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Abstract—Orbital angular momentum (OAM) radars are able
to estimate the azimuth angle and the rotation velocity of multiple
targets without relative motion or beam scanning. Moreover,
OAM wireless communications can achieve high spectral ef-
ficiency (SE) by utilizing a set of information-bearing modes
on the same frequency channel. Benefitting from the above
advantages, in this paper, we design a novel radar-centric joint
OAM radar-communication (RadCom) scheme based on uniform
circular arrays (UCAs), which modulates information signals on
the existing OAM radar waveform. In details, we first propose
an OAM-based three-dimensional (3-D) super-resolution position
estimation and rotation velocity detection method, which can
accurately estimate the 3-D position and rotation velocity of mul-
tiple targets. Then, we derive the posterior Cramér-Rao bound
(PCRB) of the OAM-based estimates and, finally, we analyze the
transmission rate of the integrated communication system. To
achieve the best trade-off between imaging and communication,
the transmitted integrated OAM beams are optimized by means
of an exhaustive search method. Both mathematical analysis
and simulation results show that the proposed radar-centric
joint OAM RadCom scheme can accurately estimate the 3-D
position and rotation velocity of multiple targets while ensuring
the transmission rate of the communication receiver, which can
be regarded as an effective supplement to existing joint RadCom
schemes.

Index Terms—Orbital angular momentum (OAM), joint radar-
communication, target recognition, posterior Cramér-Rao bound
(PCRB), beam optimization, uniform circular array (UCA).

I. INTRODUCTION

Novel service requirements are the driving force behind
the evolution of wireless communication networks. The rapid
development of emerging applications, such as holographic
video, digital twin, virtual reality and auto-pilot driving, results
in a neverending growth in mobile data traffic. It is reported
that the capacity of next generation wireless communication
networks will reach 100 times that of the existing 5G networks
[1], [2]. To meet these requirement, more and more high
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frequency bands such as millimeter-wave and terahertz bands
are being licensed [3]. Unfortunately, this further leads to
increased congestion of the frequency spectrum where ex-
isting radar and other sensing systems reside. To solve this
problem, the concept of a novel joint RadCom system is
proposed, in which the previously competing radar sensing and
communication operations can be implemented simultaneously
by sharing a single hardware platform and a joint signal
processing framework. Based on design priorities and the
underlying signal, existing joint RadCom schemes can be
classified into communication-centric schemes, radar-centric
schemes and joint design schemes. Due to the potential close
cooperation between radar sensing and wireless communica-
tions, joint RadCom schemes are recognized as a key approach
in significantly improving spectrum efficiency, reducing device
size, cost and power consumption [4].

In recent years, significant progress in the research of joint
RadCom systems has been made [4]–[6]. In [7], the concept
of joint RadCom systems was proposed for the first time,
providing new ideas for the research of radar and commu-
nication technologies. In [8], several joint sharing schemes,
such as time-sharing, frequency-sharing and beam-sharing,
are discussed in details, laying the foundation for the design
of joint RadCom systems in different scenarios. Thereafter,
a variety of emerging integrated beam design schemes have
been studied. In [9], several optimization-based waveform
designs are proposed for a joint multiple-input multiple-output
(MIMO) RadCom system. In [10], an orthogonal frequency
division multiplexing (OFDM)-based scheme is applied to a
MIMO RadCom system, which can achieve two-dimensional
(2-D) position estimation and velocity detection of targets
while communicating. In [11], a novel three-phases non-
orthogonal multiple access (NOMA)-based spectrum sharing
strategy is applied to a joint MIMO RadCom system. In [12],
a novel power distribution strategy is applied to a distributed
MIMO RadCom system to improve the communication data
rate while ensuring good radar imaging performance. In [13], a
novel inter-carrier interference (ICI)-aware sensing algorithm
is applied to a MIMO-OFDM RadCom system to estimate
delay-Doppler-angle parameters of multiple targets in high-
mobility scenarios. In [14], a phase-modulated waveform is
applied to a MIMO RadCom system to find the best trade-off
between radar and communication performance.

However, there are still several technical challenges for the
design scheme of a RadCom system. One such problem is
that in a RadCom system the azimuth angle and the rotation
velocity of the targets cannot be obtained unless there is
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Fig. 1: An application scenario [26] of the proposed radar-
centric joint OAM RadCom system.

a relative motion between the dual-function transceiver and
the targets. One promising approach to solve this problem is
to employ integrated OAM waveforms. The phase front of
an electromagnetic (EM) wave carrying OAM rotates with
azimuth exhibiting a helical structure ej`φ

′
in space [15],

where φ′ is the transverse azimuth and ` is an unbounded
integer defined as OAM topological charge or OAM mode
number. This helical phase structure provides a new degree of
freedom for radar application and information transmission.

For radar sensing, the vortex EM wave carrying OAM
can be seen as multiple plane EM waves that simultaneously
illuminate the target from continuous azimuth, achieving thus
angular diversity without relative motion or beam scanning.
Therefore, OAM-based schemes are regarded as a promising
approach to provide the azimuthal resolution without relative
motion [16]–[21]. In particular, when vortex EM waves illu-
minate spinning targets, the rotational Doppler shift caused
by spinning targets is proportional to the spinning velocity
and OAM mode [22]. Based on this property, OAM-based
radars can also be used to estimate the spinning velocity of
targets even when there is no radial motion between the radar
and targets [23]–[25]. In [23], the rotational Doppler shift of
spinning targets is first observed. In [24], a method based on
the phase structure of OAM beams is proposed to estimate
the spinning velocity of the targets. In [25], both simulations
and proof-of-concept experiments show the effectiveness of
the OAM radar for imaging of spinning targets.

Furthermore, for wireless communications, OAM-based
schemes enable a novel coaxial multiplexing approach, which
utilizes a set of information-bearing modes on the same fre-
quency channel to achieve high spectral efficiency (SE) [27]–
[36]. In [28], a wireless transmission experiment based on
OAM is realized for the first time by successfully multiplexing
two different radio signals at the same frequency. Moreover,
a 4 Gbps uncompressed video transmission link over a 60
GHz OAM radio channel is implemented in [29]. In [31],
a 2 × 2 antenna aperture architecture, where each aperture
multiplexes two OAM modes, is implemented in the 28 GHz
band achieving a 16 Gbit/s transmission rate. In [36], a
communication link with a transmission rate of over 200 Gbit/s

is obtained by multiplexing five dual-polarized OAM modes
(mode number ` = 0,±1,±2) in the 28 GHz band.

Up to now, OAM-based schemes have been widely studied
in both radar sensing and wireless communications. However,
little has been done about a joint OAM RadCom technology.
Considering the problems faced by the existing joint RadCom
schemes and the significant advantages of OAM radar sensing,
we propose a novel radar-centric joint OAM RadCom scheme
that includes three-dimensional (3-D) super-resolution position
estimation, rotation velocity detection and specific target com-
munication. The novelty and major contributions of this paper
are summarized as follows:

1) We present a novel radar-centric joint OAM RadCom
scheme based on uniform circular arrays (UCAs), which
modulates information signals over the existing OAM
radar waveform. By taking full advantage of the phase
structure of OAM beams, the proposed OAM RadCom
scheme can effectively estimate the azimuth angle and
rotation velocity of targets without beam scanning, while
at the same time communicating with the target.

