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(57) Abstract: An antenna can include a
time-delayed circuit, where the time-delayed
circuit comprises a first variable true time
delay component configured to provide a
gain neutral variable time delay between a
first input and a first output, the first variable
TTD component configured to generate a
first gain neutral time-delayed signal, and a
second variable TTD component configured
to provide a gain neutral variable time delay
between a second input and a second output,
the second variable TTD component con-
figured to generate a second gain neutral
time-delayed signal. The second variable
TTD component can be in parallel with the
first variable TTD component. Further, each
of the first variable TTD component and the
second variable TTD component can com-
prise a control input configured to control
the amount of variable time delay. The first
variable TTD component and the second
variable TTD component can be part of a
monolithic component.
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WIDEBAND TRUE TIME DELAY CIRCUITS FOR ANTENNA ARCHITECTURES

BACKGROUND

Beam sisering of signals allow energy impinging upon the phased array from non-
boresight angles to be combined coherently, The beam steering is typically achieved
through the use of either phase delay or time delay. Electrouically sieerable phased array
antennas typieally utilize phase shifiers to siger beams in a compact manser. For exampie,
in a single beam receive application, the phase shiffers delay the signal energy received at
the near elements until the signal energy is received al the far elements. The effect is o
make the signals at all elements arrive at the coherent combiner at the same time,

However, the drawback of this approach is that the use of phase shifters only works
pérfectiy at a single center frequency. Freguencies that can be above the center frequeny
can be under-steered while frequencies that can be below the center frequency can be over-
steered. This effect is calied beam squint and is present in phased arrays that employ phase
shifiers for widehand beamn steering.  Furthermore, factors such as high jnstantaneous
bandwidth, large array size, and large beam steering angle can aggravate the beam squint
effect.

Typical true time delay onits can be comprised of traditional switched delay lives
which increase in size as the delay time s increased and thus can be very large at lower
frequencies. The large switched delay lines do not fit within the lattice constraints of most
phased arrays. Additionally, if roultiple beams are used various antenna architectures, then
multiple frue time delay units can be also used af each radiating eloment, thereby increasing

the size of the typical architecture.

SUMMARY

in varlous embodiments, an antenna can include a time-delaved cirouit, where the
time-delayed circuit comprises a first variable true time delay (TTD) component configured
to provide a gain neutral variable time delay between a first input and a first output, the first
variable TTD component configured 1o generate a first gain neutral time-delayed signal, and
a second variable TTD component configured to provide a gajn neutral variable time delay
between a second input and a second outpul, the second variable TTD component

configured 1o generate a second gain peutral time-delayed signal. The second variable TTD
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component can be in paraliel with the firet variable TTD component. Further, each of the
firat variable TTD component and the second variable TTD component can comprise a
control input configured to control the amount of variable time delay. The first variable
TTE component and the second variable TTD component can be part of & monalithic
component,

| In accordance with various embodiments of the aptenna with the time-delayed
circuil, a method of operation can comprise receiving, at a first variable TTD component, a
firat signal from a radiating element, receiving, at a second variable TTD component that Is
parallel to the first varisble TTD component, a second signal from the radiating clement,
genersting, by the first variable TTD component, a first gain neutral tyue-delayed signal
from the first sigoal based on a conirel input signal configured to controf the amount of
variable time delay, and generating, by the secomd varigble TTD component, a second gain
neuiral time-delaved signal from the second signal based on the control input signal

configured o control the amount of variable time delay.

DESCRIPTION OF DRAWINGS

A more complete understanding of the present disclosure may be derived by
referring to the detatled description and claims when considered in covupection with the
drawing figures, and:

Fig. 1 is an example of a true Ume delay component in sceordance with various
embodiments;

Fig. 2 is ancther example of g true time delay clement in accordance with various
embodimnents;

Fig. 3 is an example of a true time delay (TTD) circuit of an antenng receiver with
tinear polarization in sccordance with various embodiments;

Fig. 4 is an example of a TTD circuit of an antenns receiver with circular
polarization in accordance with various embodiments;

Fig. § is an example of & TTD circult of an antenna configured o receive slant
polarization in accordance with various embodiments;

Fig. 6 is an example of a TTD integrated cireult as a linear polarization 2-beam, 4-

radisting element receiver in geeordance with various embodiments;
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Fig. 7 is an example of a TTD integrated cireuit as a circular polarization 2-beam, 4-
radiating element receiver in accordance with various embodimenis;

Fig. 8 is an example of & TTD integrated circuit as a slant polarization I-bzam, 4-
radiating element receiver in accordance with various embodiments;

Fig. ¢ is an example of a TTD integrated circuit as a Hnear polarization 4-beam, 4-

(&

radiating element receiver in accordance with various embodiments;

Fig. 10 is an exampie of a TTD integrated circuit as a circular polarization 4-beam,
d-radiating element receiver in accordance with various embodiments;

Fig. 11 is an exarople of a TTD integrated circuit as a slant polarization 2-beam, 4-

10 radiating element receiver In accordancs with various embodiments;

Fig. §2 is an example of a time-division duplex time-delay cireuit for linear
polarization in accordance with various ernbodiments;

Fig. 13 is an example of a time-division duplex time-delay circuit for linear
polarization in accordance with various embodiments;

15 Figs. 14A-14C can be examples of a TTD integrated circuit as a 4-radiating element
fransceiver for Hnear polarization in accordance with various embodbments;

Figs. 15A-15C can he examples of a TTD integrated circult as a dual receive beam,
dual transmit beam, 4-radiating element transceiver for linear polarization in accordance
with various embodiments;

20 Fig. {6 iz an example of a time-division duplex time-delay circuit for circular or slant
polarization in accordance with various embodiments;

Fig. 17 is an oxample of a time-division duplex time-delay circult for ciroular or stant
polarization in accordance with various embodiments;

Figs. 18A-18C can be examples of a TTD integrated civeuil as a 4-radiating element

transceiver for circular or slant polarization in accordance with various embodiments; and

&3
4

Figs. 19A-19C can be examples of a TTD integrated circuit as a dual receive beam,
dual transmit beam, 4-radiating element transceiver for cirpular or slant polarization in

accordance with vartous embodimenis.

30 DETAILED DESCRIPTHON

Reference will now be ruade to the example embodiments illustrated in the drawings,

and specific language will be used herein to describe the same. It will nevertheless be

3
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understood that no Hmitation of the scope of the disclosure is thereby intended. Alterations
and further moditications of the inventive features illustrated herein, and additional
applications of the principles of the inventions as tlustrated herein, whick would ooour o
oue skifled in the relevani art and having possession of this disclosure, can be fo be
5 considered within the scope of the disclosure.

in an antenna system, frue time delay can provide equal time of arrival af a coberent
beam former for signal energy from multiple eleroonts.  Advantageously, true time delay
enables the antenna system o form beams over very wide bandwidths, True time delay
enables the wide band operation because electromagnetic free space velocity of propagation
10 is constant at all frequenciss, and substantially constant when propagating through the
garth’s atmosphere,  As described herein, varfous anfenna systems and yoethods can
implement a trus time delay component to utilize true time delay within different anfonna

configurations and across different polarizations,
in accordance with various embodiments, a variable true thme delay (TTD)
1S component can comprise a phirality of TTD elements o series. Each of the plurality of TID
clements either injects a time delay in a time-delayed signal or passes through the time-
delaved signal with minimal delay. For example and with reference to Figure 1, a variable
TTD component 100 can include a first TTD elament 101 capable of injecting, in a tust
mode, a time delay into a signal or passing, in a second mode, the signal with a minimal
20 delay. The mode of first TTD clement 181 can be determined by a controller {not shown)
that sets switch positions of first TTD element 181, In varfous embodiments, at least one
controller can be in communication with one or more TTD compaonents. The at least one
controtler can be configured to select a time delay of each of the one or more variable TID

components. In varicus embodiments, each variable TTD compouent can be controlled by a

D
(V4]

separate controlier,

In vasious embodiments, each TTD element comprises two switches 1190 that set the
signal path of the TTD element, either time delay path or the bypass path, and the operation
of the TTD element to the first mode or the second mode.  Similarly, variable TTD
component 100 can further juclnde a sscond TTD element 102, a thind TTD element 103, a
30 fourth TTD element 104, and a {ifth TTD element 105, The number of TTD eloments
within a variable TTD component can vary, and the jnjected time delay of a TTD element

can be of different values. As used herein, a TTD component can be variable in the amount

4
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of time delay injected in a signal. In accordance with various embodiments, the conirolicr
can be any controiler configured to provide control logic to the TTD component 100 and
specifically to switches 110 of each TTD slement. As an example, the controler can be an
ASIC chip, a field programmable gate array (FPGA), latches, switch drivers, and the like,
in the example iliustrated by Figure 1, first TTD 101 eloment is show having a 20
picosecond {ps} delay capability. Likewise, the TTD elements 102-103 can be shown
having 400 ps, 80 ps, 160 ps, and 320 ps delay capabiliies, respectively. Thas, in this
example, the variable TTD component 100 can provide a sslectable delay between § and
620 ps with resolution of 20 ps.

