
ate (BST), Barium Titanate (BTO)), which is in contact with
both of the electrodes and which spans a gap 128 between
the electrodes. The permittivity of the material 126 is
tunable in response to a control voltage applied to, or across,
the material via a control node 72. By changing a value of
a control voltage on the control node 72, a controller circuit
(not shown in FIG. 6) is configured to change the permit-
tivity of the material 126, and, therefore, to change the
dielectric constant and the capacitance of the capacitor 120.
And changing the capacitance of the capacitor 120 changes
the amount of the phase shift that the capacitor imparts to a
signal propagating along the transmission medium 90. That
is, for each value of the control voltage on the control node
72, the capacitor 120 imparts a respective phase shift to a
signal propagating along the transmission medium 90.
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[0132] Furthermore, the through phase modulator 48 can
include, for each capacitor 120, a suitable and respective RF
bypass circuit, or a suitable and respective RF bypass
structure (neither bypass circuit nor bypass structure shown
in FIG. 6), coupled to the material 126 so that the RF signals
do not affect, adversely, the DC operation of the through
phase modulator. Said another way, the RF bypass circuits or
RF bypass structures effectively isolate the control-voltage-
generating circuitry from the RF signals.

[0133] The operation of the through phase modulator 48 of
FIG. 6 is similar to the operation of the through phase
modulator 48 of FIG. 4 in an embodiment.

[0134] Still referring to FIG. 6, alternate embodiments of
the through phase modulator 48 are contemplated. For
example, each of one or more of the capacitors 120 can have
a structure that differs from the described structure. Further
in example, although described as contacting the material
126, one or both of the electrodes 122 and 124 may be
spaced apart from the material. Moreover, one or more
embodiments described above in conjunction with FIGS.
1-5 and below in conjunction with FIGS. 7-21 may be
applicable to the through phase modulator 48 of FIG. 6.
[0135] FIG. 7 is a diagram of one of the antenna units 32
of FIG. 1, which antenna unit includes a single antenna
element 46 and a single reflective reactance modulator 48,
according to an embodiment in which components common
to FIGS. 1 and 7 are labeled with same reference numbers.
[0136] The antenna unit 32 of FIG. 7 is similar to the
antenna unit 32 of FIG. 2 except that the modulator 48 of
FIG. 7 is a reflective reactance modulator shifter, not a
through phase modulator, and the port 74 of the antenna
element 46 of FIG. 7 is coupled to the modulator via the
signal-isolated port 66 of the signal coupler 44.

[0137] The reflective reactance modulator 48 includes a
signal port 140, which is coupled to the signal coupled port
64 of the signal coupler 44, and is configured to receive, at
the port 140, an intermediate signal from the signal coupled
port 64, to impart a first phase shift to the intermediate signal
as the intermediate signal propagates from the port 140 to
one or more termination locations (not shown in FIG. 7) of
the reactance modulator, to impart a second phase shift to the
intermediate signal as the first-phase-shifted intermediate
signal propagates (e.g., is reflected or otherwise redirected)
from the termination location(s) to the signal port 140 such
that the phase-shifted intermediate signal at the port 140 has
a total phase shift equal to the sum of the first and second
phase shifts. In an embodiment, the first phase shift approxi-
mately equals the second phase shift such that both the first
phase shift and the second phase shift equal approximately
half of the total phase shift.

[0138] In operation during a transmit mode, the signal
coupler 44 receives, on the signal port 60 (via the port 50 if
present), the transmit reference wave as indicated by the
rightmost arrowhead of the line 76, couples a first portion of
the transmit reference wave to the port 62, and couples a
second portion of the transmit reference wave, called the
transmit intermediate signal, to the signal-coupled port 64.
And as indicated by the rightmost arrowhead of the line 78,
the signal coupler 44 couples the first portion of the transmit
reference wave from the port 62 to the transmission medium
36 (via the port 52 if present). Depending on the position of
the antenna unit 32 in the row 30 (FIG. 1), the power of the
first portion of the transmit reference wave that the signal
coupler 44 effectively returns to the transmission medium 36
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can be much different than the power of the transmit
intermediate signal that the signal coupler couples to the
signal-coupled port 64. For example, the power of the first
portion of the transmit reference wave can be in an approxi-
mate range of one time to ten thousand times greater than the
power of the transmit intermediate signal.

[0139] The reflective reactance modulator 48 receives, on
the port 140, the transmit intermediate signal from the
coupled-signal port 64 of the signal coupler 44 as indicated
by the bottom-most arrowhead of a signal-path-indicator
curve 80, and receives, on the one or more control nodes 72,
a respective one or more control signals from a controller
circuit (not shown in FIG. 7).

[0140] In response to the one or more control signals on
the one or more control nodes 72, the reactance modulator
48 shifts the phase of the transmit intermediate signal by a
first amount related to the values of the one or more control
signals as the transmit intermediate signal propagates from
the port 140 to one or more reflective termination locations
(not shown in FIG. 7) of the reactance modulator, and shifts
the phase of the transmit intermediate signal, which is
already phase shifted by the first amount, by a second
amount related to the values of the one or more control
signals as the intermediate signal is reflected back from the
one or more termination locations to the port 140. As stated
above, because the control signals have the same values
while the transmit intermediate signal is forward propagat-
ing and reverse (reflect) propagating, the first amount of
phase shift is approximately equal to the second amount of
phase shift such that at the port 140, the reflected interme-
diate signal has a total phase shift approximately equal to the
sum of the first and second amounts. For example, each of
the control signals can represent a respective bit of phase-
shift resolution between 0° and 360°. Further in example, if
the number of control signals is two, then the control signals
can cause the total relative phase shift that the reactance
modulator 48 imparts to the intermediate signal to be
approximately one of the following four values: 0°, 90° (45°
while propagating forward, another 45° after being
reflected), 180° (90° while propagating forward, another 90°
after being reflected), and 270° (135° while propagating
forward, another 135° after being reflected). The reflective
reactance modulator 48 can be configured with any suitable
number of bits of phase-shift resolution, such as approxi-
mately between one and sixteen bits of phase-shift resolu-
tion, to provide a number of possible different phase shifts
in an approximate range of two to two hundred fifty six
values.

[0141] The phase-shifted transmit intermediate signal then
propagates from the port 140 of the reflective reactance
modulator 48 to the signal-coupled port 64 of the signal
coupler 44, propagates from the signal-coupled port to the
signal-isolated port 66, and propagates from the signal-
isolated port to the port 74 of the antenna element 46, as
indicated by the rightmost arrowhead of a signal-path-
indicator curve 142. The signal coupler 44 is configured
such that, ideally, all of the energy of the phase-shifted
transmit intermediate signal propagates from the signal-
coupled port 64 to the signal-isolated port 66, and negligible
or no energy from the phase-shifted transmit intermediate
signal propagates from the signal-coupled node to either of
the ports 60 and 62.

[0142] And in response to the phase-shifted transmit inter-
mediate signal at the node 74, the antenna clement 46
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radiates a transmit signal having approximately the same
phase, approximately the same frequency, and approxi-
mately the same power as the phase-shifted transmit inter-
mediate signal.

[0143] In operation during a receive mode, the antenna
element 46 receives a receive signal from a remote source,
and, in response to the receive signal, generates, at the port
74, a receive intermediate signal having approximately the
same phase, approximately the same frequency, and
approximately the same power as the receive signal.
[0144] The signal coupler 44 receives, at its signal-iso-
lated port 66, the receive intermediate signal from the
antenna element 46, and couples, via the signal-coupled
node 64, the receive intermediate signal to the port 140 of
the reflective reactance modulator 48 as indicated by the
leftmost arrowhead of a signal-path-indicator curve 142.
[0145] The reflective reactance modulator 48 receives, on
the one or more control nodes 72, a respective one or more
control signals from a controller circuit (not shown in FIG.
D.

[0146] In response to the one or more control signals, the
reactance modulator shifts the phase of the receive interme-
diate signal by an amount related to the values of the one or
more control signals, and provides the phase-shifted inter-
mediate signal at the port 140. As described above, the
reflective reactance modulator 48 shifts the phase of the
receive intermediate signal by a first amount related to the
values of the one or more control signals as the receive
intermediate signal propagates from the port 140 to one or
more reflective termination locations of the reflective reac-
tance modulator, and further shifts the phase of the receive
intermediate signal by a second amount also related to the
values of the one or more control signals as the receive
intermediate signal is reflected back to the port 140. For
example, each of the control signals can represent a respec-
tive bit of phase-shift resolution between 0° and 360°.
Further in example, if the number of control signals is two,
then the control signals can cause the relative phase shift that
the reflective reactance modulator 48 imparts to the inter-
mediate signal to be approximately one of the following four
values: 0°, 90° (45° while propagating forward, another 45°
after being reflected), 180° (90° while propagating forward,
another 90° after being reflected), and 270° (135° while
propagating forward, another 135° after being reflected).
The reflective reactance modulator 48 can be configured
with any suitable number of bits of phase-shift resolution,
such as approximately between one and sixteen bits of
phase-shift resolution, to provide a number of possible
different phase shifts in an approximate range of two to two
hundred fifty six values.

[0147] The signal coupler 44 receives, on the coupled-
signal port 64, the phase-shifted intermediate receive signal
from the reflective reactance modulator 48, and couples the
phase-shifted intermediate receive signal to the transmission
medium 36 via the port 60 (and the port 50 if present), as
indicated by the leftmost arrowhead of the signal-path-
indicator curve 80.

[0148] The signal coupler 44 also receives, on the port 62,
a receive reference wave (if the antenna unit 32 is other than
the last antenna unit 32, in the row 30 of FIG. 1), and
couples the reference wave to the transmission medium 36
via the port 60 (and via the port 50 if present), as indicated
by the leftmost arrowheads of the signal-path-indicator lines
78 and 76.
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[0149] That is, the signal coupler 44 effectively combines
the phase-shifted intermediate receive signal from the
coupled-signal port 64 and the receive reference wave from
the port 62 by superimposing one of these signals onto the
other of these signals, and provides, via the port 60 (and the
port 50 if present), the combined signal to the transmission
medium 36 as a modified receive reference wave. Depend-
ing on the location of the antenna unit 32 within the row 30
(FIG. 1), the power of the receive reference wave from the
port 62 can be very different than the power of the phase-
shifted intermediate receive signal that the signal coupler
receives at the signal-coupled port 64. For example, the
power of the receive reference wave can be in an approxi-
mate range of one time to ten thousand times greater than the
power of the phase-shifted intermediate receive signal.
[0150] Based on the above description of the operation of
the antenna unit 32, it is evident that the signal coupler 44,
and the respective impedances at the ports 60, 64, and 66, are
configured as pseudo-circulator ports such that, ignoring
leakage, during a transmit mode, signal energy flows
between these ports only in one direction (rightward in FIG.
7), and such that during a receive mode, signal energy flows
between these ports only in the opposite direction (leftward
in FIG. 7).

[0151] Still referring to FIG. 7, alternate embodiments of
the signal coupler 44 are contemplated. For example, one or
more embodiments described above in conjunction with
FIGS. 1-6 and below in conjunction with FIGS. 8-21 may be
applicable to the antenna unit 32 of FIG. 7.

[0152] FIG. 8 is a cutaway side view of the signal coupler
44 taken along the lines B'-B' of FIG. 7, according to an
embodiment.

[0153] In addition to the signal ports 60 and 62, the
signal-coupled port 64, and the signal-isolated port 66, the
signal coupler 44 includes a portion 150 of a first waveguide
152, a second waveguide 154, and an iris 156.

[0154] The signal ports 60 and 62 are effectively disposed
in the portion 150 of the first waveguide 152, which can be
a continuous waveguide that forms the transmission medium
36 (FIG. 7), and which also forms the signal ports of other
signal couplers 44 in a same row 30 of antenna units 32
(FIG. 1). For example, the first waveguide 152 can be any
suitable waveguide, such as a rectangular waveguide, con-
figured to have, at the wavelength of a reference wave that
propagates along the first waveguide, a primary propagation
mode of TE,,,.

[0155] The signal-coupled port 64 and the signal-isolated
port 66 are effectively disposed at opposite ends of the
second waveguide 154. For example, the second waveguide
154 can be any suitable waveguide, such as a rectangular
waveguide, configured to have, at the wavelength of a
reference wave that propagates along the second waveguide,
a primary propagation mode of TE,,.

[0156] The iris 156 is an opening that is disposed in a
conductive boundary 158 disposed between, and shared by,
the first and second waveguides 152 and 154, and can have
any suitable dimensions. For example, the iris 156 can form,
or can form part of, a Bethe hole signal coupler.

[0157] Operation of the signal coupler 44 is described
according to an embodiment in which the signal coupler is
part of an antenna unit 32 other than the last antenna unit in
a row 30 (FIG. 1) of antenna units.

[0158] In operation during a transmit mode in which a
transmit reference wave propagates along the first wave-
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guide 152 from the signal port 60 to the signal port 62, the
iris 156 couples, to the second wave guide 154 as the
intermediate transmit signal, a portion of the transmit ref-
erence wave.

[0159] The intermediate transmit signal propagates from
the iris 156 to the signal-coupled port 64.