2) We discuss a novel OAM-based multi-target imaging
method, which includes 3-D super-resolution position
estimation and rotation velocity detection. By using the
super-resolution multiple signal classification (MUSIC)
algorithm in the frequency and OAM mode domain,
the proposed method solves the problem of the re-
stricted elevation resolution faced by existing OAM-
based imaging methods. Moreover, the proposed method
can estimate the rotation velocity of multiple targets
simultaneously by taking full advantage of the rotational
Doppler characteristics of OAM echo signals, providing
a basis for distinguishing the type of targets.

3) The imaging and communication performances of the
proposed OAM-based RadCom system are analyzed by
deriving for the first time the posterior Cramér-Rao
bound (PCRB) of the OAM-based target imaging. There-
after, the transmitted integrated OAM beams are opti-
mized by minimizing the PCRB under the constraints
dictated by the requirements of the communication part.

The remainder of this paper is organized as follows. Based
on the feasibility of generating and receiving OAM beams
by UCAs [32], [37], we model the UCA-based radar-centric
joint OAM RadCom system in Section II. In Section III,
the OAM-based 3-D position estimation and rotation velocity
detection methods are proposed. After that, we analyze the
PCRB and the data rate of the joint OAM RadCom system,
and optimize the transmitted integrated OAM beams in Section
IV. Simulation results are shown in Section V and conclusions
are summarized in Section VI.

Notations: Unless otherwise specified, matrices are denoted
by bold uppercase letters (i.e., A), vectors are represented
by bold lowercase letters (i.e., a), and scalars are denoted
by normal font (i.e., a). (·)T, (·)H, (·)−1 and (·)† stand for
the transpose, Hermitian transpose, inverse and Moore-Penrose
pseudo-inverse of the matrices. | · | and Re[ · ] stand for
the modulus and the real part of the complex numbers. E{·}
denotes the statistical expectation.
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Fig. 2: The block diagram of the radar-centric joint OAM RadCom system.

II. JOINT OAM RADAR-COMMUNICATION SYSTEM

A. System Model

Employing UCA is a popular way to generate and receive
radio OAM beams due to its simple structure and the multi-
mode multiplexing ability [33], [34], [37], [38]. Thus, we con-
sider a UCA-based radar-centric joint OAM RadCom system
as shown in Fig.1, which consists of one dual-function trans-
mitter with an M -element UCA, one radar receiver with an
N -element UCA and Q targets with a single communication
antenna. To simplify the mathematical descriptions that follow,
we assume that the dual-function transmit and radar receive
UCAs are co-located and have the same radius so that a target
in the far-field is at the same spatial angle with respect to both
the transmitter and receiver.

In the proposed joint OAM RadCom system, the dual-
function transmitter periodically transmits integrated OAM
beams modulated with information. For easier analysis, we
suppose that the transmitter sends data only to a specific target
in each period. Therefore, by transmitting integrated OAM
signals, information can be transmitted to the specific target,
and the state parameters of all the targets can be estimated by
OAM echo signals at the radar receiver. Moreover, we assume
that the wireless communication between the dual-function
transmitter and the specific target is performed through a line
of sight (LoS) transmission and the communication channel
can be accurately estimated [33]–[35].

B. Signal Model

To provide the range-angle-dependent beam pattern for
distinguishing multiple targets, we consider an OAM-OFDM-
based signal scheme as shown in Fig.2. In the proposed radar-
centric joint OAM RadCom system, we assume that the dual-
function transmitter sends integrated signals by U OAM modes
(U≤M) and W subcarriers. To avoid inter-mode interference,
we suppose that the U integrated OAM signals are transmitted
sequentially in a specific sequence during each period [17]–
[19]. Meanwhile, to embed communication information into
integrated OAM beams, we introduce Mp-ary PSK in each
transmitted OAM waveform [39]. Moreover, considering the
different gains of different mode integrated OAM beams, we
design a weight factor Au for the power distribution among
the different mode OAM beams to optimize the performances

of the system. Then, the u-th signals transmitted by the m-th
transmit element at the w-th subcarrier can be expressed as

xm(`u, kw) = Aue
i`uϕms(`u, kw),m = 1, 2, · · · ,M, (1)

where i is the imaginary unit, ϕm = 2π(m− 1)/M is the az-
imuthal angle of the m-th transmit element, s(`u, kw) = eiφp

is the u-th integrated OAM symbol at the w-th subcarrier,
φp ∈ [0, 2π

Mp
, · · · , 2π(mp−1)

Mp
], kw = 2πfw/c is the wave

number corresponding to subcarrier frequency fw, c is the
speed of light in vacuum, Au is the weight of the u-th
integrated OAM symbol with

∑U
u=1 |Au|2 = 1.

1) OAM Radar Echo Signal Model: For an arbitrary point
P ′(rt, θt, ϕt) in the far field at arbitrary time t, the electric
field intensity ET (rt, `u, kw) generated by the dual-function
transmitter can be written as [16], [35]

ET (rt, `u, kw) =

− j µ0ωw
4π

M∑
m=1

xm(`u, kw)

∫
|rt − rm|−1eikw|rt−rm|dVm

(a)
≈ −j Auµ0ωwd

4π

eikwrt

rt

M∑
m=1

e−i(kw,t·rm−`uϕm)s(`u, kw)

(b)
≈−j Auµ0ωwdMeikwrtei`uϕt

4πrt
i−`uJ`u(kwR sin θt)s(`u, kw),

(2)

where rt is the position vector of P ′(rt, θt, ϕt), j is the
current density of the dipole, µ0 is the magnetic conductivity
in the vacuum, ωw = 2πfw is the circular frequency, d is
the electric dipole length,

∫
(·)dVm is the integral for the

dipole in the m-th element of the dual-function transmit UCA,
J`u(·) is the `uth-order Bessel function of the first kind, R
is the radius of UCAs. In (2), (a) applies the approximation
|rt − rm| ≈ rt for amplitudes and |rt − rm| ≈ rt − r̂t · rm
for phases in the far field, where r̂t is the unit vector of
rt, rm = R (x′ cosϕm + y′ sinϕm), x′ and y′ are the unit
vectors of X-axis and Y-axis of the coordinate system at the
transmit/receive UCA, respectively, and (b) holds when M is
large enough.

We assume that the radar receiver continually receives OAM
echo signals, even when the dual-function transmitter is trans-
mitting integrated OAM signals. Although partially integrated
OAM signals in this case will leak to the radar receiver,
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the transmission leakage can be restrained by transmission
leakage cancellation techniques, such as antenna isolation and
adaptive interference cancellation. Therefore, in this paper, the
transmission leakage is ignored.

Assuming that the q-th target is discretized into P ideal
scattering points, the baseband signals received by the n-th
element of the radar receive UCA can be written as

EnR(`u, kw) =

Q∑
q=1

P∑
i=1

ET (rqit , `u, kw)σqi ·∫
|rqit − rn|−1eikw|r

qi
t −rn|dVn + n(`u, kw)

≈
Q∑
q=1

P∑
i=1

ET (rqit , `u, kw)·
[
σqid

eikwr
qi
t

rqit
e−ik

qi
w,trn

]
+n(`u, kw),

(3)

where rqit and σqi are the position vector and the radar cross
section (RCS) of the i-th scattering point in the q-th target,
rn = R (x′ cosϕn + y′ sinϕn), ϕn = 2π(n − 1)/N is the
azimuthal angle of the n-th receive element,

∫
(·)dVn is the

integral for the dipole in the n-th element of the radar receive
UCA, n(`u, kw) is additive white Gaussian noise (AWGN)
with zero mean and variance ξ2.