In response to communicating a signal through variable TTD component 100, a
passive signal energy loss can be compensated for by amplifying the signal. In various
embodiments, each TTD element, for example TTD elements 161-105, can comprise an
eloment compensating amplifier 111 in the time delay path of the eloment.  Element
compensating amplifier 111 can be configured to compensate for passive signal encrgy loss
in the time-delayed signal to a gain neuiral level Alternatively, in various embodiments,
variable TTE component 100 can comprise a varlable gain ayuplifier (VGA}Y 112 in serfes
with TTD clements £01-105. VA 112 can be configured to compensate for passive signal
cnergy loss in the time-delayed signal to a gain neuwral level  Moreover, in various
embodiments, variable TTD component 100 can comprise a combination of VOA 112 in
series with TTD clements 101-10%5 and element compensating amplifier 111 in the time
defay path of each TTD element. Furtbermore, in various smbodiments, each TTD slement,
for example TTD elements 141-105, can comprise a passive atteruator in the bypass path
configured o produce a signal with the same signal power whether the signal is transmitted
through the time delay path or the bypass path,

In various embodiments and with reference to Figure 2, a filier network 200 can
provide the delay capability of a TTD cloment. Filter network 200 has a first input node
201, g second inpot node 202, a frst output node 203, and & second ouiput node 204, In
various embodiments, filter network 200 can comprise a resistor R connected between first
nput node 2071 and second input node 202, and a resistor R2 connected between first output
node 203 and second cutput node 204, Further, filter network 209 can coniprise & capagcitor
C1 connected between first input node 201 and first cutput node 203, and an inductor L1 in

parallel with capacitor C1 and connected between first input node 201 and first oufput node
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203. Similarly, filter network 200 can comprise a capacitor ©2 connecied between second
input node 202 and second output node 204, and an inductor L2 in parallel with capacitor £2
and connected betweoen second fnput node 202 and second output node 204, Additionally,
filter network 200 can comprise a capaciior C3 connected between second input node 202
and first output node 203, and a capacitor C4 counected between first input node 261 and
second output node 204, Fiter network 200 can be a constant resistance network that
provides a linear phase siope versus frequency. Since time delay is the first derivative of
phase versus frequency, filier network 200 provides a fixed time delay,

Filter network 200 can use constant R networks to provide the desired time delays.
Constant R vetworks can be essentially humped element filter structures where the tme
delay can be realized over very wide operational bandwidths. Additionally, the topology
can be compact, moderate loss, and differential in nature, thereby able 1o be roplemented on
SiGe. Filter network 200 can be used in a TTD element, for example TTD element 101
The TTD element can be cascaded and bypassed or switched in order to generate a digitally
controlied tirme delay network,

Wideband Architecture

A steerable time-delayed array antenna can be configured for exiremely wideband
operation by adding dightally selectable time delay elements in communication with cach
radiating element. In various embodiments, time-delayed array antennas with a digially
controlled time delay network can be implemented monolithically in galliom arsenide
(GaAs), silicon germanium (SiGe), gallium nitride (GalN), or other suilable semiconductor
materiaie. Wideband operation can be defined as operstional bandwidths exceeding 1011,
Furthermore, wideband operation can be defined as any operating bandwidth that benefits
from true time delay in comparison to phase steerfog due to beam squint occurring over the
bandwidth when implementing phase shifters.

A steerable time-delayed array antenna can be of use for such antennas as military
conun-on-the-move (COTM), interactive SATCOM airborne terminals, SATCOM maobile
communications, SATCOM earth terminals, radar sntennas, and electronic warfare (HW)
antennas. Time-delayed arvay antennas with a digitally controlled time delay network can
be configured for various implementations, such as Hnear, circular, and slant polarization, in

addition to having single or multiple beam architectures.
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Linear Polarization: In various embodiments and with reference to Figure 3, i a frue

time delay (TTD) eircuit 300 of an antenna receiver, the TTD circuit 300 comprises a tirst
variable TTD component 310 in convnunication with an antenna radiating eleroent 301 and
a second variable TTD component 311 jo paralle! with first variable TTE component 316
and also in communication with the antenna radiating element 361, In a Haear polarization
receive embodiment, first variable TTD component 310 can receive a fust signal from
radiating element 301 at 2 first input and communicate a first time-delayed signal with
horizontal polarization at a frst cuiput, and second variable TTD component 311 can
receive a second signal from radiating element 301 a1 a second input and communicate &
second time-delayed signal with vertical polarization at a second output.  In vanous
embodiments, beam steering can be done by the TTD components 310, 311 for TTD circuit
300, The variable time delay of TTI components 310, 311, and the resulting beam steering,
can be selected by a controller {not shown} similar to the controller of variable T1D
component 100, The controller can provide a control input signal that selects the desired
time delay of sach TTD component 316, 311 and the relative difference between the twi
time delays. In various embodiments, TTD circuit 300 can be a monolithic component,
which can be made of GaAs, SiGe, GaN, or other suitable semiconductor material,

Additionalty, in varions embodiments, TTD circult 300 can fusther comprise a first
controtlable phase shifter 302 comprising a first phase controlier 320 and first variable TTD
component 310 in series, and a second controllable phase shifter 303 comprising a second
phase controller 321 and second variable TTD coroponent 311 in series. The first phase
controlier 320 can either precede or succeed the first variable TTD component 310.
Likewise, the second phase controller 321 can sither precede or sucesed the second variable
TTE component 311, In accordance with various embodiments, first controllable phase
chifter 302 can he counfigured to receive the first signal and oulput a first emvor-corrected
time-delayed signal. Likewise, sccond controliable phase shifter 303 can be configured to
receive the second signal and output a second error-correcied time-delayed signal.

First and second phase controllers 320, 321 can perform polarization tracking for the
receive signals, In various emsbodiments, first and second phase controllers 328, 321 can be
configured for eror correction of time-delayed signals by correcting for polarization
impertfactions In the received signal, fu various ermbodiments, the controlier can provide a

control input signal to frst and second phase controilors 320, 321, The control input sigual

o}
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can select the desired phase shift of cach phase controller, and thereby control the
polarization tracking. In accordance with various embodiments, ihe level of desired error
correction can be measured at the beam level based upon the receive signal strength as an
indication of beam squint. The first phase controller 320 can be configured for ervor
correction of the first time-delayved signal and second phase controller 321 can be configured
for error correction of the second time-delayed signal, First and second phase controliers
320, 121 can either receive or provide error corrected signals to first and second variable
TTD components 310, 311, respectively.

Adding phase control to TTD circuit 300, using first and second phase coniroliers
326, 321, does not place a significant limit on the operating bandwidth when the operating
frequency is known. First and second phase controllers 320, 321 can be for error correction
of the signals, not overall beam steering, and therefore the effect on steering angle is fow. In
various embodimenis first and second phase controliers 320, 321 can be active phase
controtiers or passive phase controliers.

Circular Polarization: In various embodiments and with reference to Figure 4, a TTD

circuit 400 of an antenna receiver with circular polarization outputs comprises a first
vartable TTD component 410 in communication with an antenna radiating elernent 401 and
a second variable TTD component 411 also in communication with the antenna radiating
slement 401, In a cireular polarization recelve embodiment, first variable TTD component
410 can receive a first signal from radiating element 401 at a first input and communicate a
first time-delayed signal with horizontal polarization at a first output, and second varisble
TTEy component 411 can receive a sccond signal from radiating element 401 at a second
input and comumunicate a second lime-delayed signal with vertical polarization at a second
output, Additionally, TTI circuit 400 can comprise a 90° hybrid 430 configured to receive
the first time-delaved signal from the first varisble TTD component 410 and receive the
second time-delaved signal from the second variable TTD component 411, The 90° hybrid
430 can be cither an active hybrid or a passive hybrid. In various embodiments, the 90°
hybrid 430 converts the signal energies received st antenna radiating element 401 to circular
polarized signals. In various embodiments, the 90° hybrid 430 can generate at least one
circular polarized signal, such as a right hand circular polarized (RHCP) output and/or a left
hand circular polarized (LHOP)Y output. Moreover, in various embodiments, TTD cirouit

400 can include a first phase controller 420 and a second phase controller 421, First phase
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controller 420 and second phase controller 421 can be configured for error corvection of the
signals for polarization tracking. First phase controiler 420 can be in communication with
first vartable TTD component 410 and communicate a signal o the 90° hybrid 430, The
first phase controller 420 can be configured to perform error correction on the first time
delayed signal from first variable TTD component 410, Similarly, second phase controller
471 can be in communication with sscond variable TTD component 411 and communicate a
signal to the 90° hybrid 430, The second phase controlfer 421 can be configured to perform
error correction on the second time delaved signal from segcond variable TTD component
411, A controller can provide a control input signal to TTD cirouit 400, similar to the
controller of TTD eircuit 300,

Slapt Polarization: In accordance with various embodiments and with refersnce 1o

Figure 5, a TTD circuit 500 of an antenns configured for receiving slant polarived signals
comprises a first TTD component $10 in communication with an anteona radiating clement
501 and a second TTD component 511 also in communication with the antenna radiating
slement 501, In a slant polarization receive embodiment, first TTD component 510 can
receive a first signal from radisting element 501 st a first input and conununicate a first
time-delaved signal with +45° polarization at a first output, and second TTD component 311
can receive g second signal from radiating elernent 501 at a second input and communicate a
second time-delaved signal with -45% polarization af a second output. Additionally, THD
circuit 300 comprises a combiner 530, In various embodiments, corabiner 530 can be
configured to receive two slant polarized input signals and produce a Hanear polarized output,
which can be vertical or horizoutal Hnear polarized, For example, combiner 530 can be
confignred to receive the first time-delayed signal from the first variable TTE component
and receive the second time-delaved signal from the second variable TTI component. In
various embodiments, combiner 530 can be cither ap active Sunyer o 2 PASSIVE SUMMe.
Moreover, in varlous embodiments, TTD olrcuit 500 can further comprise a first
controllable phase shifter 502 comprising a first phase controlier 520 and frst TTD
component S10 in series, and a second confrollable phase shifter 503 comprising a second
phase controlier 521 and second TTD component ST in series. In accordance with various
embodiments, first controllable phase shifter 507 can be configured 1o receive the first signal
and output a first error-correcied time-delayed signal. Likewise, second controlisble phase

shifier 503 can be configured to receive the second signal and output a second error-
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corrected time-delaved signal, Combiner 530 can be configured to receive the first and
second error-corrected time-delayed signals and generate a linear polarized output signal. In
accordance with varions embodiments, fret TTD component 510 facilitates time delay and
first phase controlier 520 can be configured to perform error correction on the first time-
delayed signal. Similarly, second TTD component 511 facilitates time delay and second
phase controller 321 can be configured to perform error correction on the second time-
delayed signal. A controller can provide a control input signal to TTD circutt 300, similar to
the controller of TTD cirouit 360,

Multi-Element Finbodiments

in various embodiments and with reference lo Figure 6, 8 TTD integrated circuit 500
can be configured as a linear polarization 2-beam, 4-radiating element receiver. The TTD
integrated circuit 600 comprises a first subcirouit 610 in comrounication with a first
radiating element 611, a second subcireuit 620 In communication with a second radiating
clement 621, a third subeireuit 630 in communication with a third mdiatiog element 631,
and 3 fourth subeirouit 640 in comypunication with & fourth radiating clement 641. Each
subcircuit 610, 620, 630, 64{ receives a pair of spatially orthogonal radio frequency (RE)}
signals from the respectively coupled radiating element 611, 621, 631, 641 and generaiss
two output signals, one for each beam to be formed. In accordance with various
embodiments, the two ouiput sipnals of each subcirouit 610, 620, 630, 640 can be time
dolayed by a selected duration. The different selected time delays of various TID
components of each subcirouit is indicated in Figure 6, and other figures in the application,
as “Ta” for first subcireuit 610, “Th” for second subcircnit 620, *“Te” for third subcireuit,
and “Td” for fourth subeireuit. The selected time delay of each subcircuit can be different in
comparison to the time delays of the other subeircuits, For example, in order fo compensate
for spacing between the radiating elements and corresponding timing differences in the
received signals, the selected time delay of “Ta” can be different than the selected time
delay of “TH”, “T¢?, andior “Td™. In various embodiments, time delays values can be
configured to facilitate bearo sieering in the anfenna.

