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(57) ABSTRACT

A system for distributed dual-function radar-communication
comprises a plurality of dual-function radar transmitters
positioned within a region of iterest, each configured to
transmit at least one radar waveform, with each transmitter
for having a minimum transmit power, a maximum transmit
power, and a working transmit power, a plurality of radar
receivers positioned within the region of interest, each
configured to receirve the radar waveforms, at least one
controller communicatively connected to at least one con-
nected transmitter of the plurality of dual-function radar
transmitters, configured to calculate a vector of transmit
power values for the plurality of dual-function radar trans-
mitters. A method of transmitting a radar waveform 1s also
disclosed.
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SYSTEM AND METHOD FOR DISTRIBUTED
DUAL-FUNCTION
RADAR-COMMUNICATION

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR

[0001] DEVELOPMENT

[0002] This invention was made with government support
under Contract No. FA8650-14-D-1722, awarded by the Air
Force Research Laboratory. The government has certain
rights 1n the invention.

BACKGROUND OF THE INVENTION

[0003] In the past decade, the 1ssue of spectrum sharing
has attracted significant attention due to the increasing
congestion of spectral resources. Modern wireless commu-
nication systems demand the expansion of existing spectral
allocations to improve the data rate. In addition, emerging
technical mnovations, like Internet-of-Things, require new
frequency allocations. In this context, great efforts have been
made 1n the field of cognitive radios to efficiently manage
spectral utilization. Recently, coexistence of multiple appli-
cations within the same frequency band(s) has been pro-
posed to mollify the spectral congestion by simultaneously
sharing the same spectrum resources. Dual-function radar-
communications (DFRC) 1s an important example of such a
platform which may perform a secondary communication
operation 1n addition to the primary radar function while
utilizing the same frequency resources.

[0004] In DFRC systems, the transmitted waveform serves
both radar and communication functions. The radar opera-
tion 1s considered to be the principal objective of the DFRC
system whereas the communication operation 1s assumed to
be the secondary objective. Recent DFRC techniques can be
broadly classified into two main categories. The first cat-
egory comprises waveform diversity-based methods which
exploit a dictionary of waveforms capable of performing the
radar operation. The communication operation 1s enabled by
selecting the suitable waveform from the waveform diction-
ary. The second class employs beamforming-based spatial
multiplexing techniques in addition to waveform diversity to
achieve DFRC operation.

[0005] Multiple-input multiple-output (MIMQO) radar sys-
tems with widely distributed antennas are known to offer
improved localization capabilities due to enhanced spatial
spread. The localization performance of distributed MIMO
radars can further be mmproved by either increasing the
number of participating radars or the transmitted energy.
Many distributed MIMO radar systems designed to improve
the localization accuracy focus on optimized resource allo-
cation based on the Cramer-Rao bound (CRB) minimization
or mutual 1nformation maximization. Resource-aware
designs are very important for the deployment of sensor
nodes 1n the network to reduce the operational cost. In order
to enhance the performance of these systems, the partici-
pating radars are usually connected with ground stations,
fusion centers, or 1n a distributed fashion using wireless
links. Modern distributed systems need to perform the radar
sensing as well as communication functions simultaneously
while considering the onsite resource constraints. In this
context, DFRC approaches have not been considered for the
case of distributed MIMO architectures.
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[0006] Thus, there 1s a need 1n the art for a novel resource-
aware DFRC architecture for distributed MIMQO systems
configured to achieve high performance in both target local-
1zation and wireless communication. The present disclosure
satisfies this need.

SUMMARY OF THE INVENTION

[0007] In one aspect, a system for distributed dual-func-
tfion radar-communication comprises a plurality of M dual-
function radar transmitters positioned within a region of
interest, each configured to transmit at least one radar
waveform, with each m-th transmitter for m=1, . . . , M
having a minimum transmit power p,, ., a maximum
transmit power p,, , and a working transmit power P,

plurality of radar fggeivers p031t10ned within the region Of
interest, each configured to receive the radar waveforms, at
least one controller communicatively connected to at least
one connected transmitter of the plurality of dual-function
radar transmitters, comprising a non-transitory computer-
readable medium with 1nstructions stored thereon, which
when executed by a processor perform steps comprising
accepting a vector of locations of the plurality of dual-
function radar transmitters and a vector of locations of the
radar receivers, accepting target data comprising a target
location having a first target localization accuracy and an
estimated radar cross section, calculating a vector of trans-
mit power values p,_{for the plurality of dual-function radar

transmitters by minimizing

, subject to ¢ —ndp, <0 and X, = 0,

pa‘x
V Y &
[Xr] !

wherein each transmit power value 1n the vector of transmit
power values 1s between P,, ,and P,, and wherein the
sum of the transmit power \j’céﬂfues 1n ﬂ]témifxector of transmit
power values 1s less than or equal to a maximum total
transmit power for the system, and setting a transmit power
of the at least one connected dual-function radar transmitter
from the calculated vector.

[0008] In one embodiment, the at least one controller 1s
communicatively connected to all of the dual-function radar
transmitters. In one embodiment, the steps further comprise
receiving an updated target location having a second target
localization accuracy, and recalculating the vector of trans-
mit powers. In one embodiment, the steps further comprise,
when the target location 1s outside the region of interest,
switching the system 1nto a communication-only mode, and
when the target location 1s mside the region of interest,
switching the system i1nto a dual-function radar-communi-
cation mode. In one embodiment, the system further com-
prises a time synchronization system communicatively con-
nected to the dual-function radar transmitters and radar
receivers, configured to synchronize clocks of the dual-
function radar transmitters and radar receivers.

[0009] In one embodiment, the steps further comprise
accepting a quantity of data to be transmuitted, translating the
quantity of data into a sequence of radar waveforms from a
dictionary of radar waveforms, and providing the sequence
of radar waveforms to the at least one connected dual-
function radar transmitter. In one embodiment, the steps
further comprise encrypting the binary data. In one embodi-
ment, the steps further comprise adding error correction bits

to the binary data. In one embodiment, the system further
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comprises a plurality of communication receivers. In one
embodiment, the target data comprises a plurality of target
locations, each having a target localization accuracy and an
estimated radar cross section.