[0160] The intermediate transmit signal then propagates
from the signal-coupled port 64 into the reflective reactance
modulator 48 (FIG. 7), which shifts the phase of the inter-
mediate transmit signal by an amount corresponding to the
respective values of the one or more control signals on the
control nodes 72 (FIG. 7).

[0161] The phase-shifted transmit intermediate signal is
reflected, or otherwise redirected, back out of the reactance
modulator 48 (FIG. 7) to the signal-coupled port 64.
[0162] The phase-shifted transmit intermediate signal then
propagates from the signal-coupled port 64, to the signal-
isolated port 66, and to the antenna element 46 (FIG. 7),
which radiates a transmit signal in response to the phase-
shifted transmit intermediate signal. The transmit signal has
approximately the same phase, wavelength, and power as
the phase-shifted transmit intermediate signal.

[0163] In operation during a receive mode in which a
receive reference wave propagates along the first waveguide
152 from the signal port 62 to the signal port 64, the antenna
element 46 receives a receive signal from a remote location,
and, in response to the receive signal, generates, and couples
to the signal-isolated port 66, an intermediate receive signal.
[0164] The intermediate receive signal propagates along
the second waveguide 154 from the signal-isolated port 66
to the signal-coupled port 64, and propagates from the
signal-coupled port into the reflective reactance modulator
48 (FIG. 7).

[0165] The reflective reactance modulator 48 (FIG. 7)
shifts the phase of the receive intermediate receive signal by
an amount corresponding to the values of the one or more
control signals on the respective control lines 72 (FIG. 7),
and couples the phase-shifted receive intermediate receive
signal back to the signal-coupled port 64.

[0166] The phase-shifted receive intermediate signal
propagates along the second waveguide 154 from the signal-
coupled port 64 to the iris 156, which couples the phase-
shifted receive intermediate signal to the first waveguide
152.

[0167] The first waveguide 152 effectively combines the
phase-shifted receive intermediate signal from the iris 156
with the receive reference wave propagating along the first
waveguide from the signal port 62 to the signal port 60 to
generate a modified receive reference wave at the signal port
60.

[0168] Still referring to FIG. 8, alternate embodiments of
the signal coupler 44 are contemplated. For example, instead
of sharing the wider (top/bottom) conductive boundary 158,
the first and second waveguides 152 and 154 may share a
narrower (side) conductive boundary (not shown in FIG. 8)
such that the iris 156 forms, or forms part of, a Riblet-Saad
coupler. Furthermore, one or more embodiments described
above in conjunction with FIGS. 1-7 and below in conjunc-
tion with FIGS. 9-21 may be applicable to the signal coupler
44 of FIG. 8.

[0169] FIG. 9 is an isometric plan view of a first side 160
of a printed circuit board (PCB) 162 on which is formed a
signal coupler 44 and a reflective reactance modulator 48 of
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an antenna unit 32, according to an embodiment in which
components common to FIGS. 1-3 and 7-9 are labeled with
like reference numerals.

[0170] FIG. 10 is an isometric plan view of a second side
164 of the PCB 162 on which is formed an antenna element
46 of the same antenna unit 32 shown in FIG. 9, according
to an embodiment in which components common to FIGS.
1-3 and 7-10 are labeled with like reference numerals.

[0171] Referring to FIG. 9, in addition to the ports 60, 62,
64, and 66, the signal coupler 44 includes a pair of opposing
conductors 166 and 168 having opposing “teeth” 170.
[0172] Furthermore, in addition to conductive control
nodes 72,-72,, the reflective reactance modulator 48
includes a conductive signal path 172, reflective terminator
structures 174,-174,, (disposed in a conductive layer within
the PCB 162), and surface-mount active devices (e.g., PIN
diodes) 176,-176, coupled between the signal path 172 and
the control nodes, respectively, according to an embodiment.
[0173] And the antenna unit 32 further includes a through
via 180 coupled between the isolated-signal port 66 and the
antenna element 46 (FIG. 10).

[0174] Referring to FIG. 10, the port 74 of the antenna
element 46 is coupled to the through via 180.

[0175] Operation of the antenna unit 32 of FIGS. 9-10 can
be similar to the operation described above for the antenna
unit of FIG. 7.

[0176] Still referring to FIGS. 9-10, alternate embodi-
ments of the antenna unit 32 are contemplated. For example,
components disclosed as being disposed on a surface 160 or
164 of the PCB 162 can be disposed in an inner layer of the
PCB or on the other surface 164 or 160. Furthermore, one or
more embodiments described above in conjunction with
FIGS. 1-8 and below in conjunction with FIGS. 11-21 may
be applicable to the PCB-mounted antenna unit 32 of FIGS.
9-10.

[0177] FIG. 11 is a cutaway plan view of an inner layer
190 of a printed-circuit-board (PCB) assembly 192 on which
is formed a signal coupler 44, an antenna element 46, and a
reflective reactance modulator 48 of an antenna unit 32,
according to an embodiment in which components common
to FIGS. 1-3 and 7-11 are labeled with like reference
numerals, in which the antenna unit is part of a row of
antenna units extending in the x dimension, and in which the
antenna unit has a topology similar to the topology of the
antenna unit 32 of FIG. 7.

[0178] FIG. 12 is cutaway side view of the PCB assembly
192 taken along lines C'-C' of FIG. 11, according to an
embodiment in which components common to FIGS. 1-3
and 7-12 are labeled with like reference numerals.

[0179] Referring to FIG. 11, in addition to the ports 60, 62,
64, and 66, the signal coupler 44 includes an approximately
straight conductor 194 spaced apart from a U-shaped con-
ductor 196 with three approximately straight sides.

[0180] Furthermore, the antenna unit 32 includes a first
iris 198 configured to couple the signal-isolated port 66 to
the antenna element 46, and includes a second iris 200
configured to couple the signal-coupled port 64 to the
reactance modulator 48.

[0181] Moreover, the antenna unit 32 includes conductive
vias 202, which together form a pseudo Faraday cage along
sides of the antenna unit so as to electrically isolate the
antenna unit from antenna units in adjacent rows of antenna
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units (adjacent rows not shown in FIG. 13) at the frequency
or frequencies at which the antenna unit is configured to
operate.

[0182] Referring to FIG. 12, the PCB assembly 192 fur-
ther includes an upper dielectric layer 204, an upper con-
ductive shield 206, an inner dielectric layer 208, a lower
conductive shield 210, and a lower dielectric layer 212,
chambers 214 and 216, a coupling probe 218, and screws
220.

[0183] The upper dielectric layer 204 is disposed over the
upper conductive shield 206, and the lower dielectric layer
212 is disposed beneath the lower conductive shield 210.
The upper and lower dielectric layers 204 and 212 can each
be made from any suitable same or different dielectric
material.

[0184] The upper and lower conductive shields 206 and
210 form, with the conductor 194, the vias 202, and the inner
dielectric layer 208, a strip line that is configured to function
as a transmission medium over which a reference wave can
propagate along the row (not shown in FIGS. 11-12) of the
antenna units 32. Ideally, the only energy transfer between
the conductor 194 of the strip line and the antenna element
46 and the reflective phase shifter 48 is through the irises
198 and 200, respectively.

[0185] Each of the chambers 214 and 216 can be filled
with air or with any other suitable dielectric material.

[0186] The coupling probe 218 is configured to couple a
transmit intermediate signal from the signal-coupled node
64 of the signal coupler 44 (FIG. 13) to the iris 200 through
the chamber 216, and is configured to couple a receive
intermediate signal from the iris 200 and the chamber 216 to
the signal-coupled node 64. The coupling probe 218 can be
made from any suitable conductive material and can have
any suitable dimensions.

[0187] And the screws 220 (only two screws 220 shown in
FIG. 12) are each part of a respective row of screws that
extends in the x dimension along the length of the PCB
assembly 192 and that holds the upper and lower conductors
206 and 210, and the inner dielectric layer 208, together such
that the upper and lower conductors electrically contact each
the vias 202. Each of the screws 220 can be any suitable type
of screw and can be formed from any suitable material (e.g.,
metal, plastic, ceramic).

[0188] Referring to FIGS. 11-12, during manufacture of
the PCB assembly 192, openings for the vias 202, the probes
218 (only one probe shown in FIG. 12), and the screws 220
are formed in the intermediate dielectric layer 208, and then
all of the openings but for the screw openings are filled with
a conductive material, such as copper or another metal, to
form the vias 202 and the probes 218. The thickness of the
inner dielectric layer 208 and the dimensions of the vias 202
and the probe 218 can be selected based on, e.g., the
wavelengths at which the antenna unit 32 is to be configured
to operate, and on performance parameters with which the
antenna unit is to be configured to operate.

[0189] Next, the conductors 194 and 196 are formed in the
conductive layer 190 over the inner dielectric layer 208. The
thicknesses of the conductors 194 and 196, and the distance
by which these conductors are spaced apart from one
another in the y dimension, can be selected based on the
wavelength for which the antenna unit 32 is to be config-
ured, on the permittivities and permeabilities of the inter-
mediate dielectric layer 208 and the material partially or
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fully filling the chamber 214, and on other physical quan-
tities and other considerations.

[0190] Then, the shields 206 and 210 are secured over and
beneath, respectively, the inner dielectric layer 208 with the
screws 220.

[0191] Next, the upper and lower dielectric layers 204 and
212 are respectively bonded, or otherwise attached, to the
upper and lower conductive shields 206 and 210, respec-
tively. The bonding can be any suitable bonding process and
can use any suitable bonding agent or technique such as an
adhesive or welding.

[0192] Then, the antenna element 46 is formed from a
conductive layer over the upper dielectric layer 204, and one
or more conductive structures of the reflective reactance
modulator 48 are formed from a conductive layer over the
lower dielectric layer 212. The thicknesses, and other
dimensions, of the antenna element 46 and the conductive
reactance-modulator structures can be selected based on the
wavelength(s) at which the antenna unit 32 is to be config-
ured to operate, and on performance parameters with which
the antenna unit is to be configured to operate.

[0193] Operation of the antenna unit 32 of FIGS. 11-12
can be similar to the operation described above for the
antenna unit 32 of FIG. 7.

[0194] Still referring to FIGS. 11-12, alternate embodi-
ments of the PCB assembly 192 are contemplated. For
example, instead of securing the upper and lower conductive
shields 206 and 210 about the inner dielectric layer 208
before bonding the upper and lower dielectric layers 204 and
212 to the upper and lower shields, respectively, the dielec-
tric layers can be bonded to the shields before such securing,
and holes can be formed through the lower dielectric layer
212 to accommodate the screws 220 so that the upper and
lower conductive shields can be secured about the inner
dielectric layer after the bonding of the upper and lower
dielectric layers to the upper and lower shields. Furthermore,
one or more embodiments described above in conjunction
with FIGS. 1-10 and below in conjunction with FIGS. 13-21
may be applicable to the PCB assembly 192 of FIGS. 11-12.
[0195] FIG. 13 is cutaway side view of the PCB assembly
192 taken along lines C'-C' of FIG. 11, according to another
embodiment in which components common to FIGS. 1-3
and 7-13 are labeled with like reference numerals.

[0196] The PCB assembly 192 of FIG. 13 is similar to the
PCB assembly of FIG. 12 except that: 1) the conductors 194
and 196 of the signal coupler 44 are embedded inside of the
inner dielectric layer 208 instead of being disposed over a
surface of the inner dielectric layer, 2) conductive flanges
230 are disposed between the upper and lower shields 206
and 210, and 3) the vias 202 are replaced with conductive
bumps or extensions 232.

[0197] Embedding the conductors 194 and 196 in the inner
dielectric layer 208 can improve the signal-carrying char-
acteristics of the strip line formed by the conductor 194 and
the upper and lower shields 206 and 210 by approximately
equalizing the distances, and, therefore, the permittivity and
permeability distributions, between the conductor 194 and
the upper and lower shields. Furthermore, because the
conductor 196 is embedded, the antenna unit 32 includes a
second conductive coupling probe 236 configured to couple
the signal-isolated port 66 of the signal coupler 44 to the
antenna element 46 via the chamber 214, the iris 198, and
the upper dielectric layer 204. The second coupling probe
236 can be made from any suitable conductive material and
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can have any suitable dimensions. For example, the second
probe 236 can be made from the same material, and can have
the same dimensions, as the first probe 218.

[0198] The conductive flanges 230 can be configured to
provide electrical coupling between the upper and lower
shields 206 and 210 in the absence of the vias 202 (FIGS.
11-12).

[0199] And the conductive extensions 232 can form a
pseudo Faraday cage in the absence of the vias 202. The
extensions 232 can be formed to engage openings, herein-
after receptacles, 234, and can be configured to be shorter
than the receptacles so that manufacturing tolerances do not
cause a situation in which the upper shield 206 does not fully
seat against the inner dielectric 208 or one or more of the
flanges 230.

[0200] Referring to FIGS. 11 and 13, during manufacture
of the PCB assembly 192, the conductors 194 and 196 are
formed on a first dielectric layer, and then a second dielectric
layer is formed over the first dielectric layer to form the
inner dielectric layer 208 including the embedded conduc-
tors. The thicknesses of the conductors 194 and 196, and the
distance by which these conductors are spaced apart from
one another in the y dimension, can be selected based on the
wavelength(s) for which he antenna unit 32 is to be config-
ured, the permittivities and permeabilities of the intermedi-
ate dielectric layer 208 and of the materials partially or fully
filling the chambers 214 and 216, and on other physical
quantities and other considerations.