The structure and function of each subcircuit 610, 620, 638, 640 s substantially
similar. Thus, only first subcircuit 610 will be discussed ju detall. In accordance with
various embodiments, flest subcircuit 610 comprises a first TTD component 614

communication with radigting element 611 and a second TTD component 615 paraliel with

10



1t

24

WO 2014/142885 PCT/US2013/031392

first TTD component 614 and also In commuunication with the radisting element 611, Ina
linear polarization embodiment, first TTD component 614 may communicate & first thme-
delayed signal with horizontal polarization and second TTD component 615 may
communicate a second time-delayed signal with vertical polarization.  Additionally, in
varions embodiments, subcireuit 610 can further comprise a first controllable phase shifter
612 comprising a first phase controller 616 and first TTD component 614 in series, and a
second controflable phase shifter 613 comprising a second phase controller 617 and second
TTD component 615 in series, As with other similar embodiments deseribed herein, first
and second phase controllers 616, 617 are not essential elements and can be omitted. In
various embodiments, first subeircuit 610 can operate similarty to TTE cironit 300, In an
axample embodiment, a digital control 801 communicates polarization and beam steering
conumands to subcircuits 5140, 6240, 630, 640, Digital control 601 can provide a controb input
signal to subcircuits 610, 620, 630, 640, similar to the controller of TID ciroutt 34
Furthermore, in various embodiments, there can be multiple digital controls. For example,
subcirouits 410, 820, 630, 641 can cach receive a controf input signal from a different digital
cortrol.

in accordance with various embodiments, a combiner network can be configured to
form 2 first recoive beam output and a second receive beam output, The first receive bearn
cutput can be generated by combining one of the two ouiput signals from each of four
subcircuits 610, 620, 630, 640, The second receive beam outpul can be generated by
combining the second of the twe output signals from each of four subcircuits 610, 620, 636,
540, In an example embodiment, multiple sombiners can be used to combive the subcircuit
output signals into a first receive beam output and a second receive beam output.

In a more specific example embodiment, a combiner 631 can be configured to
combine the first of the two ouiputs from first and second subcircuits 618, 620
Furthermors, a combiner 661 can be configured o combine the second of the two oulputs
frorn firsi and second subcircuits 610, 620, Also in the example embodiment, a combiner
652 can he configured to combine the first of the two outputs from third and fourth
subcircuits 630, 840, A combiner 662 can be configured o combine the second of the two
ouiputs from third and fourth subcircuits 638, 648,

At the next stage, 3 combiner 653 can be configured to combine the combined

outputs of combiners 651, 652 to form the first receive beam output. Furthermore, 4
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combiner 663 can be configured 1o combine the combined outputs of combiners 661, 662 16
form the second receive beam outpul, In various embodiments, combiners 631, 632, 633,
661, 662, 663 can be either active combiners or passive combiners.

A multiple radiating element TTD circult can alse be designed for circular
polarization embodiments. In accordance with various embodiments and with reference to
Figure 7, 2 TTD integrated civeuit 700 can be configured as a circular polarization 2-beam,
4-radiating element receiver. The TTD integrated circuit 700 comprises a first subcirout
710 in communication with a first radisting element 711, a second subcircuit 720 in
communication with & second radisting element 721, & third subcircuit 730 in
communication with s third radiating element 731, and a fourth subcireut 740 in
communication with a fourth radisting elerment 741, Each subefrcuit 71}, 720, 738, 740
receives a pair of spatially orthogonal RF signals from the respectively coupled radisting
element 711, 721, 731, 74} and generates two oulput signals, one for each beam to be
formed.

The structure and function of each subcirenit 710, 728, 730, 740 is substantially
similar, Thus, onby first subcireuit 710 will be discussed in detail. In accordance with
various emhodiments, first subeircuit 710 comprises a first variable TTD component 712 in
communication with radiating slement 711 and 2 second variable TTD component 713 also
in communication with radiating element 711, Additionally, subcircuit 710 can comprise a
90° hvbrid 714 configured to receive a first time-delayed signal from first variable TTR
component 712 and receive a second time-delayed signal from second variable TTD
component 713, The 907 hybrid 714 can be either an active hybrid or a passive hybrid. The
5(° hybrid 714 converts the signal energies received at radiating element 711 to clreular
polarized signals. In various embodiments, the 90° hybrid 714 can generaie at icast ong
circular polarized signal, such as 2 RHCP output and/or g LHCP ocutput.  Moreover, in
varicus embodiments, subcircuit 710 can include a {irst phase controlier 715 and a second
phase controlier 716 for error correction. First phase controller 713 and cecond phase
controller 716 can be configured for error correctinn of the signals for polarization racking.
First phase controller 715 can be in communication with first variable TTD component 712
and communicate s signal to the 90° hybrid 714, The first phase controller 715 can be
configured to perform error conrection on the first time delayed signal from first variable

TTD component 712, Stuilarly, second phase conrolier 716 can be in communication with
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second variable TTE component 713 and communicale a signal to the 90° hybrid 714, The
second phase controlier 715 can be configured to perform error correction on the second
time delayed signal from second variable TTD component 713, In an example embodiment,
a digital control 701 communicates polarization and beam steering commands to subcircuits
710, 720, 730, 740, Digital control 701 can operate similarly to digital controf 601 In
various embodiments, the combiner network Ulustrated in Figure 7 can operate similar to the
combiner network tlustrated in Figure 6.

Al the uext stage, a combiner 753 can be configured to combine the combined
outputs of combiners 751, 752 to form the first cireular polarized receive beam outpul,
Furthermore, a combiner 763 can be configured to combine the cornbined outputs of
combiners 761, 762 to form the second circular polarized receive beam output. Combiners
751,752, 753, 761, 762, 763 can be either active combiners or passive combiners.

A multiple radiating element TTD circuit can also be designed for slant polarization
embodiments. In accordance with various embodiments and with reference to Figure 8, a
TTD integrated circuit 800 can be configured as a slant polarization f-beam, 4-radiating
glement receiver. The TTD integrated circuit 800 comprises a first subcircuit 810 in
commiunication with a first radiating element 811, a second subeirouit 820 in communication
with a second radiating element 821, a third subcircuit 8§30 in communication with a third
radiating element §31, and a fourth subcircuit 840 in communication with a fourth radiating
clement 841. Fach subcircuit 810, 820, 830, 840 receives a pair of spatially orthogonal R¥
signals from the respectively coupled radiating element 811, 821, 831, 841 and generales a
single linear polarized output signal.

The structure and function of each subcireuit 810, 824, 830, 840 is substantially
similar. Thus, only first subeircuit 810 will be discussed in detail.  In accordance with
various embodiments, first subeircuit 810 comprises a first variable TTD component 814 in
communication with radiating element 811 and a second variable TTD component 815 alse
in communication with radiating element 811,  Morcover, in various embodiments,
subcircuit 810 can further comprise a first controllable phase shifter 812 comprising a first
phase controller 816 and first variable TTD component 814 in series, and a second
controllable phase shifter 813 comprising a second phase controller 817 and second variable
TTD component 815 in serfes. In various embodiments, first subcircuit 810 can operale

similarly to TTD circuit 500, In an example embodiment, a digital contrel 801
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communicates polarization and beam steering commands o subcircuits 810, 820, 830, 840,
Digital control 801 can operate similarly to digital control 601,
Additionally, subcircuit 810 comprises 8 combiner 818, Combiner 818 can be

configured to receive two slant polarized input signals and produce a linear polarized output,

LA

which can be vertical or horizontal linear polarized, depending upon the relative phasing
between phase controllers 816, 817, For example, combiner 818 can be configured to
receive the first time-delaved signal from the first controllable phase shitter 812 and receive
the second time-delayed signal from second controliable phase shifter 813, If first phase
controller 816 and second phase controller 817 are in phase, then combiner 818 generates a
10 horizontally polarized cutput, If first phase controlier 816 and second phase controller 817
are 1807 out of phase, then combiner 818 generates a vertically polarized output. In various
embodimenis, combiner 818 can be either an active combiner or a passive combiner.

In accordance with various ermbodimenis, a receive beam output can be generated by

combining the single output signal from cach of four subcircuits 810, 820, 830, 346, Inan

J——
(¥

example embodiment, a combiner 851 can be used to combine the single outputs from first
and second subcircuits 810, 820, Also in the example embodiment, g combiner 852 can be
configured to contbine the single cutputs from third and fourth subcircuits 830, 840, At the
next stage, a combiner 853 can be configured o combine the outpuls of combiners 851, 852
to form a lingar polarized receive beam output. fu various embodiments, combiners 8531,
20 852, 853 can be either active combiners or passive combiners.
fn various embodiments and with reference to Figure 9, a TTE integrated circuit 500
can be configured as a linear polarization 4-beam, d-radiating element receiver, The TTD
integrated circuit 900 comprises a frst subeircuit 910 in communication with a first
radiating element 811, a second subcircuit 920 in communication with a second radiating
25 element 921, a third subcireuit 930 in communicaiion with a third radiating element 934,
and a fourth sobcircuit 940 in conununication with a fowrth radiating clement 941, BEach
subcircuit 910, 920, 934, 940 receives a pair of spatially orthogoual RF signals from the
respectively coupled radiating element 911, 921, 931, 941 and generates four output signals,
one for cach beam o be formed.
3¢ The structure and function of each subcircuit 810, 920, 930, 940 is substantially
similar. Thus, only first subcircuit 910 will be discussed in detail. In accordance with

varicus embodiments and with continued reference to Figure 9, first subcircuit 910, in

i4



)