[0010] In another aspect, a method of transmitting a radar
waveform comprises providing location data comprising a
set of locations of a plurality of dual-function radar trans-
mitters and a set of locations of a plurality of radar receivers,
providing target data comprising a target location having a
first target localization accuracy and an estimated radar cross
section, providing a quanfity of data for transmission and a
dictionary of radar waveforms, calculating a vector of trans-
mit power values p,_for the plurality of dual-function radar
transmitters by minimizing

, subject to g —ndp,, =0 and X, = 0,

Prx
4 _
[Xr ] 7

setfing a transmit power of at least one dual-function radar
transmitter from a selected transmit power value 1n the
vector of transmit power values, selecting a radar waveform
from the dictionary of radar waveforms corresponding to a
subset of the binary data, and transmitting the waveform
from the at least one dual-function radar transmitter at the
selected transmit power value, wherein each transmit power
value 1n the vector of transmit power values 1s between
Pre min @0 P, ... and wherein the sum of the transmit power
values 1n the vector of transmit power values 1s less than or
equal to a maximum total transmit power for the system.

[0011] In one embodiment, the method further comprises
setting a transmit power of the plurality of dual-function
radar transmitters from the transmit power values 1n the
vector of transmit power values. In one embodiment, the
method further comprises selecting a second radar wave-
form from the dictionary of radar waveforms corresponding
to an adjacent subset of the binary data, and transmitting the
second radar waveform from the at least one dual-function
radar transmitter at the selected power value.

[0012] In one embodiment, the method further comprises
rece1ving the waveform with at least one dual-function radar
receiver of the plurality of radar receivers, calculating, from
the received waveform, an updated target location having a
second target localization accuracy, providing the updated
target location and second target localization accuracy to the
at least one dual-function radar transmitter, recalculating the
vector of transmit power values, and setting a transmit
power of the at least one dual-function radar transmuitter
from a selected transmit power value 1n the updated vector
of transmit power values.

[0013] In one embodiment, the second target localization
accuracy 1s more accurate than the first target localization
accuracy. In one embodiment, the method further comprises
switching the at least one dual-function radar transmitter to
a radar-only mode, calculating a vector of radar-only trans-
mit power values by mimimizing 1,.,,p,. subject to
q—MAp, <0, and setting the transmit power of the at least one
dual-function radar transmitter from a selected radar-only
transmit power value 1n the vector of radar-only transmit
power values, wherein each radar-only transmit power value
1n the vector of radar-only transmit power values 1s between
Prcmin AN Piy e and wherein the sum of the radar-only
transmit power values 1n the vector of radar-only transmit
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power values 1s less than or equal to the maximum total
transmit power for the system.

[0014] In one embodiment, the method further comprises

switching the at least one dual-function radar transmitter to
a communication-only mode, and calculating a vector of
communication-only transmit power values by minimizing

, subject to X, =0
2

Prx
V - Fr
[Xr] !

and setting the transmit power of the at least one dual-
function radar transmitter from a selected communication-
only transmit power value 1n the vector of communication-
only transmit power values;

[0015] wherein each communication-only transmit power
value 1n the vector of communication- only transmit power
values is between p,, .., and p,. ... and wherein the sum of
the communication-only transmit power values 1n the vector
of communication-only transmit power values 1s less than or
equal to the maximum total transmit power for the system.
In one embodiment, the method further comprises receiving
the waveform with at least one communication receiver, and
comparing the received waveform to the dictionary of radar
waveforms, translating the received waveform 1nto a quan-
tity of bits. In one embodiment, the method further com-
prises setting the transmit power of the at least one dual-
function radar transmaitter to zero when the selected transmit
power value 1n the vector of transmit power values 1s below
a predetermined threshold. In one embodiment, the target
data comprises a plurality of target locations, each having a
target localization accuracy and an estimated radar cross
section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The foregoing purposes and features, as well as
other purposes and features, will become apparent with
reference to the description and accompanying figures
below, which are included to provide an understanding of
the invention and constitute a part of the specification, 1n
which like numerals represent like elements, and 1 which:

[0017] FIG. 1 1s a diagram of an exemplary distributed
DFRC MIMO system;

[0018] FIG. 2 1s a method of the disclosure; and

[0019] FIG. 3 1s a diagram of an exemplary distributed
DFRC MIMO system.

DETAILED DESCRIPTION

[0020] It 1s to be understood that the figures and descrip-
tions of the present 1mvention have been simplified to
1llustrate elements that are relevant for a clear understanding
of the present invention, while eliminating, for the purpose
of clarity, many other elements found 1n related systems and
methods. Those of ordinary skill in the art may recognize
that other elements and/or steps are desirable and/or required
in 1mplementing the present invention. However, because
such elements and steps are well known 1n the art, and
because they do not facilitate a better understanding of the
present invention, a discussion of such elements and steps 1s
not provided herein. The disclosure herein 1s directed to all
such varnations and modifications to such elements and
methods known to those skilled in the art.
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[0021] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of the present invention, exemplary
methods and materials are described.

[0022] As used herein, each of the following terms has the
meaning associated with 1t 1 this section.

[0023] The articles “a” and “an’ are used herein to refer to
one or to more than one (1.e., to at least one) of the
grammatical object of the article. By way of example, “an
clement” means one element or more than one element.

[0024] “About” as used herein when referring to a mea-
surable value such as an amount, a temporal duration, and
the like, 1s meant to encompass variations of £20%, £10%,
+35%, £1%, and £0.1% from the specified value, as such
variations are appropriate.

[0025] Throughout this disclosure, various aspects of the
invention can be presented 1n a range format. It should be
understood that the description in range format 1s merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accord-
ingly, the description of a range should be considered to
have specifically disclosed all the possible subranges as well
as 1ndividual numerical values within that range. For
example, description of a range such as from 1 to 6 should
be considered to have specifically disclosed subranges such
as from 1 to 3, from 1 to 4, from 1 to 3, from 2 to 4, from
2 1o 6, from 3 to 6 etc., as well as individual numbers within
that range, for example, 1, 2, 2.7, 3, 4, 5, 5.3, 6 and any
whole and partial increments therebetween. This applies
regardless of the breadth of the range.