[0201] Next, the receptacles 234 for the extensions 232,
and openings for the first probes 218 (only one first probe
shown in FIG. 13) and the second probes 236 (only one
second probe shown in FIG. 13) are formed in the inner
dielectric layer 208, and the probe openings are filled with
a conductive material, such as copper or another metal, to
form the first and second probes. The thickness of the inner
dielectric layer 208 and the dimensions of the first and
second probes 218 and 236 can be selected based on the
wavelength(s) for which the antenna unit 32 is to be con-
figured, and on performance parameters of the antenna unit.

[0202] Then, the shields 206 and 210 are secured over and
beneath, respectively, the inner dielectric layer 208 and the
flanges 230 with the screws 220. Before installing the screws
220, an assembler (human or machine) may check that the
extensions 232 are properly seated within the respective
receptacles 234.

[0203] Next, the upper and lower dielectric layers 204 and
212 are respectively bonded, or otherwise attached, to the
upper and lower conductive shields 206 and 210, respec-
tively. The bonding can be any suitable bonding process and
can use any suitable bonding agent or technique such as an
adhesive or welding.

[0204] Then, the antenna element 46 is formed from a
conductive layer over the upper dielectric layer 204, and one
or more conductive structures of the reflective reactance
modulator 48 are formed from a conductive layer over the
lower dielectric layer 212. The thicknesses, and other
dimensions, of the antenna element 46 and the conductive
reactance-modulator structures can be selected based on the
wavelength(s) and performance parameters for which the
antenna unit 32 is to be configured.

[0205] Operation of the antenna unit 32 of FIGS. 11 and
13 can be similar to the operation described above for the
antenna unit 32 of FIG. 7.
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[0206] Still referring to FIGS. 11 and 13, alternate
embodiments of the PCB assembly 192 are contemplated.
For example, one or more embodiments described above in
conjunction with FIGS. 1-10 and 12, and below in conjunc-
tion with FIGS. 14-21, may be applicable to the PCB
assembly 192 of FIGS. 11 and 13.

[0207] FIG. 14 is a diagram of one of the antenna units 32
of FIG. 1, which antenna unit includes dual antenna ele-
ments 46, and 46, and dual reflective reactance modulators
48, and 48,, according to an embodiment in which compo-
nents common to FIGS. 1-3 and 7-14 are labeled with same
reference numbers. Including dual antenna elements 46 and
dual reactance modulators 48 can allow a reduction in the
area per antenna unit 32, and, therefore, can allow a reduc-
tion in the size, in the component density, or in both the area
and component density of the antenna 34 (FIG. 1).

[0208] The signal coupler 44 of FIG. 14 is similar to the
signal coupler 44 of FIG. 7 except that the signal coupler of
FIG. 14 has two signal-coupled ports 64, and 64, and two
signal-isolated ports 66, and 66,. That is, unlike the signal
coupler 44 of FIG. 7, which is a four-port signal coupler, the
signal coupler 44 of FIG. 14 is a six-port signal coupler.
[0209] The first antenna element 46, and the first reflective
reactance modulator 48, are similar to the antenna element
46 and the reflective reactance modulator 48, respectively, of
FIG. 7, and are coupled the first signal-isolated port 66, and
to the first signal-coupled port 64, respectively, of the signal
coupler 44 in a manner similar to the manner in which the
antenna element 46 and the reflective reactance modulator
48 of FIG. 7 are coupled to the signal-isolated port 66 and
to the signal-coupled port 64, respectively, of the signal
coupler 44 of FIG. 7.

[0210] Likewise, the second antenna element 46, and the
second reflective reactance modulator 48, are similar to the
antenna element 46 and the reflective reactance modulator
shifter 48, respectively, of FIG. 7, and are coupled to the
second signal-isolated port 66, and to the second signal-
coupled port 64,, respectively, of the signal coupler 44 in a
manner similar to the manner in which the antenna element
46 and the reactance modulator 48 of FIG. 7 are coupled to
the signal-isolated port 66 and to the signal-coupled port 64,
respectively, of the signal coupler 44 of FIG. 7.

[0211] In operation during a transmit mode, the signal
coupler 44 receives, on the signal port 60 (via the port 50 if
present), a transmit reference wave as indicated by the
rightmost arrowhead of the signal-path-indicator line 76,
couples a first portion of the transmit reference wave to the
port 62, couples a second portion of the transmit reference
wave, called the first transmit intermediate signal, to the first
signal-coupled port 64,, and couples a third portion of the
transmit reference wave, called the second transmit inter-
mediate signal, to the second signal-coupled port 64,. And
as indicated by the rightmost arrowhead of the signal-path-
indicator line 78, the signal coupler 44 couples the first
portion of the transmit reference wave from the port 62 to
the transmission medium 36 (via the port 52 if present).
Depending on the position of the antenna unit 32 in the row
30 (FIG. 1), the power of the first portion of the transmit
reference wave that the signal coupler 44 effectively returns
to the transmission medium 36 can be much different than
the powers of the first and second transmit intermediate
signals that the signal coupler couples to the first and second
signal-coupled ports 64, and 64, respectively. For example,
the power of the first portion of the transmit reference wave
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can be in an approximate range of one time to ten thousand
times greater than the respective power of each of the first
and second transmit intermediate signals.

[0212] The first reflective reactance modulator 48,
receives, on the port 140, the first transmit intermediate
signal from the first signal-coupled port 64, of the signal
coupler 44 as indicated by the upper arrowhead of a signal-
path-indicator curve 80,, and receives, on the one or more
first control nodes 72, a respective one or more first control
signals from a controller circuit (not shown in FIG. 14).
[0213] Similarly, the second reflective reactance modula-
tor 48, receives, on the port 140,, the second transmit
intermediate signal from the second signal-coupled port 64,
of'the signal coupler 44 as indicated by the lower arrowhead
of'a signal-path-indicator curve 80,, and receives, on the one
or more second control nodes 72,, a respective one or more
second control signals from a controller circuit (not shown
in FIG. 14).

[0214] In response to the one or more first control signals
on the first control nodes 72,, the first reflective reactance
modulator 48, shifts the phase of the first transmit interme-
diate signal by a first amount related to the values of the one
or more first control signals as the first intermediate signal
propagates from the port 140, to one or more reflective
termination locations (not shown in FIG. 14) of the phase
shifter, and shifts the phase of the first transmit intermediate
signal, which is already phase shifted by the first amount, by
a second amount related to the values of the one or more first
control signals as the first transmit intermediate signal is
reflected back from the one or more termination locations to
the port 140, . Because the first control signals have the same
values while the first transmit intermediate signal is forward
propagating and reverse (reflect) propagating, the first
amount of phase shift is approximately equal to the second
amount of phase shift such that at the port 140, the reflected
first transmit intermediate signal has a total phase shift
approximately equal to the sum of the first and second
amounts. For example, each of the first control signals can
represent a respective bit of phase-shift resolution between
0° and 360°. Further in example, if the number of first
control signals is two, then the first control signals can cause
the total relative phase shift that the first reactance modu-
lator 48, imparts to the first transmit intermediate signal to
be approximately one of the following four values: 0°, 90°
(45° while propagating forward, another 45° after being
reflected), 180° (90° while propagating forward, another 90°
after being reflected), and 270° (135° while propagating
forward, another 135° after being reflected). The first reflec-
tive reactance modulator 48, can be configured with any
suitable number of bits of phase-shift resolution, such as
approximately between two and sixteen bits of phase-shift
resolution, to provide a number of possible different phase
shifts in an approximate range of four to two hundred fifty
six values.

[0215] Likewise, in response to the one or more second
control signals on the second control nodes 72,, the second
reflective reactance modulator 48, shifts the phase of the
second transmit intermediate signal by a first amount related
to the values of the one or more second control signals as the
second transmit intermediate signal propagates from the port
140, to one or more reflective termination locations (not
shown in FIG. 14) of the second reactance modulator, and
shifts the phase of the second transmit intermediate signal,
which is already phase shifted by the first amount, by a
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second amount related to the values of the one or more
second control signals as the second transmit intermediate
signal is reflected back from the one or more termination
locations to the port 140,. Because the second control
signals have the same values while the second transmit
intermediate signal is forward propagating and reverse (re-
flect) propagating, the first amount of phase shift is approxi-
mately equal to the second amount of phase shift such that
at the port 140,, the reflected second transmit intermediate
signal has a total phase shift approximately equal to the sum
of the first and second amounts. For example, each of the
second control signals can represent a respective bit of
phase-shift resolution between 0° and 360°. Further in
example, if the number of second control signals is two, then
the second control signals can cause the total relative phase
shift that the second phase shifter 48, imparts to the second
intermediate signal to be approximately one of the following
four values: 0°, 90° (45° while propagating forward, another
45° after being reflected), 180° (90° while propagating
forward, another 90° after being reflected), and 270° (135°
while propagating forward, another 135° after being
reflected). The second reflective reactance modulator 48,
can be configured with any suitable number of bits of
phase-shift resolution, such as approximately between two
and sixteen bits of phase-shift resolution, to provide a
number of possible different phase shifts in an approximate
range of four to two hundred fifty six values. Although the
first and second reflective reactance modulators 48, and 48,
typically have the same number of bits of phase resolution,
the amount by which the first reactance modulator shifts the
phase of the first transmit intermediate signal can be differ-
ent than the amount by which the second reactance modu-
lator shifts the phase of the second transmit intermediate
signal.

[0216] The phase-shifted first transmit intermediate signal
then propagates from the port 140, of the first reflective
reactance modulator 48, to the first signal-coupled port 64,
of the signal coupler 44, propagates from the first signal-
coupled port to the first signal-isolated port 66,, and propa-
gates from the first signal-isolated port to the port 74, of the
first antenna element 46, as indicated by the rightmost
arrowhead of a signal-path-indicator curve 142,. The signal
coupler 44 is configured such that, ideally, all of the energy
of the phase-shifted first transmit intermediate signal propa-
gates from the first signal-coupled port 64, to the first
signal-isolated port 66,, and negligible or no energy from
the phase-shifted first transmit intermediate signal propa-
gates from the first signal-coupled port to either of the ports
60 and 62.

[0217] In response to the phase-shifted first transmit inter-
mediate signal at the node 74, the first antenna element 46,
radiates a first transmit signal having approximately the
same phase, approximately the same frequency, and
approximately the same power as the phase-shifted first
transmit intermediate signal.

[0218] And in response to the phase-shifted second trans-
mit intermediate signal at the node 74,, the second antenna
element 46, radiates a second transmit signal having
approximately the same phase, approximately the same
frequency, and approximately the same power as the phase-
shifted second transmit intermediate signal.

[0219] In operation during a receive mode, the first
antenna element 46, receives a first receive signal from a
remote source, and, in response to the first receive signal,
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generates, at the port 74,, a first receive intermediate signal
having approximately the same phase, approximately the
same frequency, and approximately the same power as the
first receive signal.

[0220] Likewise, the second antenna element 46, receives
a second receive signal from a remote source (may or may
not be the same remote source from which the first antenna
element 46, receives the first receive signal), and, in
response to the second receive signal, generates, at the port
74,, a second receive intermediate signal having approxi-
mately the same phase, approximately the same frequency,
and approximately the same power as the second receive
signal.

[0221] The signal coupler 44 receives, at the first signal-
isolated port 66, the first receive intermediate signal from
the first antenna element 46,, and couples, via the first
signal-coupled node 64, the first receive intermediate signal
to the port 140, of the first reflective reactance modulator
48, as indicated by the leftmost arrowhead of the signal-
path-indicator curve 142,.

[0222] Similarly, the signal coupler 44 receives, at the
second signal-isolated port 66,, the second receive interme-
diate signal from the second antenna element 46,, and
couples, via the second signal-coupled node 64,, the second
receive intermediate signal to the port 140, of the second
reflective reactance modulator 48, as indicated by the left-
most arrowhead of a signal-path-indicator curve 1422.
[0223] The first reflective reactance modulator 48,
receives, on the one or more first control nodes 72, a
respective one or more first control signals from a controller
circuit (not shown in FIG. 14).

[0224] Likewise, the second reflective reactance modula-
tor 48,, receives, on the one or more second control nodes
72,, a respective one or more second control signals from a
controller circuit (not shown in FIG. 14).