A

-

WO 2014/142885 PCT/US2013/031392

communication with radiating element 811, comprises a first splitter %12 and a second
splitter 9123, First splitier 912 receives a horizontal polarized signal from radiating olement
911 and divides into a first intermediate horizontal polarized sigoal and & second
intermediate horizontal polarized signal. Similarly, second splitter 913 receives a vestical
polarized signal from radiating clement 911 and divides into a first intermediate vertical
polarized signal asd a second Intermediate vertical polarized sigoal.  In various
ernbodiments, first subeircuit 910 further comprises a first variable TTD component 8184, a
second variable TTI component G188, a third variable TTD component 918C, and a fourth
variable TTD component 9180, First variable TTD component 918A receives the firg
intermediate horizontal polarized signal and can be configured to generale a time-delayed
first intermediate horizontal polarized signal.  Second varlable TTD component 9188
receives the second intermediate hovizontal polarized sigeal and can be configured to
generate a time-delayed second intermediate horizontal polarized signal. Third variable
TTD component 9180 receives the first intermediate vertical polarized signal and can be
configured o generate a time-delayed first intermediste vertical polarized signal. Fourth
variable TTD component 9180 receives the second intermediate vertical polarized signal
and can be configured to generate a time-delaved second imtermediate vertical polarized
signal. In various embodiments, the time-delay injected by first varisble TTD component
G184 can be the same time-delay injected by third variable TTD component 918C, and the
time-delay injected by second variable TTD component 9188 can be the sarse time-delay
injected by fourth variable TTD component 9180 Furthermore, the time-delay of the first
and third variable TTEY components 9184, 918C can be different than the time-delay of the
second and fourth variable TTD components %18B, 918D, The different time-delays
facilitate a single radiating element receiving multiple signals and separating the multiple
signals into distinet beams.,

Mareover, in various embodiments, fivst subcireuis 910 comprises a first controllable
phase shifter 914 comprising a first phase controller 919A and first variable TTD component
9184 in series, a sceond eontrollable phase shifter 915 comprising a second phase controller
9198 and second variable TTD component 9188 in series, a third controllable phase shifter
316 comprising s third phase controller 919C and third variable TTD component 918C in
series, and & fourth controllable phase shifter 917 comprising a fourth phase controller #1900

and fourth variable TTD component 9180 in series,

-
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fn accordance with various embodiments, first controliable phase shifier 814 can be
configured {0 receive the first intermediate horizontal polarized signal and output a first
error-corrected time-delaved intermediate horizontal polarized signal.  Likewise, - second
controllable phase shifter 915 can be configured to receive the second intermediaie
horizontal polarized signal and output a second error-corrected time-delayed intermediate
horizontal polarized signal.  Third controllable phase shifter 916 can be configured 1o
receive the first intermediate vertical polarized signal and output a first ervor-corrected time-
delaved intermediate vertical polarized signal. Similarly, fourth coniroliable phase shifter
917 can be configured to receive the second intermediate vertical polarized signal and output
a second grror-correcied time-delaved intermediate vertical polarized signal.

in accordance with various embodiments, first phase controller 31%A can be
configured to perform error correction on the first tiwe-delayed intermediate horizontal
polarized signal and second phase controfler 9198 can be configured to perform error
cosrection on the second time-delaved intermediate horizontal polarized  signal
Furthermore, third phase controller 919C can be configured to perform error correction on
the first time-delayed intermediate vertical polarized signal and fowrth phase controtier 9190
can be configured to perform error correction on the sccond tme-delayed intermediate
vertical polarized signal. In an example embodiment, & digital control 901 communicates
polarization and beam steering comrmands to subeircuits 910, 920, $30, 940, Digital contro]
901 can operate similarly fo digital control 601,

In accordance with various embodiments, a first receive beam output can be
generated by combining one of the four output signals from each of four subcircuits 819,
920, 930, 940. Similarly, a second receive beam output can be generated by combining a
second of the four output signals, a third reeeive beam output can be generated by
combining a third of the four output signals, and 3 fourth receive beam output can be
generated by combining a fourth of the four cutput signals from each of four subcircuits
$19, 920, 939, 9440, In an example embodiment, multiple combiners can be used (o combine
the subcircuit output signals into the four receive beam outputs.

In a more specific example embodiment, a combiner 931 can be configured 1o
combine the first time-delayed intermediate horizontal polarized signals from first and
second subeircuits 910, 920, Furthormore, a combiner 861 can be configured to combine the

second time-delayed intermediate horizontal polarized signals from first and second
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subcircults 914, 920, Likewise, a combiner 871 can be configured o combine the first time-
delaved intermediate vertical polarized signals from first and second subcircuits 910, 920, A
combiner 981 can be configured to combine the second time-delayed intermediate vertical
polarized sigoals from first and second subcirenits 916, 9240,

Also in the example embodiment, a combiner 952 can be configured to combine the
first time~delaved intermediate horizontal polarized signals from third and fourth subcircuis
930, 940, A combiner 962 can be configired to combine the second time-delayed
intermediate horizontal polarized signals from thivd and fourth subcircuits 930, 940,
Furthermore, a combiner 972 can be configured to combine the first time-delayed
intermediate vertical polarized signals from third and fourth subcircuits 930, 940, A
combiner 982 can be configured to combine the second time-delayed intermediate vertical
polarized signals from third and fourth subcircuits 930, 840,

At the next stage, a combiner 953 can be configured to combine the combined
autputs of corabiners 951, 952 to form a first horizontal polarized receive beam output. A
combiner 963 can be configured to combine the combined cutputs of combiners 961, 962 to
form a second horizontal polarized receive beam cutput. Furthermore, a combiner 973 can
be configured to combine the combined cutputs of combivers 971, 972 to form a first
vertical polarized receive beam output. A combiner 983 can be configured to combine the
combined outputs of combiners 981, 982 to form a second vertical polarized receive beam
output,

In various embodiments and with reference to Figure 10, a TTD integrated circuit
1600 can be configured as a circular polarization 4-bear, 4-radiating element receiver. The
TTD integrated circuit 1000 comprises a first subcircuit 1010 in communication with a first
radiating element 1011, a second subcircuit 1020 In communication with a second radiating
element 1021, a third subeircuit 1030 in communication with a third radiating element 1031,
and a fourth subcircuit 1040 in communication with a fourth radiating element 1041, Each
subcircuit 1010, 1020, 1030, 1040 receives a pair of spatially orthogonal RF signals from the
respectively coupled radiating elernent 1011, 1021, 1031, 1041 and generates four output
signals, one for each beam to be formed.

The siructure and function of cach subeircnit 1010, 1020, 1038, 1040 is substantiaily
simnilar, Thus, only first subcircuit 1010 will be discussed i detail. In accordance with

varinus embodiments and with continued reference to Figure 10, first subcircuit 1018, in
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conununication with radiating element 1011, comprises a first splitter 10612 and a second
splitter 1013, The splitters can be either active splitters or passive splitters. First sphitier
1012 receives a horizontal polarized signal from radiating eloment 1011 and divides into a
first intermediate horizontal polarized signal and a sceond intermediate horizontal polarized
signal. Similarly, second splitter 1013 receives a vertical polarized signal from radiating
element 1011 and divides inlo a first intermediate vertical polarized signal and a second
intermediate vertical polarized signal. In various embodiments, first subcircuit (G010 further
covaprises a first variable TTD component 1014A, a second variable TTD component
10148, a thivd variable TTD component 1014C, and a fourth variable TTD componend
10140, First variable TTD component 1014A receives the first intermediate horizontal
polarized signal and can be configured to generate a time-delayed first intermediate
horizontal polarized signal. Second variable TTD component 1014B receives the second
intermediate horizontal polarized signal and can be configured to generate a time-delgyed
second intermediate borizontal polarized signal. Third variable TTD component 1614C
recetves the flest intermediate vertical polarized signal and can be configured o gencrate a
time-delayed first intermediate vertical polarized signal, Fourth variable TTD component
10141 receives the second intermediate vertical polarized signal and can be configured to
generate a time-delayed second intermediste vertical polarized signel.  In various
embodiments, the time-delay injected by first variable TTD component 10144 can be the
sagrne time-delay injected by third variable TTD component 1014C, and the lime-delay
injected by second variable TTD component 10148 can be the same time-delay injected by
fourth variable TTT component 101403, Furthermore, the time-delay of the first and thind
variable TTD components 10144, 1014C can be different than the time-delay of the second
and fourth variable TTD components 10148, 10145, The differcnt time-delays facilitate 2
single radiating element receiving multiple signals and separating the multiple signals into
distinct beams.

Additionally, in various embodiments, first subcircuit 1010 can comprise a first 507
hybrid 1015 and a second 997 hybrid 1016, The first 90° hybrid 1018 can be configured to
recelve the time-delaved first intermediate horizondal polarized signal from first variable
TTD component 10144 and receive the time-delayed frst jntermediate vertical polarized
signal from third variable TTD component 1014C. The second 907 hybrid 1016 can be

configured to receive the time-delayed second intermediste horizontal polarized signal from
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second variable TTD component 10148 and receive the time-delayed second tntermediate
vertical polarized signal from fourth varjable TTD component 10140, In various
embodiments, the first and second 90° hybrids 1013, 1016 can be either active hybrids or
passive hybrids, The first and second 997 hybrids 1013, 1016 convert the signal energies

5 received at radiating element 1011 to circular polarized signals. In various embodiments,
the first 907 hybrid 1015 can generate a first time-delayed jutermediate RHCP signal and a
first time-delayed intermediate LHCP signal. Similarly, the second 90° hybrid 1016 can
generate a second time-delayed lmtermediate RHCP signal and a sscond time-delayed
infermediate LHCP signal.

14 Moreover, in various embodiments, first subcircuit 1010 can include a first phase
coniroller 1017A, 8 second phase controller 10178, a third phase controller 1017C, and a
fourth phase confrolier 10170 for emor comrection of the time-delayed signals for
polarization tracking. In various embodiments, the phase controllers can be either active
phase controllers or passive phase controflers. First phase controller 10174 can be in

1S communication with first variable TTD component 1014A and communicate a signal to first
90° hybrid 1015, The first phase controller 1017A can be configured to perform ereor
correction on the time-delayed first intermediate hovizontal polarized signal from first
variable TTD component 1014A, thereby generating a first time-delayed ervor-corrected
intermediate horizontal polarized signal. Furthermore, second phase conirolier 10178 can

20 be in communication with first varigble TTD component 1014B and communicate a signal
to second 90° hybrid 1016, The second phase controller 10178 can be configured perform
error correction on the time-delayed second intermediate horizontal polarized signal, thereby
generating a second tme-delayed error-corrected intermediate horfzontal polarized signal,

Similarly, third phase controller 1017C can be in communication with third variable TTD

a2
A4

component 1014C and communicate a signal to the first 90° hybrid 1015, The third phasc
controller 1017C can be configured to perform error correction on the time-delayed first
intermediate vertical polarized signal, thereby generating a first time-delayed error-corrected
intermediate vertical polarized signal. Furthermore, fourth phase controller 10170 can be in
communication with fourth variable TTD component 10140 and communicate a signal to
30 the second 90° hybrid 1016, The fourth phase conirolier 10175 can be configured pertorn
errar correction on the time-delayed second intermediatle vertical polarized signal, thereby

generating a second time-delayed error-corrected intermediate vertical polarized signal, In
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an sxample embodiment, a digital conwrol 1001 communicates polarization and beam
sieertng commands to subcircuits 1010, 1020, 1030, 1040, Digital control 1001 can operate
simifarly to digital control 601,