All the signals received by the N elements of the radar
receiver are combined, and the OAM echo signal on the u-th
mode at the w-th subcarrier can be expressed as

ER(`u, kw) =

N∑
n=1

EnR(`u, kw) + n(`u, kw)

≈−j Auµ0ωwd
2MN

4π
i−`u

Q∑
q=1

P∑
i=1

σqi
ei2kwr

qi
t

(rqit )
2 ei`uϕ

qi
t ×

J`u(kwR sin θqit )J0(kwR sin θqit )s(`u, kw) + n(`u, kw),
(4)

where (rqit , θ
qi
t , ϕ

qi
t ) is the coordinate of the i-th scattering

point of the q-th target in the coordinate system of the
transmit/receive UCA at the time instant t.

2) Specific Target Communication Signal Model: For the
specific target whose centroid is located at (rq̄0t ,θ

q̄0
t ,ϕ

q̄0
t ), the

received equivalent baseband signal on the u-th OAM mode
at the w-th subcarrier can be expressed as

yq̄(`u, kw) =

M∑
m=1

hq̄m(kw)xm(`u, kw) + zq̄(`u, kw)

≈ Auβ

2kwr
q̄0
t

exp
(
− ikwrq̄0t

) M∑
m=1

exp
[
i`uϕm−

ikwR sin θq̄0t cos(ϕq̄0t + ϕm)
]
s(`u, kw) + zq̄(`u, kw), (5)

where

hq̄m(kw) ≈
β

2kwr
q̄0
t

exp
[
− ikwrq̄0t − ikwR sin θq̄0t cos(ϕq̄0t + ϕm)

]
is the channel coefficient from the m-th element of the transmit
UCA to the receive antenna of the specific target, β models all

constants relative to the antenna elements and their patterns,
and zq̄(`u, kw) is the AWGN with zero mean and variance ξ2.

III. OAM-BASED ROTATING TARGET IMAGING

In this section, we propose a novel OAM-based multi-target
imaging method, including 3-D super-resolution position esti-
mation and rotation velocity detection. The proposed method
breaks through the limitation of elevation resolution of the
existing OAM-based imaging method while providing a basis
for distinguishing the type of targets.

A. OAM-based 3-D Position Estimation

1) Problem Formulation: After the radar receiver is bit
synchronized, the OAM echo signal on the u-th mode at the
w-th subcarrier in (4) can be simplified as

E′R(`u, kw) = −ER(`u, kw)

|η(`u, kw)|
· s(`u, kw)∗

|s(`u, kw)|
· i`u

=

Q∑
q=1

P∑
i=1

σqi
ei2kwr

qi
t

(rqit )
2 ei`uϕ

qi
t J`u(kwR sin θqit )J0(kwR sin θqit )

+ n′(`u, kw), (6)

where η(`u, kw) = −jAuµ0ωwd
2MN

4π s(`u, kw) consists of the
known parameters of the radar receiver, n′(`u, kw) is the noise.
Then, all the signals received on the U OAM modes at the W
subcarriers can be collected in the matrix

E′R=


E′R(`1, k1) E′R(`1, k2) · · · E′R(`1, kW )

E′R(`2, k1) E′R(`2, k2) · · · E′R(`2, kW )

...
...

. . .
...

E′R(`U , k1) E′R(`U , k2) · · · E′R(`U , kW )

 . (7)

For easier analysis, we assume the adopted frequencies and
OAM modes satisfy kw+1 − kw = 1 and `u+1 − `u = 1.

The aim of 3-D position estimation is to obtain the distance
rqit , the azimuthal angle ϕqit and the elevation angle θqit of
each scattering point of the targets from the elements of the
matrix (7). From (6), we observe that the azimuthal angle
ϕqit is coupled with the OAM mode number `u and so is rqit
with kw. The elevation angle θqit is associated with both `u
and kw. Therefore, we propose to estimate {(θqit , ϕ

qi
t )|i =

1, 2, · · · , P, q = 1, 2, · · · , Q} by processing the columns of
the matrix (7), whose elements depend on `u, and to estimate
{(rqit , θ

qi
t )|i = 1, 2, · · · , P, q = 1, 2, · · · , Q} by processing

the row of the matrix (7), whose elements depend on kw. To
ensure the accuracy of OAM-based target imaging, we assume
that U ≥ QP and W ≥ QP . Eventually, the estimates of
(θqit , ϕ

qi
t ) in the OAM mode domain can be combined with

the estimates of (rqit , θ
qi
t ) in the frequency domain to estimate

the 3-D position of all the scattering points.
2) Estimation in OAM Mode Domain: The MUSIC algo-

rithm, a subspace-based super-resolution algorithm, provides
an elegant means for estimating the parameters of complex
sinusoidal signals embedded in white Gaussian noise [40]. In
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the estimation of θqit and ϕqit , we first denote the w-th column
of E′R as a column vector ew, i.e.,

ew=E′R(:, w)=[E′R(`1, kw),E′R(`2, kw),· · · ,E′R(`U , kw)]T,
(8)

so that ew can be expressed in compact form as

ew = Awsw + nw, (9)

where Aw = [ei`uϕ
qi
t J`u(kwR sin θqit )]U×QP is the direction

matrix containing angle information of all the scattering

points, sw = Σwσs, Σw = diag{J0(kwR sin θ11
t ) e

i2kwr
11
t

(r
11
t )2

,

· · · , J0(kwR sin θQP

t ) e
i2kwr

QP
t

(r
QP
t )2

}, σs = [σ11
, · · · , σQP

]T, and
nw is the noise vector. In practice, the OAM echo signals of
scattering points are usually incoherent, i.e.,

E
{
σqiσ

∗
q′j

}
=

{
E
{
σqiσ

∗
q′j

}
, qi = q′j ,

0, qi 6= q′j .
(10)

Then, the covariance matrix of ew can be written as

Rew
= E

{
eweH

w

}
= AwRswAH

w + Rnw
, (11)

where Rsw = ΣwE
{
σsσ

H
s

}
ΣH
w, Rnw = E

{
nwnH

w

}
. The

eigen value decomposition (EVD) of Rew
is

Rew
=

U∑
u=1

λwuqwuqwu
H = QwΛwQH

w, (12)

where {λwu |u = 1, 2, · · · , U} are the eigenvalues of Rew ,
Λw=diag{λw1 , λw2 , · · · , λwU}, qwu is the eigenvector corre-
sponding to the eigenvalue λwu and Qw = [qw1 , · · · ,qwU ].

