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Abstract—Integrated sensing and Communication (ISAC) sys-
tems are key enablers for 6G networks, offering promising appli-
cations in indoor scenarios, such as high-accuracy localization,
tracking, imaging, augmented senses, and gesture recognition.
In this paper, we propose a radar-centric ISAC model based
on frequency-modulated continuous-wave (FMCW) waveform,
where a unified circular array (UCA) is employed to generate the
vortex electromagnetic (EM) waves with the helical wavefront.
Benefiting from the additional angular diversity provided by this
wavefront, the proposed model can achieve a high-resolution
angle estimation and avoid performance ambiguities due to
multiple-inputs and multiple-outputs (MIMO) multiplexing. For
validation, a Blender-based ray tracing simulator is utilized to
acquire realistic channel data of indoor environments. Compar-
isons of the proposed ISAC model and the conventional FMCW
MIMO radar are given under the indoor scenario. Our evaluation
accounts for multiple target estimations and illustrates a trade-off
between radar properties and communication spectral efficiency.
This analysis provides valuable insights for optimizing ISAC
systems in future 6G networks.

Index Terms—Blender, FMCW, ISAC, OAM, vortex wavefront

I. INTRODUCTION

Recently, the design of integrated sensing and communi-
cation (ISAC) systems at millimeter wave (mmWave) band
becomes a focus. The main reasons are twofold [1], [2].
First, mmWave becomes an important frequency band for both
high-resolution sensors and next-generation communications.
The necessity of spectrum sharing motivates ISAC system
studies. Second, some industrial-driven applications require
both communications and sensing at the terminals, e.g., au-
tonomous driving, indoor robots, and industrial Internet of
Things (IIoTs).

The existing ISAC systems can be communication-centric,
radar-centric, and joint design schemes. In this context, this
paper concentrates on radar-centric performance design. This
approach is pursued since, for some indoor applications, the
need for high-resolution range-angle-Doppler estimation is
even higher than the state-of-the-art, while the current com-
munication rates are sufficient for non-video transmissions.
For example, the high-accuracy localization and tracking,
simultaneous localization, imaging, and mapping (SLIAM),
augmented human sense, gesture and activity recognition [3].

Multiple inputs and multiple outputs (MIMO) radars enable
angle estimation and a large number of antennas are required
for high-resolution angular estimation. However, orthogonal
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Figure 1: The vortex wavefront of an OAM beam with mode
number: (a) ℓu = +1, (b) ℓu = −1.

waveforms enabled by time division multiplexing (TDM),
code division multiplexing (CDM), or frequency division mul-
tiplexing (FDM) are needed to separate the signals transmitted
by different Txs [4]. Using orthogonal waveforms for a large
number of antennas can result in ambiguities of other radar
performances. Consider the M Txs radar array as an example,
the pulse recurrence interval (PRI) increases to M times
for both TDM and binary phase multiplexing (BPM)-MIMO,
which will result in Doppler velocity ambiguity. It is a classical
angle-Doppler trade-off in MIMO radars.

A potential solution is to introduce vortex electromagnetic
(EM) waves into the existing MIMO radar [5]. The wavefront
of vortex EM waves can carry orbital angular momentum
(OAM) rotating in azimuth axis, and form a helical struc-
ture ejℓuφ in space, as shown in Fig. 1. Here φ represents
transverse azimuth angle, and ℓu is an integer known as
the OAM mode number [6]. This vortex wavefront can be
considered as a composition at the target of multiple plane
waves with spatial modulation in azimuth angles. Hence, it
can achieve continuous sampling in a three-dimensional space.
The vortex wavefront MIMO radar is expected to have a high-
angle resolution beyond the limit of the MIMO orthogonal
multiplexing waveform and antenna aperture.