In accordance with various embodiments, a first recsive beam output can be

generated by combining one of the four ocutput signals from each of four subcirenits 1010,

L

1020, 1030, 1040, Similarly, a second receive beam output can be generated by combining

a second of the four output signals, a third receive beam ouiput <an be generated by

combining a third of the four output signals and s fourth recelve beam oculput can be

generated by combining a fourth of the four output signals from each of four subuireuits

TG 1010, 1020, 1030, 1040, In an example embodiment, multiple combiners can be used o

combine the subclrcuit cutput signals into the four receive beam outputs. The four reseive

beam outputs can be a first RHCP receive beam output, a second RHCP receive beam

ouiput, a first LHCP receive beam output, and a second LHCP receive beam output. in

various embodiments, the combiner network of TTD integrated cireuit 1000 as Hlustrated in

15 Figure 10 can operate similarly to the combiner network of TTD integrated circuit 900 as
iHustrated in Figure 9.

In various embodiments and with reference to Figure Hh, a TTD integrated clrouit

1104 can be configured as a slant polarization 2-beam, 4-radiating element recelver. The

TTD integrated cireuit 1100 comprises a first subcirault 1110 in communication with a first

20 radisting element 1111, a second subcircuit 1120 in cormmunication with a second radiating

element 1121, & third subcircuit § 130 in communication with a third radiating element 1131,

and a fourth subcircuit 1140 in communication with a fourth radisting clement 1141, Each

subcircuit 1110, 1120, 11390, 1140 receives a pair of spatially orthogonal RF signals from the

respectively coupled vadiating element 1111, 1121, 1131, 1141 and generates (wo output

A
¥ 4

stgnials, one for cach beam to be formed.

The structure and function of each subclreutt 1110, 1120, 1136, 1140 is substantially
simitar. Thus, only first subcircuit 1110 will be discussed in detail. In accordance with
varions embodincents and with continued reference to Figure 11, first subcircuit 1116, o
commumication with radiating element 1111, comprises a first splitter 1112 and a second
34y splitier 1113, In various embodiments, the splitters can be either active splitters or passive
splitters. First splitter 1112 recelves a +45° polarized signal from radiating olement 1111

and divides into a first intermediate +45° polarized signal and a second fotermediate +45°
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polarized signal. Similarly, second splitter 1113 receives a -457 polarized signal from
radiating element 1111 and divides into a first intermediate -45° polarized signal and a
second intermediate 457 polarized signal, In various embodiments, first subcircuit 1110

further comprises a first combiner {114, a second combiner 1115, a first variabie TTD

A

component 1116, and a second variable TTD component 1117, Moreover, in accordance
with various embodiments, {irst subcircuit 1110 can further comprise a first phase controlier
£118A, a second phase controller 11188, a third phase controller 1118C, and a fourth phase
controtler 11180 for polarization tracking of the polarized signals. Tn various embodiments,
the phase coniroilers can be either active phase controllers or passive phase controllers. For
{0 example, the phase controliers can be inverters.

First phase controlier 1118A can be in communication with first splitter 1112 and
first combiner 1114, and configured to perform error correction ou the first intermediate
+45% polarized signal, thereby generating a first errorcorrected intermediate +437 polarized
signal for providing to first combiner 1114. Further, second phase controller 11188 can be

15 in conununication with first splitier 1112 and second combiner 1115, and configured to
perform error correction on the second jotermediate +43° polarized signal, thereby
generating a second error-corrected infermediate +45° polarized signal for providing to
second combiner 1115, Moreover, third phase controller 1118C can be in communication
with sccond splitter 1113 and first combiner 1114, and configured o perform error

20 correction on the first intermediate -435° polarized signal, thereby generating g {irst ervor-

corrected intermediate -45° polarized signal for providing to first combiner 1114, In

addition, fourth phase controlier 1118D can be ju corymunication with second splitter 1113

and second combiner 1115, and configured to perform error correction on the second

intermediate -45° polarized signal, thereby generating a second error-corrected intermediate

b3
(21

~457 polarized signal for providing to second combiner 1118, In an example embodiment, a
digital control 1101 communicates polarization and bears steering commands to subeirenits
1110, 1120, 1130, 1140, Digital control 1101 can operate similarly to digital control 601,

in accordance with various embodiments, first combiner 1114 receives the first
error-corrected Intermediate +45° polarized signal and the first error-corrected intermediale -
3¢ 45° polarized signal.  Second combiner 1115 receives the second error-corrected
itermediate +45° polarized signal and the second error-corrected intermediate —45°

polarized signal. In various embodiments, first combiner 1114 combines the first error-
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correcied tntermediate +43° polarized signal and the first error-corrected intermediate -435°
polarized signal into a first intermediate outpwt beam. The first intermediate ouiput beam
can have horizontal or vertical polarization, depending upon the relative phasing betwesn
phase controliers 1118A-D. For example, if first phase controller 1HBA and third phase
§  controller 1118C are in phase, then the first buermediate output beam will be horizontally
polarized. If first phase controllers 1118A and third phase countroller 1118C are 180° out of
phase, then the first intermediate outpul beam will be vertically polarized. A similar
refationship holds for the relative phasing between sccond phase controller 11188 and
fourth phase controller 1118D. The first intermediate output beam can be communicated to

10 first variable TTD component 1116, First variable TTD component 1116 can be configured
to inject a time-delay into the beam and generate a first time-delayed intermediate output
beam. Furthermore, in various embodiments, second combiner 1115 combings the second
intermediate +45° polarized signal and the second intermediate -45° polarized signal into a
second intermediate output beam. The second intermediate output beam can have horizontal

15 or vertical polarization, as described above with respect to first phase controlier 11184 and
third phase controller 1118, The second intermediate output beam can be cornmunizated
to second varlable TTD component 1117, Second variable TTD component 1117 can be
configured to Inject a time-delay into the beam and generate a second time-delayed
intermediate output beam,

20 in accordance with various embodiments, a first recsive beam output can be
generated by combining one of the two output signals from each of four subcirenits 1110,
1126, 1130, 1140, A second receive beam output can be generated by combining the seeond
of the two output signals from each of four subclroyits 1110, 1126, 1138, 1148 In anp
example embodiment, multiple combiners can be used fo corsbine the subclroult output

signals jnto a first receive bearn output and a sevond recelve beam oufput. In various

)
Lo

embodiments, the combiner network of TTD integrated cirouit 1108 as tHustrated in Figure
11 can operate simifarly to the combiner network of TTD integrated cirouit 600 as tlustrated
in Figure 6.
The first recsive beam output can be either vertical linear polarized or horizontal
30 linear polarized, depending on the parameters of the subcircuits. Furthermore, the second
receive heam output can be either vertical linear polarized or horizontal Hnear polarized,

depending on the parameters of the subcircuits. The true time delay receive architectures as
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disclosed with respect to Figures 3-11 can also be similarly configured at transmit
architeotures as would be understood by one skilled in the art.

Duplexed Wideband Trae Time Delav Antenna

True tine delay can also be advantageously implemented in time-division duplexad
antenna embodiments. A dme-division duplex time-delay cirenit as illustrated in Figure 12
ean operate similarly to the TTD circuit illustrated in Figure 3. In accordance with various
embodiments and with reference to Figure 12, an antenna can include a thme~-division duplex
time-delay cireuit 1200 with linear polarization, the time-division duplex time-delay cirouit
comprising a fiest variable TTD component 1210, a second variable TTD component 1211
in paraliel with first variable TTD componest 1210, and a switching device 1209,
Switching device 1205 can be in communication with a radiating clement 1201 and in
communication with the first and second variable TTD components 1210, 1211, To various
embodiments, switching device can be a swiich, a circulator, or a diplexer. o Various
embodiments, the time-division duplex time-delay circuit 1200 can be configured for ume-
division half-duplex communications with the radisting element 1201, The switching
device 1205 can be configured to control signal routing for a receive signal and a transmit
signal. Moreover, the first and second variable TTD components 1210, 1211 can be part of
a monolithic component.

Additionally, in various embodiments and as similar to TTD circuit 230G, time-
division duplex time-delay circuit 1260 can further comprise a first controllable phase
shifter 1202 coroprising a first phase controlier 1220 and first variable TTD component 1218
in series, and a second controllable phase shifier 1203 comprising a second phase controller
1221 and second variable TTD component 1211 in series.  As with other similar
embodiments described hersgin, first and second phase controllers 1220, 1221 are not
essential elements and can be omitted. Moreover, in various embodiments, the time-division
duplex time-delay circuit 1200 can further comprise a first amplifier 1230 inseries with firat
conrollable phase shifier 1202, and a sccond amplifier 1231 in series with second
controliable phase shifter 1203 for amplifying the reccive and ransmit signals, respectively.
Also similar o TTD circuit 300, the variable time delay of TTD components 1210, 1211,
and the resulting beam steering, can be selected by a controller {not shown} similar 1o the
controller of variable TTD component 100, The controller can provide a control input signal

that selects the desired time delay of sach TTD component 1210, 1211 and the relative
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difference between the two time delays, if any. Purthermore, in various embodiments, the
controlier can provide a control input signal to first and second phase controllers 1226,
1221, The control input signal can select the desired phase shift of each phase controller,
and thereby control the polarization tracking.

In addition, g time-division duplex time-~delay circuit as illustrated in Figure 13 can
operate similarly to the TTD oiroults iHustrated in Figures 3 and 12, In sccordance with
various embodiments and with reference to Figure 13, a bidirectional antenna can fochude a
time-division duplex time-delay circuit 1300 with linear polarization. The time-division
duplex time-delay circuit 1300 can comprise a variable TTD component 1310, a first
switching device 1309, a second swiiching device 1340, and a third switching device 1341
First, switching device 1303 can be in communication with a radiating element 1381,
wheress first and second swiiching devices 1340, 1341 can be transrait-receive switching
devices in commuonication with the input and output of variable TTD component 1314,
respectively. In various embodiments, the time-division duplex ime-delay circuit 1300 can
be configured for time-division half-duplex communications with the radiating clement
1301, The switching devices 13035, 1340, 1341 can be configured to control signal routing
or a receive signal and a fransmit signal through variable TTD component 1310, For
example, time-division duplex time-delay circuit 1300 has a receive signal path and a
transmit signal path. The operating mode of tire-division duplex time-delay circuit 1300
can be controlled by switching devices 1305, 1340, 1341 forming a closed circuit path,
thereby selecting between the receive signal path and the fransmit signal path.