[0026] In some aspects of the present invention, software
executing the nstructions provided herein may be stored on
a non-transitory computer-readable medium, wherein the
soltware performs some or all of the steps of the present
invention when executed on a processor.

[0027] Aspects of the ivention relate to algorithms
executed 1 computer software. Though certain embodi-
ments may be described as written 1n particular program-
ming languages, or executed on particular operating systems
or computing platiorms, 1t 1s understood that the system and
method of the present invention 1s not limited to any
particular computing language, platform, or combination
thereol. Software executing the algorithms described herein
may be written 1n any programming language known 1n the
art, compiled or interpreted, including but not limited to C,
C++, C#, Objective-C, Java, JavaScript, MATLAB, Python,
PHP, Perl, Ruby, or Visual Basic. It 1s further understood that
clements of the present invention may be executed on any
acceptable computing platform, including but not limited to
a server, a cloud instance, a workstation, a thin client, a
mobile device, an embedded microcontroller, a television, or
any other suitable computing device known 1n the art.

[0028] Parts of this mvention are described as software
running on a computing device. Though soitware described
herein may be disclosed as operating on one particular
computing device (e.g. a dedicated server or a workstation),
it 1s understood in the art that software 1s intrinsically
portable and that most software running on a dedicated
server may also be run, for the purposes of the present
invention, on any ol a wide range of devices including
desktop or mobile devices, laptops, tablets, smartphones,
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watches, wearable electronics or other wireless digital/cel-
lular phones, televisions, cloud instances, embedded micro-
controllers, thin client devices, or any other suitable com-
puting device known in the art.

[0029] Similarly, parts of this mnvention are described as
communicating over a variety of wireless or wired computer
networks. For the purposes of this invention, the words
“network”, “networked”, and “networking” are understood
to encompass wired Ethernet, fiber optic connections, wire-
less connections including any of the various 802.11 stan-
dards, cellular WAN 1nfrastructures such as 3G, 4G/LTE,
and 5G networks, Bluetooth®, Bluetooth® Low Energy
(BLE) or Zigbee® commumnication links, or any other
method by which one electronic device 1s capable of com-
municating with another. In some embodiments, elements of
the networked portion of the invention may be implemented
over a Virtual Private Network (VPN).

Annotations

[0030] Throughout the disclosure, lower-case and upper-
case bold letters are used to represent vectors and matrices,
respectively. In particular, 1,,.,, stands for the 1xM row
vector of all ones, 1,,.,, denotes the MxM 1dentity matrix.
The superscripts (¢)* and (*)* represent the transpose and
complex conjugate, respectively. ||, represents the 1,-norm
ol a vector.

Definitions

[0031] Throughout the application, the following terms
are understood to have the following corresponding mean-
Ings:

[0032] CRB refers to the Cramer-Rao bound, an expres-
sion of the lower bound of a variance of an unbiased
estimator.

[0033] DFRC refers to dual-function radar-communica-
tion.

[0034] MIMO as used herein refers to “Multiple Input
Multiple Output.”

[0035] RCS refers to the radar cross-section.

[0036] Shannon’s Capacity or Shannon Capacity refers to
the theoretical maximum rate at which information can be
transmitted over a communications channel of a specified
bandwidth in the presence of noise, as set forth by the
Shannon-Hartley theorem.

[0037] In the present disclosure, a novel resource-aware
DFRC strategy for distributed MIMO systems 1s presented.
A novel power allocation scheme 1s disclosed for the dis-
tributed DFRC MIMO system to achieve high target local-
1ization and wireless communication performance. The local-
ization accuracy 1s addressed 1n terms of the CRB whereas
the communication performance 1s measured 1n terms of the
optimal Shannon’s capacity.

[0038] Although various embodiments of disclosed sys-
tems and methods may be described with the aid of particu-
lar examples, for example as a distributed radar-communi-
cation system for tracking a single target, 1t 1s understood
that the systems and methods disclosed herein may be usetul
in any situation where distributed radar and communication
systems coexist, imncluding but not limited to distributed
radar networks coexisting with wireless communication
networks, drones, surveillance radars, anti-missile defense
radars, underwater sonar systems, automotive radars, Inter-
net-of-Things, or satellite networks.




US 2023/0060414 A1l

System Model

[0039] A system model of the present disclosure may be
thought of in terms of a radar sub-system and a communi-
cations sub-system. As contemplated herein, a radar sub-
system of the invention may involve a distributed system
having a plurality of transmitters, where the primary mea-
sure of success of the radar sub-system 1s the accurate
detection, localization, and tracking of one or more targets.
Target localization accuracy (referred to sometimes herein
as CRB 1) may 1n some embodiments be measured with
regard to one or more thresholds. For example, in some
embodiments, a value of <10 m~ may be considered to be
highly accurate, while a value of N>30 m* may be consid-
ered insufficiently accurate. However, suitable thresholds for
measuring sufficient target localization accuracy may vary
based on system requirements and may include, but are not
limited to, <5 m~, <10 m~, <100 m~, <150 m~, or <200 m~.
[0040] In some embodiments, a radar sub-system of an
architecture or system of the present disclosure may com-
prise a narrowband distributed MIMO radar system, a dia-
gram of which 1s shown 1n FIG. 1. The exemplary system of
FIG. 1 consists of M=3 transmitters (101, 102, 103) and N=6
receivers (radar receivers 104, 105, 106, and 107, and
communication receivers 108 and 109), which are arbitrarily
located 1n a two-dimensional (2-D) coordinate system at the
locations (X,,, v,.) and (X, v, ), respectively, for 1<m<M and
1 <n<N. A single point target 110 1s located at (X, y). The
radar acts as a distnbuted DFRC MIMOQO system whose
primary objective 1s to track the location of target 110. In
some embodiments, a coarse estimate of the parameters
related to the target’s radar cross-section (RCS) and position
1s available, for example from previous acquisitions. During
each radar pulse, each transmitter radiates an orthogonal
waveform such that (1/T)),7Is_(t)2dt=1 and (1/T)l, s, (t)
s, *(1)dt=0 for m#n, where T 1s the duration of each pulse and
t 1s the fast time. Additional information about exemplary
system models disclosed herein may be found 1n A. Ahmed,
Y. D. Zhang and B. Himed, “Distributed Dual-Function
Radar-Communication MIMQO System with Optimized
Resource Allocation,” 2019 IEEE Radar Conference (Ra-
darConf), Boston, Mass., USA, 2019, pp. 1-5, incorporated
herein by reference 1n 1ts entirety.