In this paper, we propose a radar-centric frequency-
modulated continuous-wave (FMCW) waveform ISAC model
based on a unified circular array (UCA). This model utilizes
the spatial information provided by the EM vortex to detect
the high-resolution azimuth-elevation angles and avoids tradi-
tional MIMO radar ambiguity. For communication functions,
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Figure 2: Coordinate of UCA transmitter.

phase modulation (PM), and frequency modulation (FM) are
all embedded into the FMCW waveform, hence it provides
good communication rates. Besides, we utilize a realistic
environment-based radar simulator to analyze the radar-centric
performance, where the range-elevation-azimuth images are
presented.

II. A NOVEL ISAC MODEL BASED ON VORTEX
WAVEFRONT FMWC WAVEFORM

A. UCA-based EM vortex wavefront

The UCA shown in Fig 2 is a simple way to generate
vortex EM waves [7]. The N antennas are located along the
perimeter of a circle, with the spherical coordinates of the nth
antenna being (R, 0, ϕn), where R is the radius of the circle
and ϕn = 2π(n − 1)/N . For an arbitrary point P (r, θ, φ) in
the far field, the electric field vector En(r, θ, φ) generated by
the nth antenna takes the form as [8], [9]

En(r, θ, φ) = β

∫
|r − rn|−1ejk|r−rn|dVn

≈β · e
jkr

r
e−jk·rn (1)

where β models all the constants relative to each transmit
antenna element, r is the position vector of P , j is the unit
of the complex number, and k is the wave number,

∫
(·)dVn

is integral for the dipole in the element n.
To generate the vortex wave with mode ℓu, the N elements

in the UCA transmit the same input signal with a successive
phase-shift ℓuϕn to the nth element. Thus, at the point
P (r, θ, φ), the electric field vector Et(r, θ, φ) generated by
the superposition of N elements is given by [8], [9]

Et(r, θ, φ) = β
ejkr

r

N−1∑
n=0

e−j(k·rn−ℓuϕn)

≈ β
ejkrNejℓuφ

4πr
j−ℓuJℓ(kR sin θ), (2)

where Jℓu(kR sin θ) = jℓu

2π

∫ 2π

0
e−jkR sin θ cosϕ′

e−jℓuϕ
′

is the
first kind of ℓuth-order Bessel function and ϕ′ = φ− ϕn.

B. Communication symbols-embedded FMCW

FMCW is widely used in radar systems, due to the low-
cost and efficient de-chirp techniques. The transmitter (Tx)

transmits linear frequency-modulated chirps sequentially, with
each coherent processing interval (CPI) consisting of L chirps.
Assuming to transmit a unit power, the transmitted lth chirp
can be represented as

s(t; l) = e
j2π(fl+

1

2
µ(t−(l−1)Tc))(t−(l−1)Tc)

,
(3)

where, l = 1, 2, ..., L denotes the chirp index, fl is the carrier
frequency, slope µ = B/Tc, B represents the bandwidth, and
Tc is the chirp duration. Those parameters limit the radar
performances, e.g., the range resolution is

∆R =
c

2B
, (4)

where c is the speed of light.
There are several approaches to embedding communication

symbols into FMCW chirp, i.e., amplitude modulation (AM),
PM, and FM [10], [11].

To increase the communication rates, one FMCW chirp
can be split into D = 2M sub-chirps, with M being a
positive integer. The starting frequency of each sub-chirp can
be modulated by the FM symbol αFM

ld
∈ [0, 2M − 1] as

fl + αFM
ld

B′. Each sub-chirp can be modulated with the PM
symbol αPM

ld
. The sensing and communication model of the dth

sub-chirp of the lth chirp (denoted as ld, ld = (l−1)D+d−1)
is

sSC(t; ld) = sb(t; ld)e
j2πfl , (5)

where the baseband signal

sb(t; ld) = ejα
PM
ld e

j2π(αFM
ld

B′+
1

2
µ(t−(l−1)Tc))(t−(ld−1)T0)

.
(6)

where the bandwidth and duration of one sub-chirp are B′ =
B/D and T0 = Tc/D, respectively.