Additionally, in various embodiments and as similar to TTD cireuit 300 and time-
division duplex time-delay circuit 1200, time-division duplex time-delay circuit 1300 can
further comprise a controilable phase shifter 1302 comprising a phase controller 1320 and
variable TTD component 1310 in series. Morcover, in various embodiments, the time-
division duplex time-delay cireuit 1300 can further comprise a first amplifier 1330 in series
with controliable phase shifier 1302 in the receive signal path, and a second amplifier 1331
in series with controllable phase shifter 1302 in the transmit signal path for amplifying the
recetve and fransmit signals, respectively.

In various embodiments, time-division duplex time-delay circuit 1300 can operate in
different modes for transmitting and receiving signals. A first operating wode can be

configured for fransmitling a transmit input signal. The first operating mode can inchude
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first switching device 1340 connecting a transmit ju ling to variable TTD component 1310,
and second switching device 1341 connecting variable TTD component 131{ to the transmit
signal path associaied with second amplifier 1331, Furthermore, swiiching device 1305 can
connect the transmit signal path to radiating element 1301, Similarly, a second operating
mode can be configured for receiving a receive output signal. The second operating mode
can include switch device 1305 connecting radiating element 1301 to the receive signal path
associated with first amaplifier 1330, Furtherroore, first switching device 1340 can connect
the receive signal path to variable TTD component 1310, and second switching device 1341
can connect variable TTD component 1310 to a receive out Hve. & controller can provide a
control input signal to time~-division duplex time-delay eircuit 1300, similar to the controller
of time-division duplex time-delay circuit 1200,

The time-division duplex tme-delay circuits as illusirated in Figures 12 and 13 can
be components of a TTD integrated circuit configured for transmitting and receive linear
polarized signals using multiple radiating elements. In varlous embodiments and with
reference to Figure 144, a TTD integrated circuil 1400 can be configured as a 4-radiating
element transceiver. The TTD integrated circuit 1400 can comprise a first subeircuit 1410 in
commnunication with a first radiating element 1411, a secomd subcircuit 1420 in
conununication with a second radiating clement 1421, a third subcircuit 1430 in
communication with a third radiating element 1431, and a fourth subeircuit 1440 in
communication with a fourth radiating element 1441, Each subcircuit 1410, 1424, 1436,
1440 receives or transmits an RF signal.  In accordance with various embodiments,
subcircuits 1416, 1420, 1430, 1440 can individually comprise a time-division duplex time-
delay circult similar to time-division duplex time-delay circuit 1200 or time~division duplex
time-delay circuit 1300, as illustrated in Figures 148 and 14C.

In sceordance with various embodiments, a receive beam output can be generated by
combining an output signal from cach of four subcircuits 1410, 1420, 1430, 1440. i an
exaraple embodiment, multiple combiners can be used to combine the subcircuits” output
signals into the receive beam output. Similarly, a transmit beam signal can be generated by
dividing 2 transmit beam input to each of four subeircuits 1410, 1420, 1430, 1440, Inan
example embodiment, multiple splitters can be used to divide the transmit beam input into

input signals for each of the subcireuits.
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In a move specific example emwbodiment, a combiner 1451 can be configured 1o
combine the receive signal outputs from first and second subcircuits 1410, 1420, Also in
the example embodiment, a combiner 1452 can be configured to combine receive signal
outputs from third and fourth subcircnits 1430, 1440, At the next stage, a combiner 1453
can be configured to combing the combined outputs of combiners 1451, 1432 to form a
receive beam output. Combiners 1451, 1452, 1453 can be either active combiners or passive
combiners.

Furthermore, a splitier 1463 can be configured {o divide a transmit beam input and
communicate the divided input signals to splitters 1461, 1462, The splitter {461 can be
configured to divide the input signal to first and second suboircuits 1418, 1420, The splitter
1462 can be configured to divide the input signal to third and fourth subeircuits 1430, 14440,
Splitters 1461, 1462, 1463 can be either active splitters or passive splhitters,

fn other various embodimenis, the time-division duplex time-delay circuits as
iHustrated in Figures 12 and 13 can be components of a TTD integrated circuit configured
for transmitting and receiving linear polarized signals using multiple beams and multiple
radiating elements. In varicus embodiments and with reference to Figure 154, a TTD
integrated circuit 1500 can be configured as a dual receive beam, dual fransmit beam, 4-
radiating element transceiver, The TTD integrated circuit 1300 can comprise a first
sybeircuit 1510 in convnunication with a first radiating element 1511, a second subeircuit
1520 in communication with a second radiating clement 1521, a third subcircuit 1530 in
communication with a third radiating elersent 1531, and a fourth subcircnit 1340 in
comsmunication with a fourth radiating element 1541, Each subcircuit 1510, 1320, 1534,
1540 can form two RF receive signals and/or generate two RF transmit signals. In
accordance with various embodiments, subcireuils 1510, 1520, 1530, 1840 can individually
corprise two time-division duplex time-delay circuits, each circuit can be similar fo time-
division duplex time-delay circuit 1200 or time-division duplex time-delay circuit 1300, as
itlustrated in Figures 15B and 15,

Farthermore, in accordance with various embodiments, the combiner and splitter
network of TTD integrated circuit 1300 operates similar to the combiner and splitter
network of TTD integrated circuit 1400, with the addition that TTD integrated cirouit 1500

has two receive beams and two {ransmit beams.
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As illustrated in Figure 158, in various embodiments, first subchrowit 1518 can
comprise a splitier 1514 A configured to divide a receive signal from radiating element 1511
into two divided recefve signals. The two divided receive signals can be communicated 0 a
first controlisble phase shifter 1512A and a second coutrollable phase shifter 13128,
respectively. First and second controllable phase shifters 15124, 15128 can operate siynilar
to controliable phase shifter 1202, Subelreuit 1510 can further comprise a combiner 15148
configured to combine two intermediate transroit siguals received from a third controliable
phase shifter 15134 and a fourth controllable phase shifier 1513B, respectively, inte a
branarnit beam comrnunicaied to radiating element 1511, Third and fourth controliable
phase shifiers 15134, 15138 can operate similar to controliable phase shifter 1203

Moreover, in various ermbodiments and with reference to Figure 130, first subcirouit
1510 can comprise a splitter 1514A configured to divide a receive signal from radiating
elemnent 1511 into two divided receive signals. The two divided receive signals can be
communicated o a first controflable phase shifter 15124 and a secoud controllable phase
shifter 15128, respectively.  Subcircuit 1510 can fusther comprise a combiner 13148
confignred to combine two intermediate transmit signals received from first controtlable
phase shifier 15124 and secound controllable phase shiffer 15128, respeciively, inio a
frananyit beam comununicated to radiating element 1511, The half-duplex operation of first
eubcirouit 1510 and first and second controflable phase shifiers 15124, 151IB can be
facilitated by control of switching devices 15154, 15158, 1515C, 13150, First and second
conirollable phase shiflers 15124, 15128 can operate similar to controllable phase shiffer
1302,

Civeular or slant polanization

in addition io the linear polarization smbodiments described herein, a time delay
anterna can also include a time-division duplex time-delay circult with circular or slant
polarization. In accordance with various embodisents and with reference to Figure 16, a
tire-division duplex time-delay circuit 1600 with circular or slant polarization can comprise
a first coniroliable phase shifter 1602A in paraliel with g second controllable phase shiffer
16028 configured for generating a receive beam output at a combiner 1604, In VEFHIUS
embodiments, first controllable phase shifier 16024 can be ju communication with a first
switching device 16064, which in turs can be in communication with a first stot of radiating

clement 1601, Likewise, sccond controllable phase shifter 16028 can be in communication
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with 8 second switching device 16068, which in turn can be in communication with a
second siot of radiating element 1601, In various embodiments, switching devices 1606A,
16061 can be switches, circulator, or diplexers.

Similarly, time-division duplex time-~delay circuit 1600 can further comprise a third

(¥

countrollable phase shifier 1603A in paraliel with & fourth controllable phase shitter 16038

configured for forming a transmit beam from a transmit beam input communicated from a

splitter 1605, In various embodiments, third controllable phase shifter 1603A cen be in

communication with first switching device 16064, which in furn can be in communication

with the first siot of radiating clement 1601, Likewise, fourth controllable phase shifter

10 16038 can be in communication with second switching device 16068, which in turn can be
in communication with the second slot of radiating element 1601,

Fach of controllable phase shifters 18024, 16028, 16034, 16033 comprise a
variable TTD component 1612, Furthermorg, in various embodiments, each of controtlable
phase shifters 16024, 16028, 1603A, 16038 can also comprise a phase controlier 1613, In

15 varicus embodimenis, controllable phase shifters 16024, 1602B can operate similarly 1o
coutroliable phase shifter 1202, Likewise controllable phase shiflers 16034, 16838 can
operate similarly to controliable phase shifter 1203,
In accordance with various embodiments and with reforence to Figure 17, a time-
division duplex time-delay circuit 1700 with circular or slant polarization can comprise a
20 first controllable phase shifter 1702A in parallel with a second controllable phase shifter
1702B.  Firest controllable phase shifter 1702A can be in communication with a first
switching device 1707A at a first end, and a sceond switching device 17078 at a second end.
Similarly, second controliable phase shifter 17028 can be in cormmunication with a third
switching device 1767C at a {irst end, and 8 fourth switching device 170713 at a second end.
Z5 Furthermore, time-division duplex time-delay circuit 1700 can comprise a combiner
1704 and a splitter 170S. The splitter 1795 can be configured to receive a transmit beam
input and communicate a divided transmit beam input to both the first and second
controflable phase shifiers 17024, 1702B. Morzover, combiner 1704 can be configured fo
combine two inlermediate receive signals from the first and second controllable phase
30 shifters 17024, 17028, respectively, and generale a receive beam outputl.
fn varicus embodiments, first controllable phase shifter 1702A can be in

communication with a first switching device 1706A, which in turn can be in communication
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with a first slot of radiating element 1701, Likewise, second controllable phase shifler
17028 can be in communication with a second switching device 17068, which in turn can
be in communication with a second slot of radiating element 1701, In various embodiments,
switching devices 1706A, 17068 can be swiiches, circulator, or diplexers. The operation of
the first and second controliable phase shifters 17024, 17028 can be similar to the operation
of the time-division duplex time-delay circuit 1300,

The time-division duplex time-delay circuits as illustrated in Figures {6 and [7 can
be components of a TTD integrated cireuit configured for transmitling and receiving circular
or slant polarized signals using muitipie radiating elements. In various embodiments and
with reference to Figure 184, a TTD integrated circuit 1300 can be configured as a 4-
radiating element transceiver. The TTD integrated circuit 1800 can comprise a first
subcircuit 1810 in communication with a {irst radiating element 1811, a second subcircuit
1820 in communication with a second radiating element 1821, a third subeireuit 1830 in
communication with a third radiating element 1831, and a fourth subcircult 1840 in
communication with a fourth radiating element 1841, Each subcirenit 1810, 1820, 1838,
1840 receives or trapsmoiis an RF signal.  In accordance with various embodiments,
subcircuits 1810, 1820, 1830, 1840 can individually comprise a time-division duplex time-
defay circuit similar to time-division duplex time-delay circuit 1600 or time-division duplex
time-delay circuit 1700, as is shown in Figures 188 and 18C.