[0225] Still referring to FIG. 14, in response to the one or
more first control signals, the first reactance modulator 48,
shifts the phase of the first receive intermediate signal by an
amount related to the values of the one or more first control
signals, and provides the phase-shifted first receive inter-
mediate signal at the port 140,. As described above, the first
reflective reactance modulator 48, shifts the phase of the
first receive intermediate signal by a first amount related to
the values of the one or more first control signals as the first
receive intermediate signal propagates from the port 140, to
one or more reflective termination locations of the first
reflective reactance modulator, and further shifts the phase
of the first receive intermediate signal by a second amount
also related to the values of the one or more first control
signals as the first receive intermediate signal is reflected
back to the port 140,. For example, each of the first control
signals can represent a respective bit of phase-shift resolu-
tion between 0° and 360°. Further in example, if the number
of first control signals is two, then the first control signals
can cause the relative phase shift that the first reflective
reactance modulator 48, imparts to the first receive inter-
mediate signal to be approximately one of the following four
values: 0°, 90° (45° while propagating forward, another 45°
after being reflected), 180° (90° while propagating forward,
another 90° after being reflected), and 270° (135° while
propagating forward, another 135° after being reflected).
The first reflective reactance modulator 48, can be config-
ured with any suitable number of bits of phase-shift reso-
Iution, such as approximately between two and sixteen bits
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of phase-shift resolution, to provide a number of possible
different phase shifts in an approximate range of four to two
hundred fifty six values.

[0226] Similarly, in response to the one or more second
control signals, the second reactance modulator 48, shifts
the phase of the second receive intermediate signal by an
amount related to the values of the one or more second
control signals, and provides the phase-shifted second
receive intermediate signal at the port 140,. As described
above, the second reflective reactance modulator 48, shifts
the phase of the second receive intermediate signal by a first
amount related to the values of the one or more second
control signals as the second receive intermediate signal
propagates from the port 140, to one or more reflective
termination locations of the second reflective reactance
modulator, and further shifts the phase of the second receive
intermediate signal by a second amount also related to the
values of the one or more second control signals as the
second receive intermediate signal is reflected back to the
port 140,. For example, each of the second control signals
can represent a respective bit of phase-shift resolution
between 0° and 360°. Further in example, if the number of
second control signals is two, then the second control signals
can cause the relative phase shift that the second reflective
reactance modulator 48, imparts to the second receive inter-
mediate signal to be approximately one of the following four
values: 0°, 90° (45° while propagating forward, another 45°
after being reflected), 180° (90° while propagating forward,
another 90° after being reflected), and 270° (135° while
propagating forward, another 135° after being reflected).
The second reflective reactance modulator 48, can be con-
figured with any suitable number of bits of phase-shift
resolution, such as approximately between two and sixteen
bits of phase-shift resolution, to provide a number of pos-
sible different phase shifts in an approximate range of four
to two hundred fifty six values. And although the first and
second reflective reactance modulators 48, and 48, typically
have the same number of bits of phase resolution, the
amount by which the first reactance modulator shifts the
phase of the first receive intermediate signal can be different
than the amount by which the second reactance modulator
shifts the phase of the second receive intermediate signal.

[0227] The signal coupler 44 receives, on the first signal-
coupled port 64,, the phase-shifted first receive intermediate
signal from the first reflective reactance modulator 48, and
couples the phase-shifted first receive intermediate signal to
the transmission medium 36 via the port 60 (and the port 50
if present), as indicated by the lower arrowhead of the
signal-path-indicator curve 80,.

[0228] Likewise, the signal coupler 44 receives, on the
second signal-coupled port 64,, the phase-shifted second
intermediate receive signal from the second reflective reac-
tance modulator 48,, and couples the phase-shifted second
receive intermediate signal to the transmission medium 36
via the port 60 (and the port 50 if present), as indicated by
the upper arrowhead of the signal-path-indicator curve 80,.

[0229] The signal coupler 44 also receives, on the port 62,
a receive reference wave (if the antenna unit 32 is other than
the last antenna unit 32, in the row 30 of FIG. 1), and
couples the receive reference wave to the transmission
medium 36 via the port 60 (and via the port 50 if present),
as indicated by the leftmost arrowheads of the signal-path-
indicator lines 78 and 76.
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[0230] That is, the signal coupler 44 effectively combines
the phase-shifted first and second receive intermediate sig-
nals from the first and second signal-coupled ports 64, and
64, with the receive reference wave from the port 62 by
superimposing these signals onto one another, and provides,
via the port 60 (and the port 50 if present), the combined
signal to the transmission medium 36 as a modified receive
reference wave. Depending on the location of the antenna
unit 32 within the row 30 (FIG. 1), the power of the received
reference wave at the port 62 can be very different than the
respective power of each of the phase-shifted first and
second receive intermediate signals that the signal coupler
44 respectively receives at the signal-coupled ports 64, and
64,. For example, the power of the receive reference wave
can be in an approximate range of one time to ten thousand
times greater than the power of one, or the powers of both,
of the phase-shifted first and second receive intermediate
signals.

[0231] Based on the above description of the operation of
the antenna unit 32, it is evident that the signal coupler 44
is configured as a pseudo circulator, and the ports 60, 64,
64,, 66, and 66, are configured as pseudo-circulator ports,
such that, ignoring leakage, during a transmit mode, signal
energy flows between these ports only in one direction
(clockwise in FIG. 14), and such that during a receive mode,
signal energy flows between these ports only in the opposite
direction (counterclockwise in FIG. 14).

[0232] Still referring to FIG. 14, alternate embodiments of
the signal antenna unit 32 are contemplated. For example,
one or more embodiments described above in conjunction
with FIGS. 1-3 and 7-13 and below in conjunction with
FIGS. 15-21 may be applicable to the antenna unit 32 of
FIG. 14.

[0233] FIG. 15 is a diagram of the antenna unit 32 of FIG.
14, according to an embodiment in which the antenna unit
has a folded layout and components common to FIGS. 1-3
and 7-15 are labeled with same reference numbers. Folding
the antenna elements 46 and reactance modulators 48 can
allow a reduction in the area per antenna unit 32, and,
therefore, can allow a reduction in the size, in the component
density, or in both the size and component density, of an
antenna 34 (FIG. 1) that incorporates one of more of the
antenna units of FIG. 15.

[0234] The first antenna element 46, is part of a first row
301 of antenna elements, and the second antenna element
46, is part of a second row 302 of antenna elements. And the
first reactance modulator 48, can be considered to be part of
the first row 301 of antenna elements, and the second
reactance modulator 48, can be considered to be part of the
second row 302 of antenna elements.

[0235] The first antenna element 46, is offset from the
second antenna element 46, by a distance d, in the x
dimension, which is the dimension along which the rows
301 and 302 lie. For example, a location (e.g., an edge) of
the first antenna element 46, is offset by d, from a corre-
sponding same location (e.g., a same edge) of the second
antenna element 46,.

[0236] Similarly, the first reflective reactance modulator
48, is offset from the second reflective reactance modulator
48, by approximately the distance d, in the x dimension.
[0237] Offsetting the antenna elements 46 in one row 30
relative to the antenna elements and reactance modulators in
adjacent rows can reduce the y-dimension width of an
antenna that includes the antenna units 32. Because the
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antenna elements 46 in one row 30 can “slide between” the
antenna elements in an adjacent row, the antenna elements
can overlap, at least partially, in the y dimension. If the
antenna elements 46 in one row 30 are not offset from the
antenna elements in an adjacent row, then no overlapping is
allowed, and a minimum separation in the y dimension is
maintained between adjacent antenna elements in adjacent
rOws.

[0238] Offsetting the reactance modulators 48 in one row
30 relative to the reactance modulators in adjacent rows also
can reduce the y-dimension width of an antenna that
includes the antenna units 32 for similar reasons.

[0239] Still referring to FIG. 15, alternate embodiments of
the dual-antenna-element antenna unit 32 are contemplated.
For example, the antenna unit 32 can have a structure similar
to any one of the structures described above in conjunction
with FIGS. 11-13 modified for a folded layout. In addition,
one or more embodiments described above in conjunction
with FIGS. 1-3 and 7-14 and below in conjunction with
FIGS. 16-21 may be applicable to the antenna unit 32 of
FIG. 15.

[0240] FIG. 16 is a cutaway side view of the signal coupler
44 taken along lines D'-D' of FIG. 15, according to an
embodiment in which components common to FIGS. 1-3
and 7-16 are labeled with same reference numbers.

[0241] In addition to the signal ports 60 and 62, the first
and second signal-coupled ports 64, and 64,, and the first
and second signal-isolated ports 66, and 66,, the signal
coupler 44 includes a portion 240 of a first waveguide 242,
a second waveguide 244, a third waveguide 246, a first iris
248, and a second iris 250.

[0242] The signal ports 60 and 62 are effectively disposed
in the portion 240 of the first waveguide 242, which can be
a continuous waveguide that also forms the transmission
medium 36 (e.g., FIG. 14), and, therefore, the signal ports 60
and 62 of other signal couplers 44 in a row 30 of antenna
units 32 (FIG. 1). For example, the first waveguide 242 can
be any suitable waveguide such as a rectangular waveguide
configured to have, at the wavelength of a reference wave
that propagates along the first waveguide, a primary propa-
gation mode of TE,,.

[0243] The first signal-coupled port 64, and the first sig-
nal-isolated port 66, are effectively disposed at opposite
ends of the second waveguide 244. For example, the second
waveguide 244 can be any suitable waveguide, such as a
rectangular waveguide, configured to have, at the wave-
length of a reference wave that propagates along the second
waveguide, a primary propagation mode of TE, .

[0244] Likewise, the second signal-coupled port 64, and
the second signal-isolated port 66, are effectively disposed
at opposite ends of the third waveguide 246. For example,
the third waveguide 246 can be any suitable waveguide,
such as a rectangular waveguide, configured to have, at the
wavelength of a reference wave that propagates along the
third waveguide, a primary propagation mode of TE,,.
[0245] The iris 248 is an opening that is disposed in a
conductive boundary 252 disposed between, and shared by,
the first and second waveguides 242 and 244, and can have
any suitable dimensions. For example, the iris 248 can form,
or can form part of, a Bethe hole signal coupler.

[0246] Similarly, the iris 250 is an opening that is disposed
in a conductive boundary 254 disposed between, and shared
by, the first and third waveguides 242 and 246, and can have
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any suitable dimensions. For example, the iris 250 can form,
or can form part of, a Bethe hole signal coupler.

[0247] Operation of the signal coupler 44 is described
according to an embodiment in which the signal coupler is
part of an antenna unit 32 other than the last antenna unit in
a row 30 (FIG. 1) of antenna units.

[0248] In operation during a transmit mode in which a
transmit reference wave propagates along the first wave-
guide 242 from the signal port 60 to the signal port 62, the
iris 248 couples, to the second wave guide 244 as the first
transmit intermediate signal, a first portion of the transmit
reference wave.

[0249] Likewise, the iris 250 couples, to the third wave-
guide 246 as the second transmit intermediate signal, a
second portion of the transmit reference wave.

[0250] The first transmit intermediate signal propagates
from the iris 248 to the signal-coupled port 64,.

[0251] Similarly, the second transmit intermediate signal
propagates from the iris 250 to the signal-coupled port 64,.
[0252] The first transmit intermediate signal then propa-
gates from the signal-coupled port 64, into the reflective
reactance modulator 48,, which shifts the phase of the first
transmit intermediate signal by an amount corresponding to
the respective values of the one or more first control signals
on the first control nodes 72, (e.g., FIG. 7).

[0253] Likewise, the second transmit intermediate signal
then propagates from the signal-coupled port 64, into the
reflective reactance modulator 48,, which shifts the phase of
the second transmit intermediate signal by an amount cor-
responding to the respective values of the one or more
second control signals on the second control nodes 72, (not
shown in FIG. 16).

[0254] The phase-shifted first transmit intermediate signal
is reflected back out of the reactance modulator 48, to the
signal-coupled port 64,.

[0255] Likewise, the phase-shifted second transmit inter-
mediate signal is reflected back out of the reactance modu-
lator 48, to the signal-coupled port 64,.

[0256] The phase-shifted first transmit intermediate signal
then propagates from the first signal-coupled port 64, to the
first signal-isolated port 66, and to the first antenna element
46,, which radiates a first transmit signal in response to the
phase-shifted first transmit intermediate signal.

[0257] Likewise, the phase-shifted second transmit inter-
mediate signal then propagates from the second signal-
coupled port 64,, to the second signal-isolated port 66,, and
to the second antenna element 46,, which radiates a second
transmit signal in response to the phase-shifted second
transmit intermediate signal.

[0258] In operation during a receive mode in which a
receive reference wave propagates along the first waveguide
242 from the signal port 62 to the signal port 60, the antenna
element 46, receives a first receive signal from a remote
location, and, in response to the first receive signal, gener-
ates, and couples to the first signal-isolated port 66,, a first
receive intermediate signal.

[0259] Similarly, the second antenna element 46, receives
a second receive signal from a remote location (for example,
from the same remote location from which the first antenna
element 46, receives the first receive signal), and, in
response to the second receive signal, generates, and couples
to the second signal-isolated port 66,, a second receive
intermediate signal.
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[0260] The first receive intermediate signal propagates
along the second waveguide 244 from the first signal-
isolated port 66, to the first signal-coupled port 64,, and
propagates from the first signal-coupled port into the first
reflective reactance modulator 48, .

[0261] Likewise, the second receive intermediate signal
propagates along the third waveguide 246 from the second
signal-isolated port 66, to the second signal-coupled port
64,, and propagates from the second signal-coupled port
into the second reflective reactance modulator 48,.

[0262] The first reflective reactance modulator 48, shifts
the phase of the first receive intermediate signal by an
amount corresponding to the values of the one or more first
control signals on the respective control lines 72, (e.g., FIG.
7), and couples the phase-shifted first receive intermediate
signal back to the first signal-coupled port 64,.