In practice, the echo signals and noise are independent of
each other, thus, the covariance matrix Rew can be decom-
posed into two mutually orthogonal parts:

Rew = Qw
s Λw

s Qw
s

H + Qw
nΛw

nQw
n

H, (13)

where Λw
s is the QP -dimensional diagonal matrix containing

the larger QP eigenvalues of Rew
, Qw

s is the U × QP
signal subspace composed of the eigenvectors corresponding
to the larger QP eigenvalues, Λw

n is the (U−QP )-dimensional
diagonal matrix containing the smaller U−QP eigenvalues of
Rew , Qw

n is the U×(U−QP ) noise subspace composed of the
eigenvectors corresponding to the smaller U−QP eigenvalues.

Based on (11) and (13), we can see that

Rew
Qw
n = AwRswAH

wQw
n + Rnw

Qw
n = Rnw

Qw
n , (14)

i.e., AwRswAH
wQw

n = 0. Since Rsw = ΣwE
{
σsσ

H
s

}
ΣH
w is

a full rank matrix, which must be reversible, AH
wQw

n = 0, that
is, the direction matrix Aw is orthogonal to the noise subspace
Qw
n .
Based on the orthogonality between Aw and Qw

n , the
spatial-spectral function can be constructed as

Pw(θt, ϕt) =
1

aH
w(θt, ϕt)Qw

nQw
n

Haw(θt, ϕt)
, (15)

where aw(θt, ϕt)=[ei`1ϕtJ`1(kwR sin θt),e
i`2ϕtJ`2(kwR sin θt),

· · · , ei`UϕtJ`U (kwR sin θt)]
T, θt ∈ [0, π], ϕt ∈ [0, 2π]. Then,

the estimates {(θ̂qit,w, ϕ̂
qi
t,w)|i = 1, 2, · · · , P, q = 1, 2, · · · , Q}

Algorithm 1 OAM-based 3-D Position Esitmation
Input: E′R
Output: {(r̂qit , θ̂

qi
t , ϕ̂

qi
t )|i = 1, 2, · · · , P, q = 1, 2, · · · , Q}

1: procedure
2: ew ← E′R(:, w), w = 1, 2, · · · ,W
3: Rew

← E
{
eweH

w

}
, w = 1, 2, · · · ,W

4: for w = 1→W do
5: Qw, Λw ← decompose Rew such that QwΛwQH

w

6: Λw ← diag{λw1 ,· · · ,λwU}, λw1 ≥· · ·≥λwQP≥· · ·≥λwU
7: Λw

n ← diag{λwQP+1,· · · ,λwU}
8: Qw

n ← the column of Qw corresponding to Λw
n

9: aw(θt, ϕt)← [ei`uϕtJ`u(kwR sin θt)]U×1

10: Pw(θt, ϕt) ← 1/(aH
w(θt, ϕt)Q

w
nQw

n
Haw(θt, ϕt))

11: (θ̂qit,w, ϕ̂
qi
t,w)← 2-D spectrum peak searching in Pw(θt, ϕt)

12: end for
13: ϕ̂qit ← 1

W

∑W
w=1 ϕ̂

qi
t,w, i = 1, · · · , P , q = 1, · · · , Q

14: eu ← E′R(u, :), u = 1, 2, · · · , U
15: Reu ← E

{
eue

H
u

}
, u = 1, 2, · · · , U

16: for u = 1→ U do
17: Qu, Λu ← decompose Reu

such that QuΛuU
H
u

18: Λu ← diag{λu1 ,· · · ,λuW },λu1≥· · ·≥λuQP≥· · ·≥λuW
19: Λu

n ← diag{λuQP+1,· · · ,λuW }
20: Qu

n ← the column of Qu corresponding to Λu
n

21: bu(rt, θt)← [ei2kwrtJ`u(kwR sin θt)J0(kwR sin θt)]W×1

22: Pu(rt, θt) ← 1/(bH
u (rt, θt)Q

u
nQu

n
Hbu(rt, θt))

23: (r̂qit,u, θ̂
qi
t,u) ← 2-D spectrum peak searching in Pu(rt, θt)

24: end for
25: r̂qit ← 1

U

∑U
u=1 r̂

qi
t,u, i = 1, · · · , P , q = 1, · · · , Q

26: θ̂qit ← 1
U+W

(∑W
w=1 θ̂

qi
t,w +

∑U
u=1 θ̂

qi
t,u

)
, i = 1, · · · , P ,

q = 1, · · · , Q
27: end procedure

can be obtained through the 2-D spectrum peak searching in
(15).

Hence, there are W estimates of {(θqit , ϕ
qi
t )|i = 1,

2, · · · , P, q = 1, 2, · · · , Q} in total, which can be expressed
as

θ̂qit,w = θqit + εqiθ,w, ϕ̂
qi
t,w = ϕqit + εqiϕ,w, (16)

where εqiθ,w and εqiϕ,w represent the estimation errors, i = 1,
2, · · · , P , q = 1, 2, · · · , Q, w = 1, 2, · · · , W . Suppose
that {εqiθ,w} and {εqiϕ,w} have the same average variance
Var(εqiθ ) and Var(εqiϕ ), respectively. Accordingly, since it is

Var
(

1
W

∑W
w=1 ϕ̂

qi
t,w

)
=

Var(εqiϕ )
W , we can adopt

ϕ̂qit =
1

W

W∑
w=1

ϕ̂qit,w (17)

as the estimate of ϕqit .

3) Estimation in Frequency Domain: In the estimation of
rqit and θqit , we similarly denote the u-th row of E′R as a
column vector eu, i.e.,

eu=E′R(u, :)=[E′R(`u, k1),E′R(`u, k2),· · · ,E′R(`u, kW )]T,
(18)
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Fig. 3: The diagram of the OAM-based rotation velocity
detection.

so that eu can be expressed in compact form as

eu = Busu + nu, (19)

where Bu = [ei2kwr
qi
t J`u(kwR sin θqit )J0(kwR sin θqit )]W×QP

is the position matrix containing 2-D position information of

all the scattering points, su = Σuσs, Σu = diag{ e
i`uϕ

11
t

(r
11
t )2

,

· · · , e
i`uϕ

QP
t

(r
QP
t )2

}, and nu is the noise vector. Then, by computing

the correlation matrix Reu
= E

{
eue

H
u

}
and, following the

same method outlined in the previous section, we can obtain
the estimates {(r̂qit,u, θ̂

qi
t,u)|i = 1, 2, · · · , P, q = 1, 2, · · · ,

Q, u = 1, 2, · · · , U}, so that eventually it is

r̂qit =
1

U

U∑
u=1

r̂qit,u. (20)

and

θ̂qit =
1

U +W

(
W∑
w=1

θ̂qit,w +

U∑
u=1

θ̂qit,u

)
. (21)

The detailed procedure to obtain the 3-D estimated position
(r̂qit , θ̂

qi
t , ϕ̂

qi
t ) of the qi scattering points is summarized in

Algorithm 1.

B. OAM-based Rotation Velocity Detection

1) Problem Formulation: The precession characteristic of
targets is the key basis for distinguishing the type of targets
[41], [42]. In the scenario shown in Fig.1, the targets are
moving along the trajectory while rotating around their axis,
and the rotation velocity is an important precession parameter.
In this paper, we will focus on the OAM-based rotation
velocity detection to lay a foundation for distinguishing the
type of targets.