[0041] In some embodiments, 1t 1s desirable to have all
radar transmitters and receivers operating from a single
synchronized clock, or having clocks which are synchro-
nized below a particular threshold. Clock synchronization
may be accomphshed for example by including a system at
the radar fusion center, communicatively connected to all
transmitters and receivers, and configured to synchronize the
clocks of the transmitters and receivers. In other embodi-
ments, the receivers may be preconfigured to know the
transmit times of the waveforms from the transmitters, or
may otherwise be periodically or continuously updated with
information related to transmit times from the various trans-
mitters.

[0042] The radar signal corresponding to the waveform
transmitted by the m-th transmitter and received by the n-th
receiver 1s expressed 1n equation 1 below:

m n(‘f)_‘\/am npm IJ: Fr, }"I.S (t_T )_Wm,n(‘f)

[0043] where «,,, represents the signal variation due to
path loss effects, p,, .. 18 the transmit power of signal s,,(t)
emitted from the m-th transmitter, h,  denotes the target
RCS for the propagation path from the m-th transmitter to

Equation 1
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the n-th receiver, and Wmﬂ(‘[)*-CN(O,GWE) represents the
circularly symmetric zero-mean complex white (Gaussian
noise. The propagation delay t,,, due to the propagation
path from the m-th transmitter to the n-th receiver is given

by 1, ,=(D,, . +D, .J)c where D,, . and D, .. are the dis-
tances of the target from the m-th transmitter and that from
the n-th receiver, respectively, and c 1s the propagation

velocity of the transmitted signals. The path loss factor takes

the form of o Dm H_ZDH e ~- Moreover, let h=[h, ,, h, ,.

hy, oho s hy, 10 be the MNX1 vector of all bistatic
RCS of the targets and P,=[p; .o Poyus - - - » Passl’ De the
MX1 vector containing the transmit powers from all trans-

mitters of the DFRC system. In addition, p,.,,...=[P; g
P2, .....Pp._ 1 and P, min=IP1__ P2 - s Pas

IX FHax IX FRax tx,mm X, mm t;t:,mm

are the Mx1 vectors respectively representing the maximum
and the mimmimum allowable transmit power from the M
transmitters. P, .., mM_Em_lMpm - 1s the maximum allow-
able power to be transmitted from the DFRC transmitters

collectively.

[0044] The radar performance can be evaluated 1n terms of
the CRB representing the lower bound on the mean squared
error of the target’s location estimates, expressed as:

r Equation 2
q" Dix 9
ILF{CIJ‘} — T »
DA D
where
q =g, + 4n,

A =q.q} —q.q.,

i T
QEI — _qglp qup = oA QEIM] )

i T
tp = _‘?bI:‘?bzp :QbM] s

i T
o = _‘?::'1:‘?::'2: :‘?CM] )

and tr(.) 1s the trace of a matrix. Here,

Equation 3

—x X, —xY}
- tH a{mﬂhmﬂz — —I_ La: .
=¢ Z | |( - 2 ]

Mt

N 2
ym Y _ y ynr_x _ y
b, = fmzwm,nlhm,nlz( f; + R ) ’

ﬁ:]_ mr_'-"{

e, =

myy — A Anpy =AM Vi, =V Vo, — Y
. ar’mn hmn P ix 4 rX J( ix 4 FX ]
3 Z | | ( R R R R

g iy gy iy

[0045] where £ _=8n"B_/(G, °c”) and B
bandwidth of the m-th transmatter.

[0046] In one embodiment, a communication sub-system
comprises a plurality of receivers and transmitters, wherein
some receivers and/or transmitters may be co-located with
the transmitters of the radar sub-system as contemplated
above. In some embodiments, a primary measure of success
of a communication sub-system 1s the total system data rate,
as measured for example against the Shannon’s capacity.

1s the effective

[0047] In one exemplary embodiment, a communication

sub-system 1ncludes R communication receivers located 1n
the vicinity of a distributed DFRC MIMQO system as con-
templated herein. The signals reflected from the radar target
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and received at each communication receiver are assumed to
have a significantly lower magnitude compared to the trans-
mission from the transmitters and, thus, are 1gnored. Then,
the received signal at the r-th (1<r<R) communication
receiver may be expressed as:

Sm,r(f):‘\/’anpmmgm,r'gm(r_]{m,r)+wm,r(f) Equation 4
[0048] where g,,, . denotes the complex channel gain, K, ,
is the propagation delay, and f3,, ,<D,, , ™ incorporates the
path loss effects, and D, , , 1s the distance between the m-th
transmitter and the r-th communication receiver. It 1s
assumed that w,, (1)~CN(0, ©,,,) be circularly complex
white Gaussian noise whose statistics are receiver-speciiic
and are known at the transmitter. The channel state infor-
mation, expressed as the complex channel gain vector g=[g,

Ly 8120 - s Eag1s - - - » Ear sl s 18 also assumed to be known
at the DFRC fusion center.

[0049] The communication performance 1s evaluated in
terms of the achieved Shannon’s capacity. The data rate
from the m-th transmitter to the r-th receiver 1s expressed 1n
terms of Shannon’s capacity as:

pmm ] EqUﬂtiDﬂ 5

| mrlz tH
Ror :lﬂgz[l + Smrl Py

2
rmafﬂ-m,r

[0050] where 1, ,21 represents the signal-to-noise ratio
(SNR) gap which translates the loss 1n the data rate into the
loss 1n the SNR and 1s determined by the coding scheme, and

Yoo =L rOm - 118, 1°- The sum data rate per radar pulse can
be calculated as R=Y, _ "X R ..