Tn accordance with various embodiments, a receive beam ontput can be generated by
combining an ouiput signal from each of four subcircuits 1810, 1828, 1830, 1840. 1o an
example embodiment, multiple combiners can be used to combine the subcireuits’ output
signals into the receive beam output. Similarly, a transioit beam signal can be generated by
dividing a travsmit beam input to each of four subcircuits 1810, 1820, 1830, 1840, Inan
example embodiment, roultiple splitters can be used to divide the transioit beam input into
input signals for each of the subcircuits, A combiner and splitter network can operale
similar to the combiner and splitier network shown with respect to Figure 14,

Tu other various embodiments, the time-division duplex time-delay circuits as
illustrated in Figures 16 and 17 can be components of a TTD integrated circuit configured
for transmitting and receive circular or slant polarized signals using multiple beams and
mujtiple radiating elements. In various embodiments and with reference to Figure 194, a

TTD integrated circuit 1900 can be configured as a dual receive beam, dual transmit beam,
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4-radiating element transceiver., The TTD integrated civcuit 1900 can comprise a first
subgircuit 1910 in cormmunication with a first radiating element 1911, a second subcircuit
{920 in communication with a second radiating element 1921, a third subcirouil 1930 in
communication with a third radisting element 1931, and a fourth subcircuit 1940 in
communication with a fourth radiating element 1941, Fach subeircuit 1910, 1920, 1930,
1940 can form two RE receive signals and/or generate two RF transmit sigoals. o
accordance with various embodiments, suheirenlts 1916, 1926, 1930, 1940 can individually
comprise two time-division duplex time-delay eircults, each circuit can be similar to time-
division duplex time-delay circait 1666 or time~division duplex time-delay eiveuit 1700 as
ithusirated in Figures 198 and 18C.

Furthermore, in accordance with various embodiments, the combiner and splitfer
setwork of TTD integrated circuit 1900 operates similar to the combiner and splitier
network of TTD integrated circuit 1800, with the addition that TTD integrated circuit 1900
has two receive beams and two iransmoit beams.,

The true time delay antenna grchitectures and networks as disclosed herein can be
combined with traditiona] phased aray building blocks such as sctive or passive
combiners/splitters, active or passive 907 bybrids, active or passive phase shiffers, and active
or passive gain control elements, and realized In monolithic embodiments, Furthermore, a
plurality of polarizations snd beam sigering can be provided by these architectures. In
addition to the receive topology embodiments disclosed herein, one skilled in the ant can
appreciate how similar transmit fopology embodiments can be designed.

In describing the present disclosure, the following terminology is used: The singular
forms "at "an” and “the" include plural referents unless the context clearly dictates
atherwise, Thus, for example, reference to an iters inclodes reference 1o one or more items,
The term “ones” refers to one, two, or more, and generally applics to the selection of some
or all of a quantity. The term “plurality” refers to two or more of an ttem. The ferm "gbout”
means quantities, dimersions, sizes, formulations, parameters, shapes and  other
characieristics need not be exact, but may be approximated andfor larger or smalier, as
desired, reflecting accepiable tolerances, conversion factors, rounding off, measurement
error  and the Hke and other factors known to those of skill in the art. The term
"substantiaily” means that the recited characteristic, parameter, or value nmeed not be

achieved exactly, but thai deviations or variations, including for example, tolerances,
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measurement error, measurement accuracy Hitations and other factors known to those of
skilf in the art, may occur in amounts that do uot preclude the effect the characteristic was
intended to provide. Numerical data may be expressed or presented herein in a range format,
it is to be understood that such a range format is used merely for convenience and brevily
and thus should be inierpreted flexibly to include not only the numerical values explicitly
recited as the limits of the range, but also interpreted to joclude all of the individual
rumnerical vatues or sub-ranges encompassed within that range as if cach sumerical value
and sub-range is explicitly recited. As ap {Hustration, a wumerical range of "about o 37
atiouid be interpreted to include not only the explicitly recited values of about 1 to about 3,
but also include individual values and sub-ranges within the indicsted range. Thus, included
in this numerical rangs can be individual values such as 2, 3 and 4 and sub-ranges such as 1-
3, 2-4 and 3-5, etc. This same principle applies to ranges reciting only one nwmerical value
{e.., "greater than about 1"} and should apply regardiess of the breadth of the range or the
characteristios being described. A plurality of iteros may be presented in a common list tor
convenience. However, these lists shonld be construed as though cach member of the list s
individually identified as a separate snd unique member. Thus, no individual member of
such Hst should be construed as & de facto equivalent of any other member of the same Hst
solely based on their presentation in a common group without indicstions to the contrary,
Furthermore, where the terms “and” and "or” can be used in conjunction with a bist of
items, they can be to be interpreted broadly, jo that any one or more of the listed iterms may
he used alone or in combination with other listed tems. The term "alternatively” retors 1o
selection of one of two or more aliernatives, and is not intended o limit the selection to only
thoae listed alternatives or to only one of the listed alternatives at g time, unless the context
clearly indicates otherwise,

In general, the disclosure 15 provided by way of example and s not 3 imitation. The
specific ranges and numbers disclosed in the papers can be for ithustration only, and do nol
lirnit the disclosure o thoss specific examples, ranges, or frequency bands, Benefits, other
advantages, and solutions to problems have been described above with regard o specific
embadiments. However, the benefits, advantages, sohstions to problems, and any elemeni(s)
that may cause any benefit, advantage, or solution 1o occur or become more proncunced can
be not to be construed as eritical, required, or easential features or elements of any of all the

LAY

claims. As used herein, the terms “includes,” “including,” “comprises,” “comprising,” or
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any other variation thereof, can be intended to cover a non-exclusive inclusion, such that a
process, method, article, or apparaius that comprises a Hst of elements does not include coly
those elemenis but may include other clements not expressly listed or inherent to such
process, method, article, or apparatus. Further, no element described herein is required for

the practice of the disclosure unless expressly described as “essential” or “critical”
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CLAIMS

1. A time-delayed circuit of an antenna, the Hime-delayed circuit comprising:

a firat variable true time delay (TTD) component configured to provide a gain neutral
variable time delay between a first input and a first output, the first variable TTD component
configured to generate a first gain neutral time-delayed signal;

a second variable TTD component configured to provide a gain neutral variable time
delay between a second input and a secound output, the second variable TID component
configured o generate a second gain neutral time~-Jelayed signal, the second variable TTD
component in paraticl with the first variable TTD component,

whereln each of the first variable TTD component and the second variable TTD
component comprise a control input sonfigured to control the amount of variable time delay;
and

wherein the first varisble TTD component and the second variable TTD component
are part of a roonolithic component.

2. The time-delaved circult of claim |, further comprising:

a first controllable phase shifier comprising the frst variable TTD component and a
first phase controller in series, wherein the first controllable phase shifter is configured to
receive a first signal from a radiating element and output a first error-corrected time-delayed
signal; and

a second controllable phase shifier comprising the second variable TTD component
and @ second phase controller in series, wherein the second controliable phase shiffer s
configured to receive a second signal from the radiating olement and output a second ervor-
corrected time~delayed signal;

wherein the first controllable phase shifter is in paralicl with the second controliable
phase shifter.

3, The time-delayed circuit of claim 2, wherein the first phase controlier is
configured for error correction of the first time-delayed signal and the second phase
controlier is configured for error correction of the second tme-delayed signal.

4, The thue-delayed circuit of claims -3, wherein the first and second variable TTH

components individually comprise a plurality of TTD elements in series, wherein sach of the
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plurality of TTD elements sither injecis a time delay in a tme-delayed signal or passes
theough the time-delayed signal with minimal delay.

5. The time-delayed cireult of claim 4, wherein cach TTD element of the plurality of
TTD elements comprises an element compensating amplifier configured to compensate the

5 time-delayed signal to a gain neutral level,

6. The time-delaved circuit of claim 4, whereln the first and second variable TTD
components  individually comprise a variable gsin amplifier (VGA) configwed to©
compensate the time-defaved signal to a gain neutral level,

7. The time-delaved circuit of claims 1-6, further comprising st least one controller

10 in communication with the first and second variable TTD components o provide the controd
nput.

8 The time-delayed circuit of claims 1.7, further comprising a 90° hybrid
configured to receive the firat time-delayed signal from the first variable TTD component
and receive the second time-delayed signal from the second variable TTD component,

1S wherein the 90° hybrid is configured to generate at least one circular polarized signal,

9. The time-delaved circuit of claims 1-7, further comprising a combiner configured
to receive the first time-delayed signal from the first variable TTD component and receive
the second time-delaved signal from the second variable TTD component, wherein the
combiner is configured to combine the first and second time-delayed signals and generate a

20 linear polarized signal.

10, A multiple radiating element recelver circuit comprising:

at least two subcircuits individually comprising a time-delay circuit of claim L
wherein the al least two subcircuits are individually in communication with at least two

radiating clements; and

NI
wn

a network of combiners configured to receive intermediate signals from the at least
two subcireuits and combine the Iniermediate signals into at least one output beam.

11. The multiple radiating element receiver circuit of claim 10, wherein each of the
at least two subcireuits is configured to perform polarization fracking and bearn sleering on a
signal received from the respective at least two radiating elernents,
36 12, The maltiple radiating element receiver circuit of clalim 10, whereln each of the

at least two subcircunits further comprise:
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a first coniroliable phase shifier comprising the first variable TTD component and a
first phase controiler in series, wherein the first controllable phase shifter is configured fo
receive a first signal from the one of the respective at least two radiating elements and
output a first error-corrected time-delayed signal; and

a second conirollable phase shifter comprising the second variable TTD component
and a second phase controller in serles, whereln the second countrollable phase shifier s
configured to receive a second signal from the radiating element and output a second error-
corrected time-delayed signal

wherzin the first controllable phase shifter is in paraliel with the second controllable
phase shifter.