[0263] Similarly, the second reflective reactance modula-
tor 48, shifts the phase of the second receive intermediate
signal by an amount corresponding to the values of the one
or more second control signals on the respective control
lines 72, (e.g., FIG. 7), and couples the phase-shifted second
receive intermediate signal back to the second signal-
coupled port 64,.

[0264] The phase-shifted first receive intermediate signal
propagates along the second waveguide 244 from the first
signal-coupled port 64, to the first iris 248, which couples
the phase-shifted first receive intermediate signal to the first
waveguide 242.

[0265] Likewise, the phase-shifted second receive inter-
mediate signal propagates along the third waveguide 246
from the second signal-coupled port 64, to the second iris
250, which couples the phase-shifted second receive inter-
mediate signal to the first waveguide 242.

[0266] The first waveguide 242 effectively combines the
phase-shifted first and second receive intermediate signals
from the irises 248 and 250 with the receive reference wave
propagating along the first waveguide from the signal port
62 to the signal port 60 to generate a modified receive
reference wave at the signal port 60.

[0267] Still referring to FIG. 16, alternate embodiments of
the signal coupler 44 are contemplated. For example, instead
of sharing the wider (top/bottom) conductive boundaries 252
and 254, the first, second, and third waveguides 242, 244,
and 246 can be arranged side by side, and can share narrower
(side) conductive boundaries (not shown in FIGS. 15-16)
such that the irises 248 and 250 each can form, or each can
form part of, a respective Riblet-Saad coupler. Furthermore,
one or more embodiments described above in conjunction
with FIGS. 1-3 and 7-15 and below in conjunction with
FIGS. 17-21 may be applicable to the signal coupler 44 of
FIG. 16.

[0268] FIG. 17 is a diagram of one of the reflective
reactance modulator 48 of FIGS. 7, 9, and 14-15, according
to an embodiment in which like numbers reference compo-
nents common to FIGS. 4-6 and 17.

[0269] In addition to the port 140 and the control nodes
72,-72,, the reflective reactance modulator 48 includes a
transmission medium 90, one or more active devices 92, -
92, and one or more impedance networks 260,-260,, which
are each coupled between a respective one of the active
devices 92,-92, and a respective connection node 262,-262,,
of an RF ground conductor 264, which also may be called
a ground plane, a reflector plane, or a reflective plane.
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[0270] The transmission medium 90 is coupled between
the port 140 and a port 96, of the active device 92, farthest
from the port 140, and can be any type of transmission
medium that is suitable for an application in which an
antenna that includes the reflective reactance modulator 48
is configured to be used. For example, the transmission
medium 90 can be the same as, or similar to, the transmis-
sion medium 36 (e.g., FIG. 7). Further in example, the
transmission medium 90 can be a strip line, a microstrip line,
a CPW, a GBCPW, or a tubular waveguide having a cross
section that is rectangular or another suitable shape.
[0271] The one or more active devices 92 each have a
respective first port 96 coupled to the transmission medium
90 in any suitable manner and a respective second port 98
coupled to a respective one of the control nodes 72, and are
each configured to have a respective complex impedance
that can be altered in response to a respective one of the one
or more control signals on the respective one of the control
nodes. For example, each device 92 can be any suitable type
of adjustable-impedance device (see, e.g., FIGS. 18-19).
Further in example, by applying to an active device 92 a
binary control signal on a respective control line 72, a
controller circuit (not shown in FIG. 17) can cause the
impedance of the active device to have one of two values
depending on whether the control signal represents logic 0
or a logic 1, and, therefore, can cause the active device to
contribute one bit of phase shift to a signal propagating into
and out from the port 140.

[0272] Still referring to FIG. 17, the port 96, of an active
device 92, closest to the port 140 is spaced from the port 140
by a distance ds, and the ports 96,-96, of adjacent ones of
the active devices 92,-92, are spaced apart by approximately
a distance d, which may be approximately the same as, or
different than, the distance d,. Because the phase shift
imparted to a signal by the reflective reactance modulator 48
depends on the distances ds and dg, a designer can set these
distances such that the phase shifter imparts a respective
predictable phase shift to a signal propagating along the
transmission medium 90 for each possible logic-1-logic-0
pattern of the control signals on the control nodes 72.
[0273] Each impedance network 260 has a respective node
266, which is coupled to a node 102 of a respective one of
the active devices 92, and which is configured to couple the
respective active device to the RF ground conductor node
262 such that, ideally, all of the power of a signal that
propagates from the transmission medium 90, through the
active device 92 and the impedance network 260, to the node
262 is reflected, or otherwise redirected, by the RF ground
conductor 264, back through the impedance network, the
active device, and the transmission medium 90 to the port
140.

[0274] Still referring to FIG. 17, operation of the reflective
reactance modulator 48 is described according to an embodi-
ment in which an intermediate signal (either a transmit
intermediate signal or a receive intermediate signal) propa-
gates into, and then back out from, the reflective reactance
modulator via the port 140.

[0275] A controller circuit (not shown in FIG. 17) gener-
ates, on the control nodes 72, control signals having respec-
tive values that correspond to a total phase shift that the
controller circuit controls the reflective reactance modulator
48 to impart to the intermediate signal.

[0276] Next, the intermediate signal experiences a first
phase shift as it propagates the distance d5 from the port 140
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to the location of the transmission medium 90 that is coupled
to the port 96, of the active device 92,. The amount of the
first phase shift is related to the distance ds and to the
wavelength A, of the intermediate signal in the transmission
medium 90; the greater the distance ds and the shorter A,,,,
the greater the first phase shift and vice-versa (assuming that
ds<n-A,,, where n is an integer).

[0277] Then, at the location of the transmission medium
90 that is coupled to the port 96, of the active device 92, the
intermediate signal experiences a second phase shift due to
the impedance of the active device 92,, which impedance
corresponds to the value of the control signal on the control
node 72,. In more detail, a portion, or component, of the
intermediate signal propagates through the active device 92,
(the remaining component of the intermediate signal con-
tinues forward propagating along the transmission medium
90 toward the final active device 92,) and experiences a
phase shift that corresponds to the value of the control signal
on the node 72,. Next, the component of the intermediate
signal propagates through the impedance network 260,. The
component of the intermediate signal may or may not
experience a phase shift as it propagates through the imped-
ance network 260,, but it is assumed for purposes of this
example that the component of the intermediate signal
experiences no phase shift as it propagates through the
impedance network. Then, the component of the intermedi-
ate signal propagates to the ground-conductor node 262,
and the ground conductor 264 reflects, or otherwise redi-
rects, the component of the intermediate signal back through
the impedance network 260, and the active device 92,. As it
propagates back through the active device 92, the reflected
component of the intermediate signal experiences an addi-
tional phase shift that corresponds to the value of the control
signal on the node 72,. That is, the reflected, component of
the intermediate signal experiences approximately the same
phase shift as it reverse propagates through the active device
92, from the port 102, to the port 96, that the same
component of the intermediate signal previously experi-
enced as it forward propagated through the active device
from the port 96, to the port 102,.

[0278] Next, assuming for purposes of this example that
the distance between the port 96, and the transmission
medium 90 is negligible or zero, the reflected component of
the intermediate signal at the node 96, is superimposed on
the reflected intermediate signal reverse propagating along
the transmission medium 90 toward the port 140 to form the
reflected intermediate signal. The reflected intermediate
signal experiences yet another phase shift as it propagates
the distance d5 from the location of the transmission medium
that is coupled to the port 96, to the port 140.

[0279] Other components of the intermediate signal each
respectively forward propagate through a respective pair of
an active device 92 and an impedance network 260, are each
reflected by the ground conductor 264, and each reverse
propagate back through the respective pair of the active
device and the impedance network, in a manner similar to
that described above for the pair of the active device 92, and
the impedance network 260, .

[0280] And the combination of these reflected components
that reverse propagate from the respective active devices 92
to the port 140 forms the reflected intermediate signal in the
transmission medium 90.

[0281] Therefore, the intermediate signal experiences a
total phase shift having phase-shift components imparted by
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the active devices 92, and by the distances d5 and d, as the
components of the intermediate signal forward propagate
from the node 140, through the transmission medium 90,
and through the active devices, and as the components of the
intermediate signal reverse propagate back through the
active devices, back along the transmission medium, to the
node 140. In the above-described example, the intermediate
signal experiences, ideally, the same phase shift as it forward
propagates from the port 140 through the reactance modu-
lator 48 and as it does as it reverse propagates back through
the reactance modulator to the port 140.

[0282] Consequently, at the port 140, the intermediate
signal has a total phase shift equal to the sum of all the phase
shifts that components of the intermediate signal respec-
tively experienced as these signal components forward
propagated and reverse propagated through the reflective
reactance modulator 48.

[0283] Still referring to FIG. 17, alternate embodiments of
the reflective reactance modulator 48 are contemplated. For
example, there may be a respective finite distance between
the port 96 of each active device 92 and the transmission
medium 90, and the respective component of the interme-
diate signal may experience respective phase shifts as it
forward and reverse propagates along this respective finite
distance. Furthermore, one or more of the impedance net-
works 260 can be omitted such that the node 102 of the
corresponding active device 92 is coupled to the node 262 of
the ground conductor 264. Moreover, one or more embodi-
ments described above in conjunction with FIGS. 1-16 and
below in conjunction with FIGS. 18-21 may be applicable to
the reflective reactance modulator 48 of FIG. 17.

[0284] FIG. 18 is a diagram of the reflective reactance
modulator 48 of FIG. 17, according to an embodiment in
which each of the active devices 92 includes a respective
two-terminal impedance device (e.g., a PIN diode) 110, and
where like numerals reference components common to
FIGS. 4-6 and 17-18.

[0285] A controller circuit (not shown in FIG. 18) is
configured to cause each two-terminal impedance device
110 to present an inductive impedance to the intermediate
signal propagating along the transmission medium 90 by
generating, on the respective control line 72, a control
voltage that renders the impedance device inductive. For
example, the controller circuit can be configured to generate,
on a cathode 112 of a PIN diode, a negative DC voltage (e.g.,
-3.0 V) to forward bias the diode.

[0286] The respective inductive impedance causes each
two-terminal impedance device 110 to shift the phase of a
respective component of the intermediate signal propagating
along the transmission medium 90 by a corresponding first
amount as the component forward propagates through the
impedance device, and again by approximately the first
amount as the reflected component reverse propagates
through the impedance device.

[0287] Similarly, the controller circuit (not shown in FIG.
18) is configured to cause each two-terminal impedance
device 110 to present a capacitive impedance to the inter-
mediate signal propagating along the transmission medium
90 by generating, on the respective control line 72, a control
voltage that renders the impedance device capacitive. For
example, the controller circuit can be configured to generate,
on a cathode 112 of a PIN diode, a positive DC voltage (e.g.,
+3.0 V) to forward bias the diode.
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[0288] The respective capacitive impedance causes each
two-terminal impedance device 110 to shift the phase of a
respective component of the intermediate signal propagating
along the transmission medium 90 by a corresponding
second amount as the component forward propagates
through the impedance device, and again by approximately
the second amount as the component reverse propagates
through the impedance device.

[0289] The second amount of phase shift may be different
than the first amount of phase shift that a two-terminal
impedance device 110 imparts to the signal component
while the impedance device is inductive. For example, the
first amount of phase shift may have approximately the same
magnitude, but an opposite polarity, as compared to the
second amount of phase shift. Or the first amount of phase
shift may have a different magnitude and a same or different
polarity as the second amount of phase shift.

[0290] Furthermore, each impedance network 260 can be,
or can include, a suitable and respective RF bypass circuit,
or a suitable and respective RF bypass structure (neither
bypass circuit nor bypass structure shown in FIG. 18),
coupled to one or both of the cathode 112 and an anode 114
of each diode 110 so that the DC control voltage does not
affect, adversely, the RF operation of the reflective reactance
modulator 48, and so that the RF signals do not affect,
adversely, the DC operation of the reflective reactance
modulator. Said another way, the RF bypass circuits or RF
bypass structures effectively isolate the DC-control-voltage-
generating circuitry from the RF signals, and effectively
isolate the RF circuitry from the DC signals.

[0291] The operation of the reflective reactance modulator
48 of FIG. 18 is similar to the operation of the reflective
reactance modulator 48 of FIG. 17 in an embodiment.
[0292] Still referring to FIG. 18, alternate embodiments of
the reflective reactance modulator 48 are contemplated. For
example, each of one or more of the active devices 92 may
include a respective varactor as two-terminal impedance
device 110. Furthermore, although the control lines 72 are
described as being coupled to the terminals 112 of the
impedance devices 110, each of one or more of the control
lines can be coupled to a terminal 114 of a respective
impedance device. Moreover, although each control signal is
described as a control voltage having two values, each
control voltage can have more than two values. In addition,
one or more embodiments described above in conjunction
with FIGS. 1-17 and below in conjunction with FIGS. 19-21
may be applicable to the reflective reactance modulator 48
of FIG. 18.