[0051] In one aspect, a system of the present disclosure
relates to a power allocation architecture among a plurality
of transmitters 1 a distributed DFRC MIMO system. In
some embodiments, a power allocation architecture may
comprise three different modes, among which the architec-
ture will shift depending on certain parameters. In one
embodiment, the three modes are radar-only mode, commu-
nication-only mode, and dual-function radar-communica-
tion mode. In one exemplary embodiment, one parameter
used to determine the mode of operation 1s the presence,
number, or value of radar targets within range of the
distributed MIMO system. In some embodiments, param-
eters may include messaging priority or amount of total data
necessary to be sent among the DFRC transmitters and
receivers. In one exemplary embodiment, the number of
targets detected within the range of a MIMO system 1s over
a predetermined target threshold, and an expected commu-
nication data load 1s below a predetermined data threshold.
In the exemplary embodiment , the system may transition
into a radar-only mode, wherein communication needs are
deprioritized 1n favor of a power allocation scheme config-
ured to maximize the target localization accuracy of the one
or more targets. In embodiments where one target 1s present,
a radar-only mode power allocation for a plurality of trans-
mitters may be obtained by the following system of equa-
tions:

minimize 1.,,p,.

SUbjECt to pII,mfﬂi:pIIi:pII,M?

G, (D)= Equation 6
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[0052] The optimization 1n Equation 6 minimizes the total
transmit power for the distributed MIMO radar such that a
desirable localization accuracy, described here 1n terms of
the CRB m, 1s achieved. The optimization problem 1n
Equation 6 can be relaxed to the following convex form 1n
Equation 7, below:

minimize 1. .,p..

SUbjECt to prx,mfni:ptxi:ptx,m!

g—NAp, <0 Equation 7

[0053] The solution of the convex optimization problem 1n
Equation 7 yields transmit power vector p,, ..., Which can be
used as a starting point for a local optimization applied to the
original non-convex optimization in Equation 6.

[0054] The thresholds outlined above may be any suitable
thresholds, and may be fixed or variable. In some embodi-
ments, a threshold number of targets to cause a transition to
a radar-only mode may be one, two, three, five, seven, ten,
or any other sumtable threshold. In some embodiments, an
expected communication data load minimum, below which
a transition to a radar-only mode may be allowed, may be no
data to be transmitted, or suitable thresholds of data size, for
example 1, 5, 10, 100, or 1000, bits per radar pulse, which
may 1n some embodiments result in an overall data rate of
at least 100 kbps, 500 kbps, 1 Mbps, 5 Mbps, or 10 Mbps.
In other embodiments, a radar-only mode may be allowed
based on the priority of the data to be transmitted. For
example, one exemplary system of the invention may queue
low-priority packets or messages during a radar-only mode,
waiting for a high-priority packet or transmission before

switching the system to a communication-only mode or a
DFRC mode.

[0055] In some embodiments, a system of the mvention
includes a communication-only mode, as described briefly
above. In a communication-only mode, it 1s assumed that the
waveform transmitted from each transmitter 1s broadcast to
all communication users located 1n the vicinity of the DFRC
transmitters. It 1s further assumed that the channel state
information 1s known at the DFRC transmitter and commu-
nication receivers or the DFRC fusion center. Therefore, the
power allocation may be calculated by exploiting a conven-
tional water-filling approach as known 1n the art. The
optimal power allocation for the maximum allowable trans-
mit power 1s achieved by solving the following equation

simultaneously for all the communication receivers
(1<r<R):

Pix [P total mm:] Equation 8
o\ =1

X’“’“ Yr
L1xas 0 ]

Taecar —lixar
T

where U = [

Yr = Y105 Y205 oos YR

and X _represents the water-filling power level. Equation 8
may provide different optimal power distributions for dif-
ferent communication users depending on channel side
information. Moreover, the solution of Equation 8 can also
provide negative power 1f any channel has a deep fade.




US 2023/0060414 A1l

Therefore, we can write Equation 8 for all the communica-
tion receivers as the following constrained least-square
optimization problem:

Equation 9

pa‘x
174 _
[Xr] r

e R
MINIMIZE E ,

Sllbjeﬂt to Promin = Pix = P ymaxs

2

11;{Mpa‘x = Pmmf,max:

X, =0,r=1,2,....R

[0056] where V=[1,,.,,~1,..,]. The optimization prob-
lem described by Equation 9 1s convex. However, unlike
Equation 6 and Equation 7 where the least power required
for satisfactory radar operation 1s extracted, 1t utilizes the
maximum allowable power and distributes 1t with respect to
channel quality for all the communication users. For a given
maximum power P, . . the optimization problem in
Equation 9 tends to maximize the water-filling level X , thus
resulting 1n a high data rate for high-gain channels.

[0057] Data transmitted via communications transmitted
by a system of the mmvention may be addressable (data
transmitted from one transmitter may be addressed to one or
more particular receivers) or broadcasted (data transmitted
from one transmitter may be addressed to all receivers
within range, or may not be addressed), and may use any
suitable data or packet format known 1n the art. It 1s
understood that a system of the invention may be configured
to transmit any data which can be represented in binary
form, but 1n various embodiments, contemplated data to be
transmitted includes, but 1s not limited to, calculated target
locations, transmit power values, fusion center messages,
system acknowledgements, surveillance maps, text commu-
nication, voice communication, or the like.

[0058] In some embodiments, binary data may be trans-
mitted using waveform diversity, as discussed briefly above.
In various embodiments, a dictionary of radar waveforms
may be provided to a dual-function transmitter of a system
of the invention, with each waveform assigned a single-bit
or multiple-bit binary value. In one exemplary embodiment,
a dictionary of n waveforms could encode log,(n) bits of
data, because every combination of log,(n) bits corresponds
to a waveform 1n the dictionary. A long sequence of bits
could therefore be translated into a shorter sequence of radar
waveforms, which when transmitted and properly inter-
preted by one or more receivers, could be reconstituted into
binary data using a reverse lookup to the same dictionary. In
some embodiments, transmitted data could include error
detection or error correction bits. In some embodiments,
transmitted data could first be encrypted before transmis-
S101.