For easier understanding, we take the vertex Vq of q-th
target as an example to derive the theoretical expression of the
rotation velocity. The motion state of the q-th target is shown
in Fig.3, whose centroid at time instant t has coordinates
(rq0t , θ

q0
t , ϕ

q0
t ). The q-th target is moving in the direction ρqt at

a velocity vqt while rotating around the OPq-axis at an angular
velocity Ωqt . Suppose the rotation center of Vq is Oq and the

rotation radius is γ
q
V
t , the vector

−−−→
OqVq can be written as

−−−→
OqVq =

x
V
t

yVt

zVt

 = Rro ·

γ
q
V

t cos(Ωq
t t+ ψ

q
V

0 )

γ
q
V

t sin(Ωq
t t+ ψ

q
V

0 )

0

 , (22)

where

Rro =

 cosϕq0
t − sinϕq0

t 0

cos θq0t sinϕq0
t cos θq0t cosϕq0

t − sin θq0t
sin θq0t sinϕq0

t sin θq0t cosϕq0
t cos θq0t


is the rotation matrix determined by the the position of the q-th
target and ψ

q
V

0 is the initial azimuth angle of the vertex Vq .
When Vq rotates around OPq-axis, the corresponding linear
velocity vector v

V
is perpendicular to

−−→
OPq and

−−−→
OqVq , thus,

the linear velocity vector v
V

can be expressed as

v
V

= (vxt , v
y
t , v

z
t ) = r̂q0t ×

−−−→
OqVq

= (yq0t z
V
t −z

q0
t y

V
t , z

q0
t x

V
t −x

q0
t z

V
t , x

q0
t y

V
t −y

q0
t x

V
t ), (23)

where r̂q0t = rq0t /|r
q0
t | = (xq0t , y

q0
t , z

q0
t )T = (sin θq0t cosϕq0t ,

sin θq0t sinϕq0t , cos θq0t )T is the unit vector of
−−→
OPq . Then,

within the period ∆t, the moving distance of Cq that is the
projection of the vertex Vq in the XOY-plane can be expressed
as

∆d
q
V
t = (v

V
· r̂q0⊥ )∆t =

−yq0t vxt + xq0t v
y
t√

(xq0t )2 + (yq0t )2
∆t

=−γqVt Ωqt

√
sin2ϕq0t +cos2ϕq0t sin2θq0t cos(Ωqt t+ψ

q
V

0 +δq0t )∆t,

(24)

where r̂q0⊥ = 1√
(x

q0
t )2+(y

q0
t )2

(−yq0t , x
q0
t , 0)T is the unit vector

on the XOY-plane projected by the vector perpendicular to−−→
OPq , δ

q0
t = arctan(cosϕq0t sin θq0t / sinϕq0t ). After that, the

change of the azimuth angle of the vertex Vq can be expressed
as

∆ϕ
q
V
t = lim

∆t→0

∆d
q
V
t

|−−→OCq|
. (25)

With (25), we can derive the theoretical rotational Doppler
shift of the vertex Vq induced by azimuthal change.

Based on (6), the phase term of the OAM echo signal of
the vertex Vq on the u-th mode at the w-th subcarrier can be
written as

Φ
q
V
t (`u, kw) = 2kwr

q
V
t + `uϕ

q
V
t . (26)

Thus, the Doppler shift of the vertex Vq can be expressed as

f
q
V

D (`u, kw)=
1

2π
· dΦ

q
V
t (`u, kw)

dt
=f

q
V

L (kw)+f
q
V

Ω (`u), (27)

where

f
q
V

L (kw) =
1

2π
kwv

q
t cos ρqt (28)

is the linear Doppler shift induced by distance variation, and

f
q
V

Ω (`u)=
`u
2π
· lim

∆t→0

∆ϕ
q
V
t

∆t
=
`u
2π
gqtΩ

q
t cos(Ωqt t+ ψ

q
V

0 + δq0t )

(29)
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Fig. 4: The flowchart of the OAM-based rotation velocity
detection.

is the rotational Doppler shift induced by azimuthal change,

and gqt =
−γ

q
V

t

√
sin2 ϕ

q0
t +cos2 ϕ

q0
t sin2 θ

q0
t

(r
q0
t −γ

q
V

t / tanαq
t ) sin θ

q0
t

.

From (29), we can observe that the rotational Doppler shift
of Vq is frequency independent and determined only by the
OAM mode number `u and angular velocity Ωqt , so that the
higher the OAM mode is, the larger is the rotational Doppler
shift. In the next part, we will discuss in detail how to extract
the rotational Doppler shift of each scattering point from (6)
and obtain the angular velocity Ωqt .

2) Detection of Ωqt : The rotation of a rigid body is essen-
tially a kind of non-uniform motion. Thus, the echo signals
are non-linear and non-stationary [43]. The core problem of
extracting and analyzing the rotational Doppler shift of each
scattering point from (6) is the processing of time-varying
signals. Due to its suitability for non-stationary signal analysis,
the short-time Fourier transform (STFT) method has long
been used for Doppler imaging [44]. After time-frequency
processing of the OAM echo signal E′R(`u, kw), we can
obtain the time-frequency distribution of each scattering point
superposed by the linear Doppler shift and the rotational
Doppler shift. Then, the time-frequency distribution of the qi-
th scattering point only consisting of the rotational Doppler
shift can be obtained as follows:

f̂qiD (`u) = fqiD (`u, kw)− fqiD (0, kw), `u 6= 0. (30)

After that, the rotation period T qit,u of qi-th scattering point can
be obtained from the time-frequency distribution of f̂qiD (`u),
and the angular velocity can be calculated as Ω̂qit,u = 2π/T qit,u.

Hence, there are U − 1 estimates of {Ωqit |i=1, 2, · · · , P,

q = 1, 2, · · · , Q} in total, which can be expressed as

Ω̂qit,u = Ωqit + εqiΩ,u, (31)

where εqiΩ,u represents the estimation errors, i = 1, 2, · · · , P ,
q = 1, 2, · · · , Q, u = 1, 2, · · · , U−1. Suppose that {εqiΩ,u| u
= 1, 2, · · · , U − 1} have the same average variance Var(εqiΩ ),
thus,

Var

(
1

U − 1

U−1∑
u=1

Ω̂qit,u

)
=

Var (εqiΩ )

U − 1
. (32)

Therefore, Ω̂qit = 1
U−1

∑U−1
u=1 Ω̂qit,u is adopted as the estimate

of Ωqit , and the detailed procedure is summarized in Fig.4.
It should be noted that the detected rotation velocity of the
scattering points in the same target should be the same, except
that at the centroid of the target, its rotation velocity is detected
as zero since its rotation Doppler shift is zero.

Thus, OAM-based rotating target imaging is completed.
In the numerous estimated parameters, the 3-D estimated
positions {(r̂q0t , θ̂

q0
t , ϕ̂

q0
t )|q = 1, 2, · · · , Q} of the centroid of

each target and the rotation velocities {Ω̂qVt |q = 1, 2, · · · , Q}
of the vertex of each target are regarded as the most important
estimated parameters, which represent the key state character-
istic of each target at time instant t.

IV. BEAM OPTIMIZATION OF JOINT OAM
RADAR-COMMUNICATION SYSTEM

In the following part, we will first analyze the performances
of the proposed radar-centric joint OAM RadCom system,
and then optimize the transmitted integrated OAM beams to
achieve the best tradeoff between the imaging and communi-
cation performances of the system.