Assuming that the constellation size of PM is APM. By
applying the sub-chirp strategy, the transmission rate Crate is
increased with D as

Crate =
D

Tc
(log2 D + log2 APM), (7)

However, due to the application of utilizing the sub-chirps, the
range resolution in (4) fades to

∆R′ =
c

2B′ = ∆RD. (8)

Hence, there has a trade-off between the range resolution
and communication rates, which can be balanced through a
reasonable design of D.

C. UCA-aided ISAC model

In conventional FMCW in (3), L chirps consist of one CPI
in radar. Using the sub-chirp FMCW model in (6), one CPI
consists of LDth sub-chirps. Then, the baseband signals are
transmitted by the UCA shown in Fig. 2 with a successive
phase-shift {ℓu,dϕn|n = 0, 1, · · · , N − 1; ℓu,d = −(N −
1)/2,−(N − 1)/2+1, ..., (N − 1)/2}. As LD ≫ (N − 1)/2,
in the ldth sub-chirp, ℓu,d = ld mod (N − 1).



For an arbitrary point P (r, θ, φ) in the far field, the signal
model generated by the superposition of N elements with
added phase shifts is given by

rP (t; ld) =

N∑
n=1

hpsb(t− τp; ld)e
jℓu,dϕnej2πfl , (9)

hp denotes the propagating attenuation from the antennas to
the position P , τp is the propagating delay. Applying the
transform in (2), we obtain

rP (t; ld)

= j−ldhpNsb(t− τp; ld)e
ℓu,dφJℓu,d

(kR sin θ)ej2πfl .
(10)

By using a UCA and applying the phase-shift ℓu,dϕn to
the nth antenna, we generate the vortex wavefront at the far
field. Here we can observe that both the azimuth and elevation
angles are coupled.

III. THE DE-CHIRP AND DEMODULATION OF THE DUAL
FUNCTIONS

We assume that the dual-function Tx and radar receiver
(Rx) are co-located and have the same radius, while the
communication Rx is separated.

A. The de-chirp of radar function

The received radar signal is the superposition of the N an-
tennas without additional phase shift, i.e., it can be equivalent
to a zero-order Bessel function. Considering Q targets, and the
position of the qth target is q(rq, θq, φq). The received echo
radar function is

rrad(t; ld) =

Q∑
q=1

j−ldN2h2
qσqsb(t− τq; ld)e

j2πfl

ejℓu,dφqJℓu,d
(kR sin θq)J0(kR sin θq)

(11)

where hq is the propagation fading between the qth target
and the radar, σq is the radar cross section (RCS), τq is the
propagation delay as

τq = 2
rq + vq(ld − 1)T0

c
= 2

r̃q
c
, (12)

where vq is the speed of the qth target, rq is the range between
the qth target. The modulated communication symbols are
known on the radar Rx side, then the intermediate frequency
(IF) signal can be calculated as

rIF(t; ld) = rrad(t; ld)e
−j2παPM

ld e
−j2π(fl+αFM

ld
B0+

1

2
µt)t

.
(13)

The sampled IF signal as a function of fast time and slow time
is

Z(ns; ld) =j−ldN2

Q∑
q=1

h2
qσqe

j2π
2µr̃q
c

ns − 1

Fs

ejℓu,dφqJℓu,d
(ksa sin θq)J0(ksa sin θq),

(14)

where
ks =

2πµ(ns − 1)

cFs
, (15)

where ns = 1, 2, ..., Ns/D is the index of fast time with Ns

is the number samples in one complete FMCW chirp, Fs is
the sampling frequency.

In (14), the azimuth angle φq is coupled with the OAM
mode number ℓu,d, the rq(t) is coupled with ks, and the
elevation angle θq is coupled with both ℓu,d and ks in the
Bessel function. We can apply the recursive MUSIC algorithm
in [9] to do the parameter estimations. By doing the recursive
MUSIC algorithm in the OAM mode domain, we can estimate
the {(θq, φq)}, i.e., the azimuth-elevation angle map. By doing
the recursive MUSIC algorithm in the OAM mode domain, we
can estimate {(r̃q, θq)}, i.e., range-angle map. Eventually, the
estimates of {(θq, φq)} can be combined with the estimates
of {(r̃q, θq)} to estimate the 3-D position of all the scattering
points.