[0059] In some embodiments, a system of the present
invention includes a DFRC mode configured to maximize
communication capability while also providing sufficient
target location accuracy. In some embodiments, the DFRC
mode may be constrained for example by a total power
envelope of the system, and/or by an individual maximum
transmit power of one or more transmitters. In some embodi-
ments, a DFRC system may include a plurality of transmit-
ters each having different maximum transmit powers, while
1in other embodiments, one or more of the transmitters may
have a same maximum transmit power as one or more or all
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of the remaining transmitters. The optimal power allocation
extracted from the optimization problems 1n Equation 7 and
Equation 9, respectively designed for radar-only and com-
munication-only operations, are not favorable for a DFRC
system where both radar target accuracy and communication
data capacity should be maximized. The power allocation
from Equation 7 provides a minimal required power from all
the transmitters of the distributed radar. As such, this scheme
may not establish an acceptable communication data capac-
1ty as most of the transmitters work on a low power 1n 1deal
radar conditions, resulting 1 unacceptable SNR and data
rate for communication users.

[0060] Moreover, the resulting power from Equation 7 1s
independent of the communication channel side informa-
tion. Likewise, the source allocation from Equation 9 1s not
suitable for radar operation as the power distribution for this
case 1s independent of the radar performance and may result
1n unacceptable target tracking performance, even after the
maximum allowable power 1s uftilized. In Equation 10
below, a radar performance constraint 1s added to the opti-
mization problem in Equation 9 to obtain the following
modified convex optimization problem:

Equation 10

Pix
V - Fr
[Xr] 7

Co . R
MINIMZS E
Pix =1

Sllbjﬂﬂt to ﬁr:::,mfn = Prx = prx,ma}::
¢ — ??A.ﬂrx = 0:

11}{Mpz‘::: = Pmmfjmax:

X =0,r=1,2,...R

[0061] The optimization problem in Equation 10 above
provides the optimal power allocation for distributed DFRC
transmitters under the maximum allowable power constraint
such that the localization error for the radar operation 1s
bounded by 1. At the same time, our objective function tends
to maximize the water-filling level X _ to improve the com-
munication data rate.

[0062] Information embedding in a DFRC system may be
accomplished 1n some embodiments using waveform diver-
sity. If each transmitter 1s assigned a dictionary of K radar
waveforms, the total bits transmitted from the distributed
DFRC MIMO system during one radar pulse 1s M log, K,
provided that the dictionaries are non-overlapping and all
transmitters are active. The signal received at the commu-
nication receiver r can be expressed in Equation 11 below:

SAD=Z, "8 AD=E,p N
6m,ﬂpmm,,gm,r‘gm(t_Km,r)+wr(f)

Equation 11

where w,(1)=X,_,"'w,, (). Matched filtering can be
exploited at the communication receivers to synthesize the
embedded information by feeding the time delayed versions
of s (t) in the matched filter as shown 1n Equation 12 below:

L Equation 12
yr(k) = Ef Sr(f—kﬁf)ﬂ;(f)df —
(0

\jﬁ’mﬁﬂ Py Smr T Wep(8), 1T 5,(f) trasnmitted,
wy (1), otherwise,



US 2023/0060414 A1l

[0063] where At 1s the time delay defining the time reso-
lution of delay matched filtering, k 1s a non-negative integer
with 0<k<T/At and w, .(t) 1s the noise output.

[0064] Although waveform diversity may be used, in other
embodiments, one or more other information embedding
schemes may be used, including but not limited to time
division multiplexing, code-division multiple access, code
division multiplexing, Doppler division multiplexing, fre-
quency division multiplexing, and orthogonal frequency
division multiplexing.

[0065] In various embodiments, a system of the present
invention may include one or more computing devices
having a non-transitory computer-readable medium with
instructions stored thereon, which when executed by a
processor perform steps of a method disclosed herein. A
system may include a single computing device 1n periodic or
constant communication with one or more of a plurality of
dual-function radar/communication transmitters, wherein
the 1nstructions executed on the computing device adjust the
individual transmit powers of one or more of the transmit-
ters. In other embodiments, multiple, or 1n some embodi-
ments every transmitter 1s connected to an individual com-
puting device performing the power calculations for one,
some, or all of the transmitters. Such distributed computing
devices may or may not be communicatively connected to
one another 1n a way other than the communication channel
formed by the DFRC system 1tself.

[0066] In some embodiments, a calculated transmit power
may be rounded, for example to the nearest watt, the nearest
0.1 watts, the nearest 5 watts, or any other suitable step size.
In some embodiments, when a calculated transmit power of
one or more DFRC transmuatters 1s below a certain threshold,
the transmit power of the one Or more DFRC transmuitters
may be set to zero, 1.e. turned of
[0067] With reference to FIG. 2 a method of transmlttmg
a radar waveform according to the present disclosure 1s
shown. The method 1ncludes the steps of providing location
data comprising a set of locations of a plurality of dual-
function radar transmitters and a set of locations of a
plurality of dual-function radar receivers 1n step 201, pro-
viding target data comprising a target location having a first
target localization accuracy and an estimated RCS 1n step
202, providing a quantity of binary data for transmission and
a dictionary of dual-function radar waveforms 1n step 203,
calculating a vector of transmit power values ptx for the
plurality of dual-function radar transmitters by minimizing

Prix
V - rr
[Xr] Y

2

subject t0 Py, nin<Pu<Prc.mar» TNAP,,<0 and X <0 1n step
204; setting a transmit power of at least one dual-function
radar transmitter from a selected transmit power value 1n the
vector of transmit power values 1n step 205, selecting a radar
waveform from the dictionary of radar waveforms corre-
sponding to a subset of the binary data in step 206, and
transmitting the waveform from the at least one dual-
function radar transmitter at the selected transmit power
value 1n step 207.

EXPERIMENTAL EXAMPLES

[0068] The invention 1s further described in detail by
reference to the following experimental examples. These
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examples are provided for purposes of 1llustration only, and
are not intended to be limiting unless otherwise specified.
Thus, the invention should 1n no way be construed as being
limited to the following examples, but rather, should be
construed to encompass any and all variations which
become evident as a result of the teaching provided herein.
[0069] Without further description, it 1s believed that one
of ordinary skill 1in the art can, using the preceding descrip-
tion and the following illustrative examples, make and
utilize the system and method of the present invention. The
following working examples, therefore, specifically point
out the exemplary embodiments of the present 1nvention,
and are not to be construed as limiting 1n any way the
remainder of the disclosure.