A. PCRB of OAM-based Target Imaging

In this subsection, we discuss the PCRB of key state param-
eters {(rq0t , θ

q0
t , ϕ

q0
t ,Ω

q
V
t )|q=1, 2, · · · , Q} of Q targets, which

is regarded as the important metric for imaging performance
[45]. First, all the key state parameters to be estimated are col-
lected in ϑ = [(r10

t ,θ
10
t ,ϕ

10
t ,Ω

1V
t ),· · · ,(rQ0

t ,θQ0

t ,ϕQ0

t ,Ω
Q

V
t )]T.

To derive the PCRB, the OAM echo signal received on the u
mode at the w subcarrier in (4) is rewritten as

ER(`u, kw) = p(`u, kw,ϑ) + n(`u, kw), (33)

where

p(`u, kw,ϑ) = −j Auµ0ωwd
2MN

4π
i−`us(`u, kw)×

Q∑
q=1

P∑
i=1

σqi
ei2kwr

qi
t

(rqit )
2 ei`uϕ

qi
t J`u(kwR sin θqit )J0(kwR sin θqit ).

Then, all the OAM echo signals received on the U modes at
the W subcarriers can be expressed in compact form as

ER = P(ϑ) + N, (34)

where ER = [ER(`u, kw)]U×W , P(ϑ) = [p(`u, kw,ϑ)]U×W ,
and N = [n(`u, kw)]U×W .
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J=E

{[
∂

∂ϑ
ln f(ER,ϑ)

][
∂

∂ϑ
ln f(ER,ϑ)

]T
}

=E

{[
∂

∂ϑ
ln f(ER|ϑ)

][
∂

∂ϑ
ln f(ER|ϑ)

]T
}

=−E

{
∂

∂ϑ

[
∂

∂ϑ
ln f(ER|ϑ)

]T
}

=
1

ξ2



U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂r
10
t

∂p(`u,kw,ϑ)

∂r
10
t

]
U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂r
10
t

∂p(`u,kw,ϑ)

∂θ
10
t

]
· · ·

U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂r
10
t

∂p(`u,kw,ϑ)

∂Ω
Q

V
t

]
U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂θ
10
t

∂p(`u,kw,ϑ)

∂r
10
t

]
U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂θ
10
t

∂p(`u,kw,ϑ)

∂θ
10
t

]
· · ·

U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂θ
10
t

∂p(`u,kw,ϑ)

∂Ω
Q

V
t

]
...

...
. . .

...
U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂Ω
Q

V
t

∂p(`u,kw,ϑ)

∂r
10
t

]
U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂Ω
Q

V
t

∂p(`u,kw,ϑ)

∂θ
10
t

]
· · ·

U∑
u=1

W∑
w=1

Re
[
∂p(`u,kw,ϑ)

∂Ω
Q

V
t

∂p(`u,kw,ϑ)

∂Ω
Q

V
t

]


,

where

∂p(`u, kw,ϑ)

∂rq0t
=− j Auµ0ωwd

2MN

4π
i−`uσq0

2ei2kwr
q0
t

(rq0t )
2 ei`uϕ

q0
t J`u(kwR sin θq0t )J0(kwR sin θq0t )(ikw −

1

rq0t
)s(`u, kw),

∂p(`u, kw,ϑ)

∂θq0t
=− j Auµ0ωwd

2MN

4π
i−`uσq0

ei2kwr
q0
t

(rq0t )
2 ei`uϕ

q0
t kwR cos θq0t ·

(1

2
J0(kwR sin θq0t )J`u−1(kwR sin θq0t )

− 1

2
J0(kwR sin θq0t )J`u+1(kwR sin θq0t )− J`u(kwR sin θq0t )J1(kwR sin θq0t )

)
s(`u, kw),

∂p(`u, kw,ϑ)

∂ϕq0t
=− j Auµ0ωwd

2MN

4π
i−`u+1`uσq0

ei2kwr
q0
t

(rq0t )
2 ei`uϕ

q0
t J`u(kwR sin θq0t )J0(kwR sin θq0t )s(`u, kw),

∂p(`u, kw,ϑ)

∂Ω
q
V
t

=− j Auµ0ωwd
2MN

4π
i−`u+1`ug

q
t tσqV

ei2kwr
q
V

t

(r
q
V
t )

2 ei`uϕ
q
V

t J`u(kwR sin θ
q
V
t )J0(kwR sin θ

q
V
t )

cos(Ω
q
V
t t+ ψ

q
V

0 + δq0t ), q = 1, 2, · · · , Q, (35)

After that, the Fisher information matrix J [45] with respect
to ϑ can be expressed as (35), whose detailed derivation is
given in Appendix A. Based on (35), the PCRB of the key
state parameter to be estimated in ϑ can be expressed as

E
{

(ϑi − ϑ̂i)2
}
≥ [J−1]ii, (36)

where ϑi is the i-th key state parameter in ϑ, ϑ̂i is the estimate
of ϑi, and [J−1]ii is the i-th diagonal element of the inverse
matrix of J.

B. Data Rate of Joint OAM RadCom System

In this subsection, we discuss the transmission rate of
the radar-centric joint OAM RadCom system based on (5).
During a period, the equivalent baseband signal vector yq̄(kw)
received by the specific target at the w-th subcarrier can be
expressed as

yq̄(kw) = Hq̄(kw)X(kw) + zq̄(kw)

= Hq̄(kw)FAS(kw) + zq̄(kw), (37)

where Hq̄(kw) = [hq̄m(kw)]1×M is the channel matrix
from the dual-function transmitter to the specific target,
X(kw) = [Aue

i`uϕms(`u, kw)]M×U is the transmit signal
matrix generated by the dual-function transmitter, F =
[ei`uϕm ]M×U is the right circularly shifted (partial) inverse

fast Fourier transform (IFFT) matrix used to generate in-
tegrated OAM beams, A = diag{A1, · · · , Au} is the U-
dimensional weight matrix of the integrated OAM beams,
S(kw) = diag{s(`1, kw), · · · , s(`U , kw)} is the U-dimensional
integrated OAM symbol matrix at the w-th subcarrier, and
zq̄(kw) = [z(`1, kw), · · · , z(`U , kw)] is the noise vector.

In the proposed radar-centric joint OAM RadCom system,
we assume to detect the received OAM signals by employing
the simplest zero-forcing detection method. Then, after ob-
taining the channel state information (CSI) by the parametric
channel estimation method [33]–[35], the detected data symbol
matrix at the specific target can be expressed as

Ŝq̄(kw) =(Ĥq̄(kw)F)†
(
Hq̄(kw)FAS(kw) + zq̄(kw)

)
=AS(kw) + I q̄(kw) + Z′q̄(kw), (38)

where Ĥq̄(kw) is the estimated channel matrix, I q̄(kw) =(
(Ĥq̄(kw)F)†Hq̄(kw)F − IU

)
AS(kw) is the remaining in-

terferences induced by the error in Ĥq̄(kw), IU is the U-
dimensional unit matrix, Z′q̄(kw) = (Ĥq̄(kw)F)†zq̄(kw).