[0293] FIG. 19 is a diagram of the reflective reactance
modulator 48 of FIG. 17, according to an embodiment in
which each of the active devices 92 includes a respective
capacitor 120 including a capacitive junction over a tunable
two-dimensional material layer, and where like numerals
reference components common to FIGS. 4-6 and 17-19.
[0294] Each capacitor 120 includes conductive electrodes
122 and 124, and a material 126 (e.g., a ferroelectric material
such as PbTiO;, BaTiO;, PbZrO;, BST, BTO), which is in
contact with both of the electrodes and which spans a gap
128 between the electrodes. The permittivity of the material
126 is tunable in response to a control voltage applied to, or
across, the material via a respective control node 72. By
changing a value of a control voltage on the control node 72,
a controller circuit (not shown in FIG. 19) is configured to
change the permittivity of the material 126, and, therefore,
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to change the dielectric constant and the capacitance of the
capacitor 120. And changing the capacitance of the capacitor
120 changes the amount of the phase shift that the capacitor
imparts to an intermediate signal propagating along the
transmission medium 90. That is, for each value of the
control voltage on the control node 72, the capacitor 120
imparts a respective phase shift to an intermediate signal
propagating along the transmission medium 90. In more
detail, the capacitor 120 shifts the phase of a respective
component of the intermediate signal by an amount as the
component forward propagates through the capacitor, and
shifts the phase of the respective component again by
approximately the amount as the component reverse propa-
gates through the capacitor. The sum of all the reflected
signal components on the transmission medium 90 effec-
tively impart to the intermediate signal a total phase shift as
the intermediate signal propagates out of the reflective
reactance modulator 48 at the node 140.

[0295] Furthermore, each impedance network 260 can be,
or can include, a suitable and respective RF bypass circuit,
or a suitable and respective RF bypass structure (neither
bypass circuit nor bypass structure shown in FIG. 19),
coupled to the material 126 so that so that the RF signals do
not affect, adversely, the DC operation of the reflective phase
shifter. Said another way, the RF bypass circuits or RF
bypass structures effectively isolate the DC-control-voltage-
generating circuitry from the RF signals.

[0296] The operation of the reflective reactance modulator
48 of FIG. 19 is similar to the operation of the reflective
reactance modulator 48 of FIG. 17 in an embodiment.
[0297] Still referring to FIG. 19, alternate embodiments of
the reflective reactance modulator 48 are contemplated. For
example, each of one or more of the capacitors 120 can have
a structure that differs from the described structure. Further
in example, one or both of the electrodes 122 and 124 may
not contact the material 126. Furthermore, one or more
embodiments described above in conjunction with FIGS.
1-18 and below in conjunction with FIGS. 20-21 may be
applicable to the reflective reactance modulator 48 of FIG.
19.

[0298] FIG. 20 is a block diagram of a radar subsystem
280, which includes an antenna group 282 having one or
more of antennas, such as the antenna 34 of FIG. 1, the one
or more antennas including one or more of the antenna units
32 described above in conjunction with FIGS. 1-3, 7, and
9-15, according to an embodiment.

[0299] In addition to the antenna group 282, the radar
subsystem 280 includes a transceiver 284, a beam-steering
controller 286, and a master controller 288.

[0300] The transceiver 284 includes a voltage-controlled
oscillator (VCO) 290, a preamplifier (PA) 292, a duplexer
294, a low-noise amplifier (LNA) 296, a mixer 298, and an
analog-to-digital converter (ADC) 300. The VCO 290 is
configured to generate a reference signal having a frequency
fo=c/Ay, which is the frequency for which at least one of the
antennas of the antenna group 282 is designed. The PA 292
is configured to amplify the VCO signal, and the duplexer
294 is configured to couple the reference signal to the
antennas of the antenna group 282, via one or more signal
feeders (not shown in FIG. 20), as transmit versions of
respective reference waves. One or both of the duplexer 294
and antenna group 292 can include one or more of the signal
feeders. The duplexer 294 is also configured to receive
versions of respective reference waves from the antennas of
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the antenna group 282, and to provide these receive versions
of the respective reference waves to the LNA 296, which is
configured to amplify these received signals. The mixer 298
is configured to shift the frequencies of the amplified
received signals down to a base band, and the ADC 300 is
configured to convert the down-shifted analog signals to
digital signals for processing by the master controller 288.
[0301] The beam-steering controller 286 is configured to
steer the beams (both transmit and receive beams) generated
by the one or more antennas of the antenna group 282 by
generating the control signals to the control ports of the
antenna units as a function of time and main-beam position.
By appropriately generating the control signals, the beam-
steering controller 286 is configured to selectively activate,
deactivate, and generate a phase shift for, the antenna
elements of the antenna units according to selected spatial
and temporal patterns.

[0302] The master controller 288 is configured to control
the transceiver 284 and the beam-steering controller 286,
and to analyze the digital signals from the ADC 300. For
example, assuming that the one or more antennas of the
antenna group 282 are designed to operate at frequencies in
a range centered about f,, the master controller 288 is
configured to adjust the frequency of the signal generated by
the VCO 290 for, e.g., environmental conditions such as
weather, the average number of objects in the range of the
one or more antennas of the antenna assembly, and the
average distance of the objects from the one or more
antennas, and to conform the signal to spectrum regulations.
Furthermore, the master controller 288 is configured to
analyze the signals from the ADC 300 to, e.g., identify a
detected object, and to determine what action, if any, that a
system including, or coupled to, the radar subsystem 280
should take. For example, if the system is a self-driving
vehicle or a self-directed drone, then the master controller
288 is configured to determine what action (e.g., braking,
swerving), if any, the vehicle should take in response to the
detected object.

[0303] Operation of the radar subsystem 280 is described
below, according to an embodiment. Any of the system
components, such as the master controller 288, can store in
a memory, and execute, software/program instructions to
perform the below-described actions. Alternatively, any of
the system components, such as the system controller 288,
can store, in a memory, firmware that when loaded config-
ures one or more of the system components to perform the
below-described actions. Or any of the system components,
such as the system controller 288, can be hardwired to
perform the below-described actions.

[0304] The master controller 288 generates a control volt-
age that causes the VCO 290 to generate a reference signal
at a frequency within a frequency range centered about f,,.
For example, f, can be in the range of approximately 5
Gigahertz (GHz)-110 GHz.

[0305] The VCO 290 generates the signal, and the PA 292
amplifies the signal and provides the amplified signal to the
duplexer 294.

[0306] The duplexer 294 can further amplify the signal,
and couples the amplified signal to the one or more antennas
of the antenna group 282 as a respective transmit version of
a reference wave.

[0307] While the duplexer 294 is coupling the signal to the
one or more antennas of the antenna group 282, the beam-
steering controller 286, in response to the master controller

Nov. 5, 2020

288, is generating control signals to the antenna units of the
one or more antennas. These control signals cause the one or
more antennas to generate and to steer one or more main
signal-transmission beams. The control signals cause the
one or more main signal-transmission beams to have desired
characteristics (e.g., phase, amplitude, polarization, direc-
tion, half-power beam width (HPBW)), and also cause the
side lobes to have desired characteristics such as suitable
total side-lobe power and a suitable side-lobe level (e.g., a
difference between the magnitudes of a smallest main sig-
nal-transmission beam and the largest side lobe).

[0308] Then, the master controller 288 causes the VCO
290 to cease generating the reference signal.

[0309] Next, while the VCO 290 is generating no refer-
ence signal, the beam-steering controller 286, in response to
the master controller 288, generates control signals to the
antenna units of the one or more antennas. These control
signals cause the one or more antennas to generate and to
steer one or more main signal-receive beams. The control
signals cause the one or more main signal-receive beams to
have desired characteristics (e.g., phase, amplitude, polar-
ization, direction, half-power beam width (HPBW)), and
also cause the side lobes to have desired characteristics such
as suitable total side-lobe power and a suitable side-lobe
level. Furthermore, the beam-steering controller 286 can
generate the same sequence of control signals for steering
the one or more main signal-receive beams as it does for
steering the one or more main signal-transmit beams.
[0310] Then, the duplexer 294 couples receive versions of
reference waves respectively generated by the one or more
antennas of the antenna subassembly 282 to the LNA 296.
[0311] Next, the LNA 292 amplifies the received signals.
[0312] Then, the mixer 298 down-converts the amplified
received signals from a frequency, e.g., at or near f,, to a
baseband frequency.

[0313] Next, the ADC 300 converts the analog down-
converted signals to digital signals.

[0314] Then, the master system controller 288 analyzes
the digital signals to obtain information from the signals and
to determine what, if anything, should be done in response
to the information obtained from the signals.

[0315] The master system controller 288 can repeat the
above cycle one or more times.

[0316] Still referring to FIG. 20, alternate embodiments of
the radar subsystem 280 are contemplated. For example, the
radar subsystem 280 can include one or more additional
components not described above, and can omit one or more
of the above-described components. Furthermore, embodi-
ments described above in conjunction with FIGS. 1-19 and
below in conjunction with FIG. 21 may apply to the radar
subsystem 280.

[0317] FIG. 21 is a block diagram of a system, such as a
vehicle system 310, which includes the radar subsystem 280
of FIG. 22, according to an embodiment. For example, the
vehicle system 310 can be an unmanned aerial vehicle
(UAV) such as a drone, or a self-driving car.

[0318] In addition to the radar subsystem 280, the vehicle
system 310 includes a drive assembly 312 and a system
controller 314.

[0319] The drive assembly 312 includes a propulsion unit
316, such as an engine or motor, and includes a steering unit
318, such as a rudder, flaperon, pitch control, or yaw control
(for, e.g., an UAV or drone), or a steering wheel linked to
steerable wheels (for, e.g., a self-driving car).
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[0320] The system controller 314 is configured to control,
and to receive information from, the radar subsystem 280
and the drive assembly 312. For example, the system
controller 314 can be configured to receive locations, sizes,
and speeds of nearby objects from the radar subsystem 280,
and to receive the speed and traveling direction of the
vehicle system 310 from the drive assembly 312.

[0321] Operation of the vehicle system 310 is described
below, according to an embodiment. Any of the system
components, such as the system controller 314, can store in
a memory, and execute, software/program instructions to
perform the below-described actions. Alternatively, any of
the system components, such as the system controller 314,
can store, in a memory, firmware that when loaded config-
ures one or more of the system components to perform the
below-described actions. Or any of the system components,
such as the system controller 314, can be circuitry hardwired
to perform the below-described actions.

[0322] The system controller 314 activates the radar sub-
system 280, which, as described above in conjunction with
FIG. 20, provides to the system controller information
regarding one or more objects in the vicinity of the vehicle
system 310. For example, if the vehicle system 310 is an
UAV or a drone, then the radar subsystem can provide
information regarding one or more objects (e.g., birds,
aircraft, and other UAVs/drones), in the flight path to the
front, sides, and rear of the UAV/drone. Alternatively, if the
vehicle system 310 is a self-driving car, then the radar
subsystem 280 can provide information regarding one or
more objects (e.g., other vehicles, debris, pedestrians, bicy-
clists) in the roadway or out of the roadway to the front,
sides, and rear of the vehicle system.

[0323] Inresponse to the object information from the radar
subsystem 280, the system controller 314 determines what
action, if any, the vehicle system 310 should take in response
to the object information. Alternatively, the master controller
288 (FIG. 20) of the radar subsystem can make this deter-
mination and provide it to the system controller 314.

[0324] Next, if the system controller 314 (or master con-
troller 288 of FIG. 20) determined that an action should be
taken, then the system controller causes the drive assembly
312 to take the determined action. For example, if the system
controller 314 or master controller 288 determined that a
UAV system 310 is closing on an object in front of the UAV
system, then the system controller 314 can control the
propulsion unit 316 to reduce air speed. Or, if the system
controller 314 or master controller 288 determined that an
object in front of a self-driving system 310 is slowing down,
then the system controller 314 can control the propulsion
unit 316 to reduce engine speed and to apply a brake. Or if
the system controller 314 or master controller 288 deter-
mined that evasive action is needed to avoid an object (e.g.,
another UAV/drone, a bird, a child who ran in front of the
vehicle system) in front of the vehicle system 310, then the
system controller 314 can control the propulsion unit 316 to
reduce engine speed and, for a self-driving vehicle, to apply
a brake, and can control the steering unit 318 to maneuver
the vehicle system away from or around the object.

[0325] Still referring to FIG. 21, alternate embodiments of
the vehicle system 310 are contemplated. For example, the
vehicle system 310 can include one or more additional
components not described above, and can omit one or more
of the above-described components. Furthermore, the
vehicle system 310 can be a vehicle system other than a

Nov. 5, 2020

UAV, drone, or self-driving car. Other examples of the
vehicle system 310 include a watercraft, a motor cycle, a car
that is not self-driving, and a spacecraft. Moreover, a system
including the radar subsystem 280 can be other than a
vehicle system. Furthermore, embodiments described above
in conjunction with FIGS. 1-20 may apply to the vehicle
system 310 of FIG. 21.

[0326] From the foregoing it will be appreciated that,
although specific embodiments have been described herein
for purposes of illustration, various modifications may be
made without deviating from the spirit and scope of the
disclosure. Furthermore, where an alternative is disclosed
for a particular embodiment, this alternative may also apply
to other embodiments even if not specifically stated. In
addition, any described component or operation may be
implemented/performed in hardware, software, firmware, or
a combination of any two or more of hardware, software,
and firmware. Furthermore, one or more components of a
described apparatus or system may have been omitted from
the description for clarity or another reason. Moreover, one
or more components of a described apparatus or system that
have been included in the description may be omitted from
the apparatus or system.