Simulation Setup

[0070] Consider a distributed DFRC MIMO system con-
sisting of M=3 1sotropic transmitters located at (100, 1900)
m, (250, 700) m, (1130, 1100) m, (1700, 300) m and (1900,
1250) m, respectively, in the two-dimensional space. The
radar uses N=5 receive antennas located at (100, 1000) m,
(450, 300) m, (1000, 1950) m, (1400, 150) m and (1800,
950) m, respectively. A point target 1s located at the coor-

dinate of (1000, 1000) m. Two communication receivers are
located at (230, 200) m and (1150, 300) m, respectively.

FIG. 3 shows the arrangement of the distributed DFRC
MIMQO system and the communication receivers 1n the
two-dimensional coordinate system. Each transmitter can
transmit a maximum of 100 W power during each radar
pulse whereas the mimimum allowed power for each trans-
mitter 1s 1 W. Moreover, the maximum total allowable
transmit power from the distributed DFRC MIMO system,
P, ot max 18 400 W. The data rate for the communication
system 1s calculated here 1n terms of Shannon’s capacity.
[0071] The magnitude of all elements of the RCS vector
his assumed to be uniformly distributed between 0.9 to 1.
For this simulation, the magnitude of h was [0.962, (0.912,
0.969, 0.977, 0.907, 0.918, 0.945, 0.952, 0.982, 0.957,
0.946, 0.945, 0.952, 0.982, 0.957, 0.964, 0.941, 0.915,
0.956, 0.909, 0.906, 0.979, 0.980, 0.996, 0.902]" whereas
their phases 1independently follow the uniform distribution
between 0 and 2x. The path loss coefficients o, ,, and B, ,,
were calculated using the location coordinates of the dis-
tributed DFRC MIMO system, the communication receiv-
ers, and the target, whereas & _=8.773x10° is assumed for all
1<m<M. For the communication purpose, ¥,=—[1/0.8,1/1,1/
O.O¥,1/0.9,1/0.95]T and v,=—[11/0.6,1/0.9,1/0.01,1/0.85,1/0.
73]".

[0072] In the disclosed experiment, both communication
receivers experience deep fading with the third transmatter
of the distributed DFRC MIMO system. On the other hand,
the path loss coefficients o, , are the highest for the third
transmitter of the DFRC system because of 1its proximity
with the target. This implies that the third transmitter 1s the
most important 1n determining the target localization. How-
ever, 1t 1s the least important for optimizing the data rate for
the communication system due to the smallest communica-
tion SNR (deep fading) with both communication receivers.
[0073] Table 1 below summarizes the power allocation
results and the radar as well as communication performance
for the optimization strategies of the radar-only case 1llus-
trated above i Equation 7, the communication-only case
illustrated above 1n Equation 9, and the DFRC case 1illus-
trated above 1n Equation 10. The desired radar performance
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is the mean squared localization error of 1,__... =10 m~. The
radar-only optimization scheme described in Equation 7
provides the optimal power required for the acceptable
operation of radar. It allocates most of the transmit power to
the third transmitter because 1t provides the best target
localization accuracy due to 1ts lowest path loss coefficient.
However, the third transmitter has poor communication
channel conditions, thus making 1t unsuitable for joint
radar-communication operation because the yielding com-
munication sum data rate 1s only 8.87 bits/pulse.

TABLE 1

Radar-only Communication-only DFRC
Power, p, (W) 1.0 09.45" 180.39
1.0 09.95 81.27

90.46 1.02 72.22

1.0 09.86 79.43
10 99.72 | | 77.69

P, .., (W) 04.46 400 400

n (m?) 0.97 30.59 8.21
R (bits/pulse) 8.87 51.16 50.44

[0074] Table 1 above shows the power allocation for a
radar-only, communication-only, and DFRC modes of the

disclosed system. The data 1s calculated from the scenario of
FIG. 2, with M=N=5, and r=2, P =400 W, and

. 2
ndesired_lo m .

[0075] The communication-only scheme in Equation 9
exploits water-filling under the available power constraint to
achieve the optimal sum data rate of 51.16 biats/pulse. It can
be observed that the least power 1s allocated to the third
transmitter due to i1ts worst communication conditions and
more power 1s allocated to other transmitters with better
communication channel conditions. Although this scheme 1s
the best to achieve the optimal data rate, 1t results 1n a high
CRB of N=30.59 m~ while using 400 W power, thus failing
to achieve the desired radar performance, even consuming
the maximum allowable total power.

[0076] The distributed DFRC MIMO scheme described 1n

Equation 10 allocates the optimal power to different trans-
mitters by simultaneously considering the communication
and radar objectives. As the radar objective 1s the primary
one, 1t 1s observed that the DFRC scheme allocates a
considerable amount of power to the third transmutter,
resulting 1n the desired target localization accuracy with
N=8.21 m”, whereas the secondary communication opera-
tion achieves a sum data rate of 50.44 bats/pulse. The results
clearly confirm the promising performance of the disclosed
architecture.

[0077] The disclosures of each and every patent, patent
application, and publication cited herein are hereby incor-
porated herein by reference in their entirety. While this
invention has been disclosed with reference to speciiic
embodiments, 1t 1s apparent that other embodiments and
variations of this invention may be devised by others skilled
1n the art without departing from the true spirit and scope of
the invention. The appended claims are intended to be
construed to include all such embodiments and equivalent
variations.

total max
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1. A system for distributed dual-function radar-commu-
nication, cComprising:

a plurality of M dual-function radar transmitters posi-
tioned within a region of interest, each configured to
transmit at least one radar waveform, with each m-th
transmitter for m=1, . . . , M having a minimum
transmit power Prr, e @ maximum ftransmit power
P.. . and a working transmit power p,, ;

a plurality of radar receivers positioned within the region
of interest, each configured to receive the radar wave-

forms:

at least one controller communicatively connected to at
least one connected transmitter of the plurality of
dual-function radar transmitters, comprising a non-
transitory computer-readable medium with istructions
stored thereon, which when executed by a processor
perform steps comprising:
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accepting a vector of locations of the plurality of
dual-function radar transmitters and a vector of loca-
tions of the radar receivers:

accepting target data comprising a target location hav-
ing a first target localization accuracy and an esti-
mated radar cross section;

calculating a vector of transmit power values ptx for the
plurality of dual-function radar transmitters by mini-
mizing

subject to g—NAp, <0 and X <0;

rece1ving the waveform with at least one dual-function
radar receiver of the plurality of radar receivers;

calculating, from the received waveform, an updated
target location having a second target localization
accuracy;

providing the updated target location and second target
localization accuracy to the at least one dual-function
radar transmitter:

recalculating the vector of transmit power values; and

setting a transmit power of the at least one dual-
function radar transmitter from a selected transmit
power value 1n the updated vector of transmit power

values;

wherein each transmit power value 1n the vector of

transmit power values 1s between P, > a0d P,
and wherein the sum of the transmit power values 1n
the vector of transmit power values 1s less than or
equal to a maximum total transmit power for the

system;

wherein X 1s the water-filling power level;