Define Rq̄
AS(kw), Rq̄

I(kw) and Rq̄
Z′(kw) as the U × U

covariance matrices of AS(kw), I q̄(kw) and Z′q̄(kw), i.e.,

Rq̄
AS(kw) = AE

{
S(kw)SH(kw)

}
AH,

Rq̄
I(kw) =

(
(Ĥq̄(kw)F)†Hq̄(kw)F−IU

)
AE

{
S(kw)SH(kw)

}
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Fig. 5: The flowchart of the weight optimization of integrated
OAM beams with the exhaustive search method.

AH
(
(Ĥq̄(kw)F)†Hq̄(kw)F− IU

)H
,

Rq̄
Z′(kw) = (Ĥq̄(kw)F)†E

{
zq̄(kw)zH

q̄ (kw)
} (

(Ĥq̄(kw)F)†
)H
,

(39)

then, the signal-to-interference-plus-noise ratio (SINR) on the
u-th OAM mode at the w-th subcarrier can be formulated as

SINRq̄(`u, kw) =

[
Rq̄

AS(kw)
]
uu[

Rq̄
I(kw)

]
uu

+
[
Rq̄

Z′(kw)
]
uu

, (40)

where [ · ]uu is the u-th diagonal element of the matrix.
Therefore, the average data rate at the specific communication
target during each period can be written as

Rq̄av =
1

U

W∑
w=1

U∑
u=1

log2 (1 + SINRq̄(`u, kw)) . (41)

C. Optimization of Integrated OAM Beams

From (36) and (41), we can see that both the imaging
and communication performances of the joint OAM RadCom
system are closely associated with the weights {Au|u =
1, 2, · · · , U} of integrated OAM beams. Different power dis-
tribution schemes will directly affect the performances of the
system. To achieve the best tradeoff between the imaging and
communication performances, we formulate the optimization
problem to minimize the PCRB, subject to the data rate
constraint for the specific target as well as a transmit power

budget, i.e.,

min
A1,··· ,AU

4Q∑
i=1

[J−1]ii

s.t. Rq̄av ≥ Rmin
av ,

U∑
u=1

|Au|2 = 1, (42)

where Rmin
av is the minimum average data rate required by the

specific target.
Since

∑4Q
i=1 [J−1]ii can not be expressed as a function of

ϑ in the closed form, we propose to solve the optimization
problem (42) by the exhaustive search method, which is the
simplest optimization method [46]. In the exhaustive search
method, the optimal value of the problem (42) can be obtained
by calculating the function values at several equally spaced
points. We first select a search step size ∆ = 1/N for the
weight Au ∈ (0, 1), and calculate the function values of all
search points {Anu

u |nu = 1, 2, · · · ,N, u = 1, 2, · · · , U} based
on the problem (42), where N is the number of intermediate
points, Anu

u is the nu-th intermediate point of the weight
Au. According to the calculation result, the search point
{An̄u

u |u = 1, 2, · · · , U} that minimizes the PCRB and meets
the constraints is adopted as the optimal value of the problem
(42), and the detailed procedure is summarized in Fig.5.
Based on the optimal weights, the dual-function transmitter
distributes power for U integrated OAM beams in a period to
achieve the best performance tradeoff of the radar-centric joint
OAM RadCom system.

V. NUMERICAL SIMULATIONS AND RESULTS

In this section, we show the performances of the proposed
scheme by numerical simulations. We first verify the proposed
OAM-based 3-D position estimation and rotation velocity
detection methods at different signal-to-noise ratios (SNRs),
and compare the mean square error (MSE) of the proposed
methods with the PCRB of the OAM-based imaging. Then,
we plot the PCRB and data rate of the radar-centric joint
OAM RadCom system vs. the SNR. Finally, we show the
performance tradeoff under the different data rate constraints.
Unless otherwise stated, the SNRs in all the figures are defined
as the ratio of the transmitted signal power versus the noise
power.

We choose W = 16 subcarriers from 9.979GHz to
10.695GHz corresponding to the wave numbers k1, k2, · · · ,
k16 = 209, 210, . . . , 224, M = N = 17, U = 16 OAM modes
with `1, `2, · · · , `16 = −8, −7, · · · , +7, R = 30λ1, λ1 =
2π/k1, Q = 3 with the key state parameters of the specific
communication target (r10

t , θ
10
t , ϕ

10
t ,Ω

1V
t ) = (82.5m, 20◦,

70◦, 8π) and other targets (r20
t , θ

20
t , ϕ

20
t ,Ω

2V
t ) = (170m, 80◦,

20◦, 10π), (r30
t , θ

30
t , ϕ

30
t , ,Ω

3V
t ) = (165m, 75◦, 25◦, 11.5π)

and P = 3 scattering points per target.
Then, by using the proposed method, the estimated positions

of Q targets are shown in Fig.6. As we can see from the
figure, the estimated positions of Q targets approach the actual
positions as the SNR increases, e.g., when SNR reaches 20dB,
it is (r̂10

t , θ̂
10
t , ϕ̂

10
t ) = (82.502m, 19.997◦, 69.995◦), (r̂20

t ,
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Fig. 6: The 3-D position estimation results of the proposed method. SCT: the specific communication target, OT: the other
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Fig. 7: The time-frequency simulation results at 15dB. (a) STFT image with `u = −1 . (b) Theoretical Doppler curve with
`u = −1. (c) STFT image with `u = +2 . (d) Theoretical Doppler curve with `u = +2.

TABLE I: The estimation results of Ωqt .

Ω̂1V
t Ω̂2V

t Ω̂3V
t

5dB 8.281π 10.225π 11.961π
10dB 7.861π 10.163π 11.720π
15dB 8.045π 9.901π 11.628π
20dB 8.000π 10.004π 11.495π

θ̂20
t , ϕ̂

20
t ) = (169.996m, 80.002◦, 19.998◦), (r̂30

t , θ̂
30
t , ϕ̂

30
t )

= (165.000m, 74.996◦, 24.994◦), which are very close to the
actual positions.

Fig.7 shows the time-frequency distributions of the vertices
of Q targets. It can be seen the theoretical curves almost

coincide with the time-frequency simulation results, proving
the effectiveness of the rotational Doppler shift model derived
in Section III.B. Thereafter, the estimated rotation velocities
are shown in Table I. The estimated measures approach the
actual velocities as the the SNR increases. Meanwhile, noise
has little influence on the rotation velocity detection when
using the STFT method.

In Fig.8, we compare the MSEs and PCRBs of the es-
timates {(r̂q0t , θ̂

q0
t , ϕ̂

q0
t , Ω̂

qV
t )|q = 1, 2, 3} under the condi-

tion of average power distribution. The MSE is defined as
E{(x̂− x)

2}, where x̂ denotes the estimate of x. As the
SNR increases, the MSEs of the estimates decrease and
approach the PCRBs gradually. At high SNRs, the MSEs of the
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Fig. 9: The PCRB and data rate of the radar-centric joint OAM RadCom system. (a) Average power distribution. (b) Random
power distribution.

estimates {(r̂q0t , θ̂
q0
t , ϕ̂

q0
t , Ω̂

qV
t )|q = 1, 2, 3} are very close to

their PCRBs, proving the effectiveness of the proposed OAM-
based rotating target imaging method.