[0327] Example 1 includes an antenna unit, comprising: a
coupler having a first input-output port, a second input-
output port, and a first coupled port; a first phase-shifting
modulator coupled to the first coupled port; and a first
antenna element coupled to the first phase-shifting modula-
tor.

[0328] Example 2 includes the antenna unit of Example 1
wherein the coupler is disposed in a layer of an antenna.
[0329] Example 3 includes the antenna unit of any of
Examples 1-2 wherein the first phase-shifting modulator
includes an input port coupled to the first coupled port and
includes an output port coupled to the first antenna.

[0330] Example 4 includes the antenna unit of any of
Examples 1-3 wherein: the first phase-shifting modulator is
disposed in a layer of an antenna; and the first antenna
element is disposed in another layer of the antenna.

[0331] Example 5 includes the antenna unit of any of
Examples 1-4 wherein: the coupler includes an isolated port;
and the first antenna element is coupled to first phase-
shifting modulator via the isolated port.

[0332] Example 6 includes the antenna unit of any of
Examples 1-5 wherein the first phase-shifting modulator
includes a through phase modulator.

[0333] Example 7 includes the antenna unit of any of
Examples 1-6 wherein the first phase-shifting modulator
includes a reflective reactance modulator.

[0334] Example 8 includes the antenna unit of any of
Examples 1-7 wherein the first antenna element includes an
approximately planar conductor.

[0335] Example 9 includes the antenna unit of any of
Examples 1-8, further comprising: wherein the coupler has
a second coupled port; a second phase-shifting modulator
coupled to the second coupled port; and a second antenna
element coupled to the second phase-shifting modulator.
[0336] Example 10 includes the antenna unit of Example
9 wherein the second phase-shifting modulator includes an
input port coupled to the second coupled port and includes
an output port coupled to the second antenna.

[0337] Example 11 includes the antenna unit of any of
Examples 9-10 wherein: the coupler includes an isolated
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port; and the second antenna element is coupled to the
second phase-shifting modulator via the isolated port.
[0338] Example 12 includes the antenna unit of any of
Examples 9-11 wherein the second antenna element is offset
from the first antenna element in a dimension along which
the first and second input-output ports lie.

[0339] Example 13 includes the antenna unit of any of
Examples 9-12 wherein the second phase-shifting modulator
includes a through phase modulator.

[0340] Example 14 includes the antenna unit of any of
Examples 9-13 wherein the second phase-shifting modulator
includes a reflective reactance modulator.

[0341] Example 15 includes the antenna unit of any of
Examples 9-14 wherein the second antenna element includes
an approximately planar conductor.

[0342] Example 16 includes an antenna unit, comprising:
a coupler configured to generate an output signal and a first
intermediate signal in response to an input signal; a first
phase-shifting modulator configured to generate a first
phase-shifted signal in response to the first intermediate
signal; and a first antenna element configured to radiate a
first transmit signal in response to the first phase-shifted
signal.

[0343] Example 17 includes the antenna unit of Example
16 wherein the coupler is configured to generate: the output
signal at an output port; and the first intermediate signal at
a coupled port.

[0344] Example 18 includes the antenna unit of any of
Examples 16-17 wherein: the coupler is configured to gen-
erate the output signal at an output port, and the first
intermediate signal at a coupled port; and the first phase-
shifting modulator is configured to receive the first interme-
diate signal from the coupled port.

[0345] Example 19 includes the antenna unit of any of
Examples 16-18 wherein the first antenna element is con-
figured to receive the first phase-shifted signal from the first
phase-shifting modulator via a primary signal path that
excludes the coupler.

[0346] Example 20 includes the antenna unit of any of
Examples 16-19 wherein: the coupler is configured to gen-
erate the output signal at an output port, to generate the first
intermediate signal at a coupled port, to receive the first
phase-shifted signal at the coupled port, and to couple the
first phase-shifted signal from the coupled port to an isolated
port; and the first antenna element is configured to receive
the first phase-shifted signal from the isolated port.

[0347] Example 21 includes the antenna unit of any of
Examples 16-20, further comprising: wherein the coupler is
configured to generate a second intermediate signal in
response to the input signal; a second phase-shifting modu-
lator configured to generate a second phase-shifted signal in
response to the second intermediate signal; and a second
antenna element configured to radiate a second transmit
signal in response to the second phase-shifted signal.
[0348] Example 22 includes the antenna unit of Example
21 wherein the coupler is configured to generate the second
intermediate signal at a coupled port.

[0349] Example 23 includes the antenna unit of any of
Examples 21-22 wherein: the coupler is configured to gen-
erate the second intermediate signal at a coupled port; and
the second phase-shifting modulator is configured to receive
the second intermediate signal from the coupled port.
[0350] Example 24 includes the antenna unit of any of
Examples 21-23 wherein the second antenna element is
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configured to receive the second phase-shifted signal from
the second phase-shifting modulator via a primary signal
path that excludes the coupler.

[0351] Example 25 includes the antenna unit of any of
Examples 21-24 wherein: the coupler is configured to gen-
erate the second intermediate signal at a coupled port, to
receive the second phase-shifted signal at the coupled port,
and to couple the second phase-shifted signal from the
coupled port to an isolated port; and the second antenna
element is configured to receive the second phase-shifted
signal from the isolated port.

[0352] Example 26 includes an antenna unit, comprising:
a first antenna element configured to generate a first inter-
mediate signal in response to a first receive signal; a first
phase-shifting modulator configured to generate a first
phase-shifted signal in response to the first intermediate
signal; and a coupler configured to generate an output signal
in response to an input signal and the first phase-shifted
signal.

[0353] Example 27 includes the antenna unit of Example
26 wherein the coupler is configured: to receive the input
signal at an input port; and to receive the first phase-shifted
signal at a coupled port.

[0354] Example 28 includes the antenna unit of any of
Examples 26-27 wherein: the coupler is configured to
receive the first intermediate signal at an isolated port, the
input signal at an input port, and the first phase-shifted signal
at a coupled port; and the first phase-shifting modulator is
configured to receive the first intermediate signal from the
coupled port.

[0355] Example 29 includes the antenna unit of any of
Examples 26-28 wherein the first antenna element is con-
figured to provide the first intermediate signal to the first
phase-shifting modulator via a primary signal path that
excludes the coupler.

[0356] Example 30 includes the antenna unit of any of
Examples 26-29 wherein: the coupler is configured to gen-
erate the output signal at an output port, to receive the first
phase-shifted signal at a coupled port, and to receive the first
intermediate signal at an isolated port; and the first antenna
element is configured generate the first intermediate signal at
the isolated port.

[0357] Example 31 includes the antenna unit of any of
Examples 26-30, further comprising: a second antenna ele-
ment configured to generate a second intermediate signal in
response to a second receive signal; a second phase-shifting
modulator configured to generate a second phase-shifted
signal in response to the second intermediate signal; and
wherein the coupler is configured to generate the output
signal in response to the second phase-shifted signal.
[0358] Example 32 includes the antenna unit of any of
Examples 26-31 wherein the coupler is configured to receive
the second phase-shifted signal at a coupled port.

[0359] Example 33 includes the antenna unit of any of
Examples 26-32 wherein: the coupler is configured to
receive the second phase-shifted signal at a coupled port;
and the second phase-shifting modulator is configured to
generate the second phase-shifted signal at the coupled port.
[0360] Example 34 includes the antenna unit of any of
Examples 26-33 wherein the second antenna element is
configured to provide the second intermediate signal to the
second phase-shifting modulator via a primary signal path
that excludes the coupler.
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[0361] Example 35 includes the antenna unit of any of
Examples 26-34 wherein: the coupler is configured to
receive the second phase-shifted signal at a coupled port,
and the second intermediate signal at an isolated port; and
the second antenna element is configured to generate the
second intermediate signal at the isolated port.

[0362] Example 36 includes an antenna, comprising: con-
trol nodes; and an array of antenna units each including a
respective coupler having a first input-output port, a second
input-output port, and a first coupled port, a respective first
phase-shifting modulator coupled to the first coupled port
and to a respective at least one of the control nodes, and a
respective first antenna element coupled to the respective
first phase-shifting modulator.

[0363] Example 37 includes the antenna of Example 36
wherein the array of antenna units includes a one-dimen-
sional array of antenna units.

[0364] Example 38 includes the antenna of any of
Examples 36-37 wherein the array of antenna units includes
a two-dimensional array of antenna units.

[0365] Example 39 includes the antenna of any of
Examples 36-38 wherein the array of antenna units includes
a three-dimensional array of antenna units.

[0366] Example 40 includes the antenna of any of
Examples 36-39 wherein the antenna element of one antenna
unit is spaced from an antenna element of another antenna
unit at least by a distance approximately equal to one half of
a free-space wavelength of a signal that the antenna units are
configured to receive.

[0367] Example 41 includes the antenna of any of
Examples 36-40 wherein the antenna element of one antenna
unit is spaced from an antenna element of another antenna
unit at least by a distance that is less than one half of a
wavelength of a free-space wavelength of a signal that the
antenna units are configured to receive.

[0368] Example 42 includes the antenna of any of
Examples 36-41 wherein at least one of the antenna ele-
ments has an approximately square shape.

[0369] Example 43 includes the antenna of any of
Examples 36-42 wherein an input-output port of a coupler of
a first one of the antenna units is coupled to an input-output
port of a coupler of a second antenna unit.

[0370] Example 44 includes the antenna of any of
Examples 36-43 wherein an input-output port of a coupler of
one of the antenna units at an end of a row of antenna units
is configured for coupling to a transceiver.

[0371] Example 45 includes the antenna of any of
Examples 36-44 wherein an input-output port of a coupler of
one of the antenna units at an end of a row of antenna units
is configured for coupling to a terminator.

[0372] Example 46 includes the antenna of any of
Examples 36-45 wherein the respective first phase-shifting
modulator of one of the antenna units includes an input port
coupled to the first coupled port of the respective coupler
and includes an output port coupled to the respective first
antenna.

[0373] Example 47 includes the antenna of any of
Examples 36-46 wherein: the respective coupler of one of
the antenna units includes an isolated port; and the respec-
tive first antenna element of the one of the antenna units is
coupled to respective first phase-shifting modulator via the
isolated port.

[0374] Example 48 includes the antenna of any of
Examples 36-47, wherein one of the antenna units further
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comprises: wherein the respective coupler of the one of the
antenna units has a second coupled port; a respective second
phase-shifting modulator coupled to the second coupled
port; and a respective second antenna element coupled to the
second phase-shifting modulator.

[0375] Example 49 includes the antenna of any of
Examples 36-48 wherein the respective second phase-shift-
ing modulator includes an input port coupled to the second
coupled port and includes an output port coupled to the
second antenna element.

[0376] Example 50 includes the antenna of any of
Examples 36-49 wherein: the respective coupler includes an
isolated port; and the respective second antenna element is
coupled to the isolated port.

[0377] Example 51 includes the antenna of any of
Examples 36-50 wherein: the respective first antenna ele-
ment of each of the antenna units forms part of a first row
of antenna elements; and the respective second antenna
element of each of the antenna units forms part of a second
row of antenna elements.

[0378] Example 52 includes a radar subsystem, compris-
ing: an antenna, including, control nodes; an array of
antenna units each including a respective coupler having a
first input-output port, a second input-output port, and a
coupled port, a respective phase-shifting modulator coupled
to the coupled port and to a respective at least one of the
control nodes, and a respective antenna element coupled to
the respective phase-shifting modulator; a transceiver circuit
configured to generate, and to provide to the antenna, a
transmit reference wave, and to receive, from the antenna, a
receive reference wave; a beam-steering controller circuit
configured to generate, on the control nodes, respective
control signals to cause the antenna to generate, with each
respective antenna element, a respective transmit signal in
response to the at transmit reference wave, to form, from the
transmit signals, a transmit beam pattern including a main
transmit beam, to steer the main transmit beam, to receive,
with each respective antenna element, a respective receive
signal, to form, from the receive signals, a receive beam
pattern including a main receive beam, to steer the main
receive beam, and to generate, in response to the main
receive beam, the receive reference wave; and a master
controller circuit configured to detect, in response to the
receive reference wave from the transceiver circuit, an
object.

[0379] Example 53 includes a vehicle, comprising: a radar
subsystem, including an antenna, including, control nodes,
an array of antenna units each including a respective coupler
having a first input-output port, a second input-output port,
and a coupled port, a respective phase-shifting modulator
coupled to the coupled port and to a respective at least one
of the control nodes, and a respective antenna element
coupled to the respective phase shifter, a transceiver circuit
configured to generate, and to provide to the antenna, a
transmit reference wave, and to receive, from the antenna, a
receive reference wave, a beam-steering controller circuit
configured to generate, on the control nodes, respective
control signals to cause the antenna to generate, with each
respective antenna element, a respective transmit signal in
response to the at transmit reference wave, to form, from the
transmit signals, a transmit beam pattern including a main
transmit beam, to steer the main transmit beam, to receive,
with each respective antenna element, a respective receive
signal, to form, from the receive signals, a receive beam
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pattern including a main receive beam, to steer the main
receive beam, and to generate, in response to the main
receive beam, the receive reference wave, and a master
controller circuit configured to detect, in response to the
receive reference wave from the transceiver circuit, an
object; a drive assembly; and a controller circuit configured
to control the drive assembly in response to the detected
object.