. T 2
Whegelll Yf’: [Y] N Yz,f'f’ +# 0+ s FYR:F] and Ym:rzrm,rgm:.r / | gm:
rl .

wherein g=q,+q,, A=q_q b;:—chcﬂ qﬂ:[qa]’ Qs - - - qﬂM] r
qbz[qb]a qbza ¢ s+ o qu] . Ellld

wherein T 1s the pulse duration.

2. The system of claim 1, wherein the at least one
controller 1s communicatively connected to all of the dual-
function radar transmuitters.

3. The system of claam 1, wherein the steps further
comprise receiving an updated target location having a
second target localization accuracy, and recalculating the
vector of transmit powers.

4. The system of claim 1, wherein the steps further
comprise:

when the target location 1s outside the region of interest,
switching the system into a communication-only mode;
and

when the target location 1s 1nside the region of interest,
switching the system into a dual-function radar-com-
munication mode.

5. The system of claim 1, further comprising a time
synchronization system communicatively connected to the
dual-function radar transmitters and radar receivers, config-
ured to synchronize clocks of the dual-function radar trans-
mitters and radar receivers.
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6. The system of claim 1, wherein the steps further
comprise:

accepting a quantity of data to be transmuitted;

translating the quantity of data into a sequence of radar
waveforms from a dictionary of radar waveforms; and

providing the sequence of radar waveforms to the at least
one connected dual-function radar transmaitter.

7. The system of claim 6, the steps further comprising
encrypting the binary data.

8. The system of claam 6, the steps further comprising
adding error correction bits to the binary data.

9. The system of claim 1, further comprising a plurality of
communication receivers.

10. The system of claam 1, wherein the target data
comprises a plurality of target locations, each having a target
localization accuracy and an estimated radar cross section.

11. A method of transmitting a radar waveform, compris-
ng:
providing location data comprising a set of locations of a

plurality of dual-function radar transmaitters and a set of
locations of a plurality of radar receivers;

providing target data comprising a target location having
a first target localization accuracy and an estimated
radar cross section;

providing a quantity of data for transmission and a
dictionary of radar waveforms;

calculating a vector of transmit power values pix for the
plurality of dual-function radar transmitters by mini-
mizing

?

Pex
V! X, ] Rk

subject to g—MAp, <0 and X <0;
setting a transmit power of at least one dual-function radar
transmitter from a selected transmit power value 1n the

vector of transmit power values;

selecting a radar waveform from the dictionary of radar

waveforms corresponding to a subset of the binary
data;

transmitting the waveform from the at least one dual-
function radar transmitter at the selected transmuit
power value;

receiving the waveform with at least one dual-function
radar receiver of the plurality of radar receivers;

calculating, from the received waveform, an updated
target location having a second target localization accu-
racy;

providing the updated target location and second target
localization accuracy to the at least one dual-function
radar transmitter;

recalculating the vector of transmit power values; and

setting a transmit power of the at least one dual-function
radar transmitter from a selected transmit power value
in the updated vector of transmit power values;

wherein each transmit power value 1n the vector of
transmit power values 1s between p,, ,,.;, and p,. ... and
wherein the sum of the transmit power values 1n the
vector of transmit power values 1s less than or equal to
a maximum total transmit power for the system:;
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wherein X 1s the water-filling power level;
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wherein T 1s the pulse duration.

12. The method of claim 11, comprising setting a transmit
power of the plurality of dual-function radar transmitters
from the transmit power values in the vector of transmit
power values.

13. The method of claim 11, further comprising selecting
a second radar waveform from the dictionary of radar
waveforms corresponding to an adjacent subset of the binary
data; and

transmitting the second radar waveform from the at least

one dual-function radar transmitter at the selected
power value.

14. (canceled)

15. The method of claim 11, wherein the second target
localization accuracy 1s more accurate than the first target
localization accuracy.

16. The method of claam 11, further comprising:

switching the at least one dual-function radar transmuitter

to a radar-only mode; and
calculating a vector of radar-only transmit power values
by mmmimizing 1,..,,p,.. subject to g—nAp, <0; and

setting the transmit power of the at least one dual-function
radar transmitter from a selected radar-only transmuit
power value 1n the vector of radar-only transmit power
values;

wherein each radar-only transmit power value in the

vector of radar-only transmit power values 1s between
Prcmin A0d P 0 and wherein the sum of the radar-only
transmit power values 1n the vector of radar-only trans-
mit power values 1s less than or equal to the maximum
total transmit power for the system.

17. The method of claim 11, further comprising:

switching the at least one dual-function radar transmaitter
to a communication-only mode;

calculating a vector of communication-only transmit
power values by minimizing

subject to X <0; and
setting the transmit power of the at least one dual-function
radar transmitter from a selected communication-only

transmit power value 1n the vector of communication-
only transmit power values;

wherein each communication-only transmit power value

in the vector of communication-only transmit power

values 1s between p,, ... and p, ... and wherein the

sum of the communication-only transmit power values

in the vector of communication-only transmit power

values 1s less than or equal to the maximum total
transmit power for the system.

18. The method of claim 11, further comprising receiving

the waveform with at least one communication receiver; and

comparing the received waveform to the dictionary of
radar waveforms, translating the received waveform
into a quantity of bats.
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19. The method of claim 11, comprising setting the
transmit power of the at least one dual-function radar
transmitter to zero when the selected transmit power value
in the vector of transmit power values 1s below a predeter-
mined threshold.

20. The method of claim 11, wherein the target data
comprises a plurality of target locations, each having a target
localization accuracy and an estimated radar cross section.
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