In Fig.9, we show the PCRB and data rate of the radar-
centric joint OAM RadCom system under QPSK modulation.
Comparing the two figures, we can see that the weight distribu-
tion of integrated OAM beams directly affects the PCRB and
data rate of the system, especially the PCRB, which indicates
the necessity of the weight optimization for integrated OAM
beams.

In Fig.10, we assume that the number of intermediate points
is N = 10, the transmit SNR is 15dB, and the data rates
required by the specific target are 6 bit/s in in Fig.10 (a) and
7 bit/s in Fig.10 (b). It can be seen from the figure that under
different data rate constraints, the PCRBs of the system have
different optimization results. More importantly, comparing
Fig.9 and Fig.10, we can see that by using the proposed
optimization method, the PCRBs of the joint OAM RadCom
system are greatly improved while the data rates of the specific
target are guaranteed, realizeing the best performance tradeoff
of the system.

VI. CONCLUSIONS

In this paper, we propose a novel UCA-based radar-centric
joint OAM RadCom scheme including the OAM-based 3-D
position estimation, rotation velocity detection and specific tar-
get communication. In terms of the OAM-based position esti-
mation, we propose a 3-D super-resolution position estimation
method based on the MUSIC algorithm. By using the super-
resolution MUSIC algorithm for OAM echo signals in the fre-
quency domain and OAM mode domain, the proposed method
breaks through the limitation of the elevation resolution of the
existing OAM-based imaging method and is capable of the
3-D super-resolution position estimation of multiple targets.
Moreover, we propose a rotation velocity detection method
based on the STFT algorithm, which takes full advantage of
the rotational Doppler characteristics of OAM echo signals to
estimate the rotation velocities of multiple targets simultane-
ously, providing a basis for distinguishing the type of targets.
Thereafter, we analyze the PCRB and data rate of the radar-
centric joint OAM RadCom system, and then optimize the
transmitted integrated OAM beams by applying an exhaustive
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Fig. 10: The minimum PCRBs under the different data rate
constraints. (a) The required data rate = 6 bit/s. (b) The
required data rate = 7 bit/s.

search method to achieve an optimal performance tradeoff.
Both mathematical analysis and simulation results show that
the proposed radar-centric joint OAM RadCom scheme can
accurately estimate the 3-D position and rotation velocity of
multiple targets, while ensuring the data rate of the specific
target.

APPENDIX A

The Fisher information matrix J with respect to ϑ can be
expressed as

J =E

{[
∂

∂ϑ
ln f(ER,ϑ)

][
∂

∂ϑ
ln f(ER,ϑ)

]T
}

=E

{[
∂

∂ϑ
ln f(ER|ϑ)

][
∂

∂ϑ
ln f(ER|ϑ)

]T
}

+ E

{[
∂

∂ϑ
ln f(ϑ)

][
∂

∂ϑ
ln f(ϑ)

]T
}

+ E

{[
∂

∂ϑ
ln f(ER|ϑ)

][
∂

∂ϑ
ln f(ϑ)

]T
}

+ E

{[
∂

∂ϑ
ln f(ϑ)

][
∂

∂ϑ
ln f(ER|ϑ)

]T
}

=JA + JB + JC + JD, (43)

where ln f(ER,ϑ) = ln f(ER|ϑ) + ln f(ϑ) is the joint
probability density of (ER,ϑ), ln f(ER|ϑ) is the conditional
probability density of (ER,ϑ), and ln f(ϑ) is the marginal
probability density of ϑ. Due to

∫
(ER)

f(ER|ϑ)dER = 1,

∂

∂ϑi

∫
(ER)

f(ER|ϑ)dER =

∫
(ER)

∂

∂ϑi
f(ER|ϑ)dER

=

∫
(ER)

f(ER|ϑ)
∂

∂ϑi
ln f(ER|ϑ)dER = 0. (44)

Thus, the i-th row and j-th column element [JC ]ij of JC and
the j-th row and i-th column element [JD]ji of JD are derived
as

[JC ]ij = [JD]ji = E
{[

∂

∂ϑi
ln f(ER|ϑ)

][
∂

∂ϑj
ln f(ϑ)

]}
=

∫
(ϑ)

∫
(ER)

f(ER|ϑ)
∂

∂ϑi
lnf(ER|ϑ)f(ϑ)

∂

∂ϑj
lnf(ϑ)dERdϑ

=0, (45)

that is, JC = 0 and JD = 0. After that, the Fisher information
matrix J in (43) is simplified to

J =E

{[
∂

∂ϑ
ln f(ER|ϑ)

][
∂

∂ϑ
ln f(ER|ϑ)

]T
}

+ E

{[
∂

∂ϑ
ln f(ϑ)

][
∂

∂ϑ
ln f(ϑ)

]T
}

=JA + JB , (46)

where JA represents the information obtained from OAM echo
signals, JB represents the priori information.

Considering that {n(`u, kw)|u=1,2,· · · ,U,w=1,2,· · · ,W}
are independent AWGNs with zero mean and variance ξ2, the
conditional probability density ln f(ER|ϑ) can be written as

ln f(ER|ϑ) =− UW ln
√

2πξ

− 1

2ξ2

U∑
u=1

W∑
w=1

∣∣ER(`u, kw)−p(`u, kw,ϑ)
∣∣2.
(47)

Then, the i-th row and j-th column element [JA]ij of JA can
be expressed as

[JA]ij =E
{[

∂

∂ϑi
ln f(ER|ϑ)

][
∂

∂ϑj
ln f(ER|ϑ)

]}
=− E

{
∂

∂ϑi

[
∂

∂ϑj
ln f(ER|ϑ)

]}
=E

{
1

ξ2

U∑
u=1

W∑
w=1

Re
[
∂p(`u, kw,ϑ)

∂ϑi

∂p(`u, kw,ϑ)

∂ϑj

]}

− E

{
1

ξ2

U∑
u=1

W∑
w=1

Re
[
n(`u, kw)

∂2p(`u, kw,ϑ)

∂ϑi∂ϑj

]}

=
1

ξ2

U∑
u=1

W∑
w=1

Re
[
∂p(`u, kw,ϑ)

∂ϑi

∂p(`u, kw,ϑ)

∂ϑj

]
. (48)

Supposing that the key state parameters to be estimated in
ϑ satisfy uniform distribution, i.e., rq0t ∼ U(0, rm), θq0t ∼
U(0, π), ϕq0t ∼ U(0, 2π) and Ω

q
V
t ∼ U(0,Ωm), where rm and

Ωm are the longest distance and maximum rotation velocity
that can be detected by the OAM-based target imaging, q =
, 1, 2, · · · , Q. Then, the marginal probability density ln f(ϑ)
can be written as

ln f(ϑ) = −Q ln 2π2rmΩm. (49)

Thus, the i-th row and j-th column element [JB ]ij of JB is
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written as

[JB ]ij =E
{[

∂

∂ϑi
ln f(ϑ)

][
∂

∂ϑj
ln f(ϑ)

]}
=− E

{
∂

∂ϑi

[
∂

∂ϑj
ln f(ϑ)

]}
= 0, (50)

i.e., JB = 0. Finally, the Fisher information matrix J is
derived as (35).
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