13. The maltiple radiating clerent recelver cironit of claim 10, further comprising a
941° hybrid configured to receive the first time~-delayed signal from the first TTD component
and receive the seoond time-delaved signal from the second TTD component, wherein the
20° hyvbrid is configured to generate at least one circular polarized signal,

14, The multiple radiating element recelver circuit of clatm 10, further comprising a
combiner configured to receive the first time-delayed signal from the frst TTD component
and receive the second time-delayed signal from the second TTD component, wherein the
combiner is configured to combine the first and second time-delayed signals and generaie &
hinear polarized signal.

15. A method comprising:

receiving, at a first variable wue time delay (TTE) component, a first signal from a
radiating element;

receiving, at a second variable TTD component that is parallel to the first variable
TTD component, a second signal from the radiating element;

genarating, by the Grst variable TTD compouent, a {irst gain neutral time-delayed
signal from the first signal based on & control input signal configured to control the amount
of variable time delay; and

generating, by the second variable TTD compouent, a second gain neutral time-
delayed signal from the second signal based on the control input signal configured to controt
the amount of variable time delay:

wharein the first variable TTD component and the second variable TTD component

are part of a2 monolithic component.

LW
Sy



WO 2014/142885 PCT/US2013/031392

§6, The method of claim 15, further comprising:
receiving, at a first controllable phase shifter comprising the first varigble TTD
component and a first phase controller in series, a first signal from the radiating element and
putpuiting a tirst error-corrected time-delayed signal; and
5 rocoiving, at a second controllable phase shifter comprising the second variable THD
component and a second phase controller in series, a second signal from the radiating
element and oulputiing a second error-corrected time-delayed signak;
wherein the first phase controlier performs error correction of the first time-delayed
signal and the second phase controlier performs error correction of the sgcond time-delayed
16 signal
17, The method of claims 15-16, wherein the first and second variable TTD
components individually comprise a plurality of TTD elements in series with each other,
wherein each of the plurality of TTI} elements either injects a time delay in a time-delayed
signal or passes through the time-delayed signal with minimal delay.
i5 18, The method of claim 17, wherein each TTD element of the plurality of TTDR
elements comprises an element compensating amplifier configured to compensate the time-
delaved signal to a gain neutral level
1. The smethod of claims 15-17, wherein the first and second variable TTD

components individually comprise a variable gain amplifier (VGA) configured o

2
o

compensate the time-delayed signal to a gain neutral Jevel.

36. The time-delaved circnit of clalm 1, wherein the time-delayed cireuit is & time-
division duplex time-delay circait of an antenna, further comprising:

a switching device in communication with a radiating element and tn communication

with the first and second variable TTD components, wherein the swiiching device is

[
L

configured to control signal routing for & recelve output signal and a fransmit input signal;
whereln the first variable TTD component provides the gain neufral variable time
delay for the receive cutpet signal, and wherein the first gain peutral time-delayed signal iza
gain neviral time-delayved receive output signaly
wherein the second variable TTD component provides the gain neutral variable tise
30 delay for the tranamit input signal, and wherein the second gain nevtral time-delayed signal

P .

is a gain neutral time-delayed transmit input signal; and
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wherein the time-division duplex time-delay circuit is configured for time-division
half-duplex commaenications with the radiating element,
21. The time-division duplex time-delay circuit of claim 20, further comprising:
a first controliable phase shifler comprising the first varisble TTD component and a
5 first phase controller in serics, wherein the first controllable phase shifter configured fo
receive a recetve output signal and output an errov-corrected time-delayed receive outpud
signal;
a second controliable phase shifler comprising the second variable TTE component
and a second phase controller in series, wherein the second comtrollable phase shifter is
1 configured 1o receive a iransmit input signal and ouipul an error-corrected time-delayed
transmit input signal;
wherein the first controliable phase shifter is in parallel with the second controllsble
phase shitter,
22. The time-division duplex time-delay circuit of claim 21, wherein the first phase
15 countroller is configured for error correction of the time-delayed receive cutpat signal and the
second phase controlier is configured for error correction of the time-delayed transmit juput
signal.
23. The time-division duplex time-delay cirenit of clatros 206-22, wherein the first
and second variable TTD components individually comprise a plurality of TTE elements in
20 serigs, wherein cach of the plurality of TTD elements either injects a time delay in a Ume-
delaved signal or passes through the time-delayed signal with minimal delay,
24. The time-division duplex time~delay circuit of claim 23, wherein each TID
glement of the phurality of TTD elements comprises an element compensating amplifier

contfigured to compensate the time~delayed signal to a gain neutral Jevel,

a3
2

25, The time-division duplex time-delay circuit of claim 23, wherein the first and
second varisble TTD components individually comprice a variable gain amplifier (VGA)
configured to compensate the time-delayed signal io a gain neutral level,

26, The time-division duplex time-delay cireuit of clalms 20-25, further comprising
at least ope countroller in communication with the first and second variable TTD
30 components, wherein the at least one controller is configured to provide a control input
signal to the control input In order to select a tirse delay of each of the first and second

variable TTD components.

fod
-3
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27. A multiple radiating element haif-duplex circuit comprising:

at least two subcircuits individually comprising a time-division duplex time-delay
civouit of claim 20, wherein the at feast two subcircuits are individually in communication
with at least two radiating clements;

3 a network of combiners configured to receive intermediate receive signals from the
at least two subcircuits and combine the intermediate receive signals into at least one receive
output beam; and

a network of splitters configured to receive at least one transmit input bearn and
divide the at lesst one iransmit input beam into intermediate transmit signals for

10 communicating to the at least two subcireuits.

28. The multiple radiating element half-duplex civcuit of claim 27, wherein sach of
the at least two subcircuits is configured to perform polarization tracking and beam steering
on signals communicated with the respective at least two radiating elements.

29. The multiple radiating element haif-duplex cireuit of claims 27-28, wherein each

15 of the at least two subcircuits further comprise:

a first phase controller, in communication with the first TTD componesnt, configured
to adjust the phase of the time-delayed receive owtput signal and facilitate generation of an
grror-corrected time-delayved receive output signal; and

a second phase controller, in communication with the second TTD component,

20 configured to adjust the phase of the time-delayed transmit input signal and facilitate

generation of an error-corrected time-delayed transmit input signal.

30, A time-division duplex time-delay circuit of a bidirectional antenna, the time-
division duplex time~-delay circuit comprising:

multiple transmit-receive switching devices in communication with a radiating

|3
h

element, wherein the multiple transmit-receive switching devices is configured 1o control
signal routing based on an operating mode of the bidirectional antenna; and

a true time delay (TTD) component configured to generate a gain neutral time-
delayed signal having a variable time delay, wherein the time-delayed signal is cither a time-
delaved receive output signal or a time-delayed transmit input signal based on the operating

30 mode;
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wherein the TTD component is configured to inject a time-delay into the time-
delayed signal based on a control input configured to control the amount of variable time
delay;

wherein the hidirectional antenna is configured for time-division half-duplex
communications with the radiating element, and wherein the TTD component is part of a
monolithic componeant.

31. The time-division duplex time-delay circuit of claim 30, wherein the operating
mode is either a transmit mode or a receive mode.

37. The time-division duplex time-delay cirouit of claims 30-31, further comprising
a phase controller, in communication with the TTD component, configured to adjust the
phase of the time-delayed signal and facilitate generation of ap error-corrected time-~-delayed
signal, wherein the error-corrected time-delayed signal is either an ervor-corrected time-
delayed receive output signal or an error-corrected time-delayed transmit input signal based
on the operating mode.

33, The time-division duplex time-delay circuit of claim 32, wherein the phase
controller is configured for error correction of either the time-delayed receive output signal
or the time-delayed transmit input signal based on the operaling mode.

34, The time-division duplex time-delay circuit of claims 30-33, wherein the TID
component comprises a plurality of TTD elements in series, wherein each of the phurality of
TTD elements either injects a time delay in the time-delayed signal or passes through the
time-delayved signal with minimal delay.

35, A multiple radiating element half-duplex circuit comprising:

at least two subcircuits individually comprising & time-division duplex time-delay
circuit of claim 30, wherein the at least two subcircuits are individually in communication
with at least two radiating elements; and

a network of corubiners configured to receive intermediate receive signals from the
at feast two subcircuits and combine the intermediate receive signals futo at least one receive
ortput beam;

a network of splitters configured to receive at least one transmit input beam and
divide the at least one transmit input beam into intermediate transmit signals for

communicating o the at least two subclreuits.

39
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36. The multiple radiating element half-duplex cireuit of claim 33, wherein the
operating mode is either a transmit mode or a receive mode.

37. The multiple radiating element half-duplex circuit of claims 35-36, further
comprising & phase controller, in communication with the TTD component, configured o
adjust the phase of the time-delayed sigoal and facliitate generation of an error-corrected
time~-delayed signal, wherein the error-corrected time-delayed signal is either an error-
corrected time-delayed receive output signal or an error-corrected time-delayed fransmit
input signal based on the operating mode.

38, The multiple radiating element balf-duplex circuit of claimm 37, wherein the
phase controller is configured for error correction of either the time-delayed receive output
signal or the time-delayed transimit input signal based on the operating mode.

39, The multiple radiating element half*duplex circuit of clairs 35-38, wherein the
TTD component comprises a plurality of TTD elements in series, wherein each of the
plurality of TTD elements either injects a time delay in the time-delayed signal or passes
through the time~delayed signal with minimal delay.

4. A method comprising:

receiving, at a first true time delay (TTD) coroponent, a transmit input signal;

time defaying, by the first TTD component, the transmit input signal to generate a
time-detayed transmit signal;

cormmmunicating, by the first TTD component, the time-delayed transimit signal to a
radiating element for transmission; and

receiving, at a second TTD component, a receive signal from the radiating element;

time-delaying, by the second TTD component, the receive signal to generate a time-
delayed receive output signal;

wherein the first and second TTD components is part of a monolithic component.

41, The method of claim 40, further comprising:

adiusting, by a first phase controller, the phase of the time-delayed transmit signal
and facilitating generation of an error-corrected time-delayed trapsmit signal for
communicating to the radiating element; and

adjusting, by a second phase controller, the phase of the time-delayed receive output

signal and facilitating genevation of an error-corrscied time-delayed receive output signal.

40
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42, The method of claims 40-41, whergin the first and second TTD components
individually comprise a pharality of TTD elements in series, whereln cach of the pluraiit;f of
TTD elements either injects a time delay in a time-delayed signal or passes through the time-

delaved signal with minimal delay.

41
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