By using the OAM-aided FMCW waveform, we could
estimate both the azimuth and elevation angles, while avoiding
using the orthogonal multiplexing waveforms in conventional
FMCW MIMO radar.

B. The demodulation of communication function

Considering the single antenna communication Rx located
at (rqc , θqc , φqc). The received signal at the communication
Rx side can be:

rcom(t; ld) =

N∑
n=1

hqc
n sb(t− τqc ; ld)e

jldϕnej2πfl + n(t), (16)

where hqc
n is the channel attenuation between the nth Tx to

the communication Rx, τqc is the delay, n(t) is additive white
Gaussian noise (AWGN). It is worth mentioning that, hqc

n is
a function of frequency, here for simplification, we assume it
is a constant during one sub-chirp.

The demodulation of FM symbols is required to ob-
tain the correct down-converted signal. Hence, we demod-
ulate the FM signal first. Applying the energy indica-
tor method in [11], and using α̂FM

ld
to represent the esti-

mated FM symbol. The down-converted signal ycom(t; ld) =

rcom(t; ld)e
−j2π(fl+α̂FM

ld
B0+

1

2
µt)t

can be simplified as

N∑
n=1

hqc
n ejα

PM
ld ejldϕneϕ(τqc ) + n̂(t), α̂FM

ld
= αFM

ld
,

N∑
n=1

hqc
n ejα

PM
ld e

j2π(fl+(α̂FM
ld

−αFM
ld

)B0+
1

2
µ(t−τqc ))(t−τqc )

+ n̂(t),

α̂FM
ld

̸= αFM
ld

,
(17)

where, ϕ(τqc) is a constant phase related to τqc . The equation
under the condition of α̂FM

ld
̸= αFM

ld
can be filtered out by the

low pass filter (LPF). Then, sampling the ycom(t; ld) at the
radar process Fs, we obtain discredited ycom(ns; ld). In a full
FMCW chirp, the sampling number is Ns, for each sub-chirp,
the sampling number is Ns/D, thus ycom(ns; ld) ∈ CNs/D×1.
Then

α̂FM
ld

= arg max
α̂FM

ld
∈[0,1,...,2M−1]

E(α̂FM
ld

), (18)



where

E(α̂FM
ld

) =

∣∣∣∣∣∣ DNs

Ns/D∑
ns=1

ycom(ns; ld)

∣∣∣∣∣∣
2

. (19)

Now that we have obtained the correct αFM
ld

, i.e., the received
discrete baseband signal ycom(ns; ld). The next step is to do
demodulation of PM.

Assuming that we have perfect channel estimation
ĥqc
c CNs/D×1, the physical channel can be estimated together

with the vortex phase shift as

ĥqc
c (ns) =

N∑
n=1

hqc
n e−j2πfc(ns)(r

qc−ϕqc
UCA)/cejldϕn . (20)

where

fc(ns) = e
fl+α̂FM

ld
B0+

ns

2Fs
µ

,
(21)

and the delay due to the UCA array [12]

ϕqc
UCA = R sin θqc cos(φqc + φn). (22)

The αPM
ld

can be estimated through maximum likelihood as

α̂PM
ld

=

argmin
α̂PM

ld

∣∣∣∣∣∣ DNs

Ns/D∑
ns=1

(
ycom(ns; ld)− ejα̂

PM
ld ĥqc

c (ns)
)∣∣∣∣∣∣ . (23)

In this scheme, the communication symbols of the vortex
wavefront FMCW model are demodulated. It is worth men-
tioning that, in this paper, the vortex wavefront is only used
for angle estimations of radar functions. In future work, the
orthogonality between different OAM modes can be used to
increase communication rates.