[0380] Example 54 includes the system of Example 53
wherein the drive assembly comprises: a propulsion unit;
and a steering unit.

[0381] Example 55 includes a method, comprising: gen-
erating, in response to an input signal, a first intermediate
signal on a first coupled port of a coupler and an output
signal on an output port of the coupler; shifting a phase of
the first intermediate signal; and radiating a first transmit
signal with a first antenna element in response to the
phase-shifted first intermediate signal.

[0382] Example 56 includes the method of Example 55,
further comprising: wherein shifting the phase includes
shifting the phase of the intermediate signal as the interme-
diate signal passes from an input port of a phase-shifting
modulator to an output port of the phase-shifting modulator;
and coupling the phase-shifted intermediate signal from the
output port of the phase-shifting modulator to the first
antenna element.

[0383] Example 57 includes the method of any of
Examples 55-56, further comprising: wherein shifting the
phase includes shifting the phase of the first intermediate
signal as the first intermediate signal passes from a port at a
first location of a phase-shifting modulator to a second
location of the phase-shifting modulator and back to the
port; and coupling the phase-shifted first intermediate signal
from the port of the phase-shifting modulator to the coupled
port of the coupler, from the coupled port of the coupler to
an isolated port of the coupler, and from the isolated port of
the coupler to the first antenna element.

[0384] Example 58 includes the method of any of
Examples 55-57, further comprising: generating, in response
to the input signal, a second intermediate signal on a second
coupled port of the coupler; shifting a phase of the second
intermediate signal; and radiating a second transmit signal
with a second antenna element in response to the phase-
shifted second intermediate signal.

[0385] Example 59 includes the method of any of
Examples 55-58, further comprising: wherein shifting the
phase includes shifting the phase of the second intermediate
signal as the second intermediate signal passes from an input
port of a phase-shifting modulator to an output port of the
phase-shifting modulator; and coupling the phase-shifted
second intermediate signal from the output port of the phase
shifting modulator to the second antenna element.

[0386] Example 60 includes the method of any of
Examples 55-59, further comprising: wherein shifting the
phase includes shifting the phase of the second intermediate
signal as the second intermediate signal passes from a port
at a first location of a phase-shifting modulator to a second
location of the phase-shifting modulator and back to the
port; and coupling the phase-shifted second intermediate
signal from the port of the phase-shifting modulator to the
second coupled port of the coupler, from the second coupled
port of the coupler to an isolated port of the coupler, and
from the isolated port of the coupler to the second antenna
element.
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[0387] Example 61 includes a method, comprising: gen-
erating, in response to a first receive signal, a first interme-
diate signal with a first antenna element; shifting a phase of
the first intermediate signal; and generating, in response to
an input signal on an input port of a coupler and the
phase-shifted first intermediate signal on a first coupled port
of the coupler, an output signal on an output port of the
coupler.

[0388] Example 62 includes the method of Example 61,
further comprising: wherein shifting a phase includes shift-
ing a phase of the first intermediate signal as the first
intermediate signal passes from an input port of a phase-
shifting modulator to an output port of the phase-shifting
modulator; and coupling the phase-shifted first intermediate
signal from the output port of the phase-shifting modulator
to the first coupled port of the coupler.

[0389] Example 63 includes the method of any of
Examples 61-62, further comprising: coupling the first inter-
mediate signal to an isolated port of the coupler, and from
the isolated port to the first coupled port of the coupler;
wherein shifting a phase includes receiving the first inter-
mediate signal from the first coupled port of the coupler at
a port of a phase-shifting modulator, and shifting a phase of
the first intermediate signal as the first intermediate signal
passes from the port of the phase-shifting modulator to
another location of the phase-shifting modulator and back to
the port; and coupling the phase-shifted first intermediate
signal from the port of the phase-shifting modulator to the
first coupled port of the coupler.

[0390] Example 64 includes the method of any of
Examples 61-63, further comprising: generating, in response
to a second receive signal, a second intermediate signal with
a second antenna element; shifting a phase of the second
intermediate signal; generating, in response to the input
signal, the phase-shifted first intermediate signal, and the
phase-shifted second intermediate signal at a second coupled
port of the coupler, the output signal.

[0391] Example 65 includes the method of any of
Examples 61-64, further comprising: coupling the second
intermediate signal to an isolated port of the coupler, and
from the isolated port to the second coupled port of the
coupler; wherein shifting the phase includes shifting the
phase of the second intermediate signal as the second
intermediate signal passes from an input port of a phase-
shifting modulator to an output port of the phase-shifting
modulator; and coupling the phase-shifted second interme-
diate signal from the output port of the phase-shifting
modulator to the second coupled port of the coupler.

[0392] Example 66 includes the method of any of
Examples 61-65, further comprising: coupling the second
intermediate signal to an isolated port of the coupler, and
from the isolated port to the second coupled port of the
coupler; wherein shifting a phase of the second intermediate
signal includes receiving the second intermediate signal
from the second coupled port of the coupler at a port of a
phase-shifting modulator, and shifting a phase of the second
intermediate signal as the second intermediate signal passes
from the port of the phase-shifting modulator to another
location of the phase-shifting modulator and back to the
port; and coupling the phase-shifted second intermediate
signal from the port of the phase-shifting modulator to the
second coupled port of the coupler.
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1. An antenna unit, comprising:

a coupler having a first input-output port, a second input-

output port, and a first coupled port;

a first phase-shifting modulator coupled to the first

coupled port; and

a first antenna element coupled to the first phase-shifting

modulator.

2. (canceled)

3. The antenna unit of claim 1 wherein the first phase-
shifting modulator includes an input port coupled to the first
coupled port and includes an output port coupled to the first
antenna.

4. (canceled)

5. The antenna unit of claim 1 wherein:

the coupler includes an isolated port; and

the first antenna element is coupled to first phase-shifting

modulator via the isolated port.

6. The antenna unit of claim 1 wherein the first phase-
shifting modulator includes a through phase modulator.

7. The antenna unit of claim 1 wherein the first phase-
shifting modulator includes a reflective reactance modulator.

8. The antenna unit of claim 1 wherein the first antenna
element includes an approximately planar conductor.

9. The antenna unit of claim 1, further comprising:

wherein the coupler has a second coupled port;

a second phase-shifting modulator coupled to the second

coupled port; and

a second antenna element coupled to the second phase-

shifting modulator.

10. The antenna unit of claim 9 wherein the second
phase-shifting modulator includes an input port coupled to
the second coupled port and includes an output port coupled
to the second antenna.

11. The antenna unit of claim 9 wherein:

the coupler includes an isolated port; and

the second antenna element is coupled to the second

phase-shifting modulator via the isolated port.

12. The antenna unit of claim 9 wherein the second
antenna element is offset from the first antenna element in a
dimension along which the first and second input-output
ports lie.

13.-35. (canceled)

36. An antenna, comprising:

control nodes; and

an array of antenna units each including

a respective coupler having a first input-output port, a
second input-output port, and a first coupled port,

a respective first phase-shifting modulator coupled to
the first coupled port and to a respective at least one
of the control nodes, and

a respective first antenna element coupled to the respec-
tive first phase-shifting modulator.

37. The antenna of claim 36 wherein the array of antenna
units includes a one-dimensional array of antenna units.

38. The antenna of claim 36 wherein the array of antenna
units includes a two-dimensional array of antenna units.

39. (canceled)

40. The antenna of claim 36 wherein the antenna element
of one antenna unit is spaced from an antenna element of
another antenna unit at least by a distance approximately
equal to one half of a free-space wavelength of a signal that
the antenna units are configured to receive.

41. The antenna of claim 36 wherein the antenna element
of one antenna unit is spaced from an antenna element of
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another antenna unit at least by a distance that is less than
one half of a wavelength of a free-space wavelength of a
signal that the antenna units are configured to receive.

42. (canceled)

43. The antenna of claim 36 wherein an input-output port
of a coupler of a first one of the antenna units is coupled to
an input-output port of a coupler of a second antenna unit.

44. The antenna of claim 36 wherein an input-output port
of a coupler of one of the antenna units at an end of a row
of antenna units is configured for coupling to a transceiver.

45. The antenna of claim 36 wherein an input-output port
of a coupler of one of the antenna units at an end of a row
of antenna units is configured for coupling to a terminator.

46.-47. (canceled)

48. The antenna of claim 36, wherein one of the antenna
units further comprises:

wherein the respective coupler of the one of the antenna
units has a second coupled port;

a respective second phase-shifting modulator coupled to
the second coupled port; and

a respective second antenna element coupled to the sec-
ond phase-shifting modulator.

49.-50. (canceled)

51. The antenna of claim 48 wherein:

the respective first antenna element of each of the antenna
units forms part of a first row of antenna elements; and

the respective second antenna element of each of the
antenna units forms part of a second row of antenna
elements.

52. A radar subsystem, comprising:

an antenna, including,
control nodes;

an array of antenna units each including

a respective coupler having a first input-output
port, a second input-output port, and a coupled
port,

a respective phase-shifting modulator coupled to
the coupled port and to a respective at least one
of the control nodes, and

a respective antenna element coupled to the
respective phase-shifting modulator;

a transceiver circuit configured to generate, and to provide
to the antenna, a transmit reference wave, and to
receive, from the antenna, a receive reference wave;

a beam-steering controller circuit configured to generate,
on the control nodes, respective control signals to cause
the antenna
to generate, with each respective antenna element, a

respective transmit signal in response to the at trans-

mit reference wave,

to form, from the transmit signals, a transmit beam
pattern including a main transmit beam,

to steer the main transmit beam,

to receive, with each respective antenna element, a
respective receive signal,

to form, from the receive signals, a receive beam
pattern including a main receive beam,

to steer the main receive beam, and

to generate, in response to the main receive beam, the
receive reference wave; and

master controller circuit configured to detect, in

response to the receive reference wave from the trans-

ceiver circuit, an object.

53.-54. (canceled)
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55. A method, comprising:

generating, in response to an input signal, a first interme-
diate signal on a first coupled port of a coupler and an
output signal on an output port of the coupler;

shifting a phase of the first intermediate signal; and

radiating a first transmit signal with a first antenna ele-
ment in response to the phase-shifted first intermediate
signal.

56. The method of claim 55, further comprising:

wherein shifting the phase includes shifting the phase of
the intermediate signal as the intermediate signal passes
from an input port of a phase-shifting modulator to an
output port of the phase-shifting modulator; and

coupling the phase-shifted intermediate signal from the
output port of the phase-shifting modulator to the first
antenna element.

57. The method of claim 55, further comprising:

wherein shifting the phase includes shifting the phase of
the first intermediate signal as the first intermediate
signal passes from a port at a first location of a
phase-shifting modulator to a second location of the
phase-shifting modulator and back to the port; and

coupling the phase-shifted first intermediate signal from
the port of the phase-shifting modulator to the coupled
port of the coupler, from the coupled port of the coupler
to an isolated port of the coupler, and from the isolated
port of the coupler to the first antenna element.

58. The method of claim 55, further comprising:

generating, in response to the input signal, a second
intermediate signal on a second coupled port of the
coupler;

shifting a phase of the second intermediate signal; and

radiating a second transmit signal with a second antenna
element in response to the phase-shifted second inter-
mediate signal.

59.-60. (canceled)

61. A method, comprising:

generating, in response to a first receive signal, a first
intermediate signal with a first antenna element;

shifting a phase of the first intermediate signal; and
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generating, in response to an input signal on an input port
of a coupler and the phase-shifted first intermediate
signal on a first coupled port of the coupler, an output
signal on an output port of the coupler.

62. The method of claim 61, further comprising:

wherein shifting a phase includes shifting a phase of the
first intermediate signal as the first intermediate signal
passes from an input port of a phase-shifting modulator
to an output port of the phase-shifting modulator; and

coupling the phase-shifted first intermediate signal from
the output port of the phase-shifting modulator to the
first coupled port of the coupler.

63. The method of claim 61, further comprising:

coupling the first intermediate signal to an isolated port of
the coupler, and from the isolated port to the first
coupled port of the coupler;

wherein shifting a phase includes receiving the first
intermediate signal from the first coupled port of the
coupler at a port of a phase-shifting modulator, and
shifting a phase of the first intermediate signal as the
first intermediate signal passes from the port of the
phase-shifting modulator to another location of the
phase-shifting modulator and back to the port; and

coupling the phase-shifted first intermediate signal from
the port of the phase-shifting modulator to the first
coupled port of the coupler.

64. The method of claim 61, further comprising:

generating, in response to a second receive signal, a
second intermediate signal with a second antenna ele-
ment;

shifting a phase of the second intermediate signal;

generating, in response to the input signal, the phase-
shifted first intermediate signal, and the phase-shifted
second intermediate signal at a second coupled port of
the coupler, the output signal.

65.-66. (canceled)