IV. BLENDER-BASED SCENARIO EVALUATION

In this section, we investigate the potential of the vortex
wavefront FMCW model in a relatively realistic indoor sce-
nario. We use a developing Blender-based channel simulator
in our group to do the environment-based simulation. Blender
is an open-source animation tool that is used for environment
modeling [13]. Using the ray tracing engine embedded, it can
render the propagation paths in the simulated environment.
The tool is flexible to define the material properties, geometry
size, and moving trajectories of the objects, hence providing
a realistic channel. More information about the simulator can
be found in the application case [14].

A. Sensing simulation: range, azimuth, and elevations

The simulation scenario is shown in Fig. 3. In Fig. 3 (a),
the distances, azimuth angles, and elevation angles of the two
targets can be observed. In Fig. 3 (b), the channel impulse
response (CIR) is presented and the ranges of the two targets
can be observed. The simulated radar configurations are in
Table. I.

We compare the traditional FFT-based estimation results
in TDM MIMO radar with the recursive MUSIC estimation
results in the proposed model in Fig. 4 and Fig. 5. From

Table I: Radar configurations

Configurations Values

Central frequency fc [GHz] 77
Bandwidth B [GHz] 1.8
FMCW slope β [MHz/µs] 30
pulse repetition interval Tc [µs] 60
pulse repetition count K 128
Sampling rates fs [MHz] 10
Fast time sampling number Ns 256
Number of UCA elements 32
Number of ULA 8× 4

(a) Rendered scenario
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(b) Simulated channel pulse response
with 20 dB SNR

Figure 3: Scenario and channel: in (a), the x-axis and y-axis
denote the exact azimuth and elevation angles, and the color
denotes the round distances between the targets and radar; in
(b), the power shown are normalized.

the results of these figures, we can easily observe that both
methods can identify the two targets and estimate the positions
of the two indoor persons.

However, the recursive MUSIC estimation has a higher
angle resolution than the traditional FFT-based estimation.
Besides, for both the elevation and azimuth estimation, the re-
cursive MUSIC-based circular model provides a similar angle
resolution. For the conventional FFT-based MIMO model, the
resolution depends on the number of antennas. In Fig. 5, the
angle resolution of azimuth is almost two times of elevation,
because we use 8 antennas in the azimuth direction and 4
antennas in the elevation direction. Moreover, as we discussed
in (14), by doing the recursive MUSIC algorithm in the OAM
mode domain, we can estimate directly the azimuth-elevation
map rather than combing the rang-azimuth map and rang-
Doppler in the FFT-based estimation.

B. Communication simulation:

Based on (7) and (8), we compare the impact of the number
of sub-chirps D = 2M , i.e., the FM constellation size, the
range resolution, and transmission rate, as shown in Fig. 6.
When D = 1, the range resolution is 0.83 m according to
(8), i.e., the 1/∆R = 12 m−1. As the number of sub-chirp
D increases, the range resolution deteriorates, however, the
transmission rate increases with D. Hence, a reasonable D
can achieve a balance between the range resolution and trans-
mission rate. It also can be observed that the communication
rates increase with the constellation size of PM.



(a) Range-elevation angle (b) Azimuth-elevation angle

Figure 4: Recursive MUSIC estimation results with vortex EM
waves.
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(a) Range-elevation angle
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Figure 5: FFT estimation results with TDM MIMO.

V. CONCLUSION

In this paper, we propose a radar-centric FMCW ISAC
model, in which a UCA is employed to generate the vortex
wavefront. This spatial modulation provides an additional
dimension for angle estimation. The Blender-based ray tracing
simulator is utilized to evaluate the proposed ISAC model
and compared them with conventional FMCW MIMO radar.
Evaluation results show that due to angular diversity provided
by vortex EM waves, the proposed model achieves higher
angle resolution and avoids radar performance ambiguities of
orthogonal MIMO waveforms. Furthermore, we showed the
trade-off between radar range resolution and communication
data rate by designing the number of sub-chirps reasonably.
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