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A Tutorial on Joint Radar and Communication
Transmission for Vehicular Networks - Part II: State

of the Art and Challenges Ahead
Fan Liu, Member, IEEE, and Christos Masouros, Senior Member, IEEE

(Invited Paper)

Abstract—In Part I of this three-part tutorial on dual-
functional radar-communication (DFRC), we overviewed the
fundamental elements of DFRC. As Part II of the tutorial,
this letter overviews the state-of-the-art (SoA) in DFRC, with
a particular emphasis on the use of the technique for seamless
connectivity in the vehicular network. We commence by intro-
ducing the conventional beam tracking approaches for millimeter
wave (mmWave) communication systems, based exclusively on
communication signalling and feedback, followed by the DFRC
based schemes tailored for the vehicular network. Finally, we
evaluate a number of SoA DFRC schemes through comparative
simulations.

Index Terms—Dual-functional radar-communication, vehicu-
lar network, beam tracking, beam prediction

I. INTRODUCTION

THE coming generations of vehicular networks, dominated
by the connected and autonomous vehicle paradigm, will

rely on seamless communication and radar intelligence. At
present, however, communication and radar systems have to
compete over a large portion of the wireless spectrum given the
congestion in these frequency bands. In Part I of this tutorial,
we presented the motivation behind DFRC as an enabler of the
spectrum reuse between radar and communication transmis-
sion [1]. In vehicular networks, DFRC aims to jointly optimize
vehicular communications with remote sensing capabilities for
vehicle localization and anti-collision detection.

The next-generation vehicle-to-everything (V2X) network
will require low-latency Gbps data transmission. While general
communication technologies can cope with delays of hundreds
of ms, V2X-controlled critical applications require delays of
the order of tens of ms [2]. On the other hand, the vehicular
network should also be equipped with the radar functionality
to provide robust and high-resolution vehicle localization and
environment sensing services [2] with signalling of extreme
reliability. At the time of writing, vehicular localization and
networking schemes are mostly realized by the Global Naviga-
tion Satellite System (GNSS) and default standards [3]. While
these approaches do offer basic V2X functionalities, they suf-
fer from poor sensing accuracy and low transmission data rate.
To address the aforementioned issues, 5G technology utilizes
both the massive multi-input multi-output (mMIMO) antenna
array and the mmWave spectrum. By leveraging the advanced
mMIMO beamforming techniques and the large bandwidth
available at the mmWave spectrum, both the communication
and the radar sensing capabilities can be greatly enhanced.

Given the inherent high-mobility features in the V2X net-
work, it is essential to efficiently estimate the fast-changing
vehicular channels, in order to guarantee the quality-of-service
(QoS) for communication. In mmWave cellular systems,
this is realized by sophisticated beam training and tracking
techniques. Nevertheless, conventional beam training/tracking
schemes are based on communication-only protocols, where
frequent feedback is needed to configure the links, incurring
considerable complexities, signalling overheads and latency.
The motivation for integrating radar sensing and communi-
cation naturally arises in the vehicular network, which not
only enhances the efficient utilization of both the spectral and
signalling resources, but also enables the beneficial coopera-
tion between the two functionalities. In particular, with the
aid of the radar sensing, the pilots and the feedback loop
required in the conventional mmWave beam tracking schemes
[4], [5] are no longer needed, thus reducing the processing
latency, which is key to vehicular network operated in the
high-mobility environment.

In this letter, we first overview the conventional beam
training and tracking approaches using communication-only
protocols. We then overview the recent research framework
on predictive beamforming conceived for the vehicle-to-
infrastructure (V2I) network, which is built upon joint radar-
communication transmission. Moreover, we present a compar-
ative evaluation between some indicative communication-only
and DFRC techniques to reveal the usefulness of the latter
in the V2X scenarios. Finally, we conclude Part II of this
tutorial by identifying the open problems and challenges in
this research area.

II. BEAM TRAINING AND TRACKING

A. Beam Training

The mmWave channel is known to be sparse in the angular
domain, which translates to having only a few significant
propagation paths. Therefore, to estimate the mmWave channel
state information (CSI) is equivalent to estimating the angle of
arrival (AoA), the angle of departure (AoD) and the channel
gain of each path, which is typically termed as beam training.
To this end, a straightforward idea is to fully scan the angular
interval of interest with a collection of beams steered to differ-
ent directions, and then choose those having the highest signal-
to-noise ratio (SNR) [6]. The SNR associated to different
beams is measured at the receiver (Rx) side, and is fed back
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Fig. 1. Frame structure for mmWave beam training, tracking and prediction
schemes.

to the transmitter (Tx) for processing. After obtaining the
estimated angles, the Tx and the Rx will accordingly formulate
transmit and receive beams, which are expected to be aligned
with each other, such that a reliable communication link can
be established. For clarity, we summarize the aforementioned
procedure as a conceptual transmission protocol shown in
Fig. 1(a). In each downlink block, the Tx first transmits
pilots (beams) for beam training, and then transmits the data
block by designing a transmit beamformer based on the beam
information fed back from the Rx.

An important tradeoff that can be observed in Fig. 1(a)
is the one between the estimation accuracy and the sig-
nalling overhead. Indeed, the optimal beam pairs can be more
accurately acquired by transmitting more pilots, and thus
improving the beamforming gain and SNR. However, this will
inevitably occupy the temporal resources in data transmission,
which incurs overhead and latency. As a result, the estimated
CSI/trained beams could be easily outdated in high-mobility
scenarios, which causes beam misalignment and degrades the
performance. This is particularly pronounced for the mMIMO
antenna array that formulates very narrow beams, where a
small misalignment may cause notable performance loss. To
tackle this issue, many efficient beam training schemes have
been proposed in the literature, such as those relying on the
adaptive compressed sensing (CS) algorithms [7], [8].

B. Beam Tracking

To further reduce the overhead in beam training, one may
exploit the temporal correlation between the consecutive chan-
nel realizations. It has been shown that by using the previously
estimated beams as the prior information, the number of
pilots required can be minimized to an acceptable level.
This technique, commonly referred to as beam tracking, has
recently raised huge research interests in mobile mmWave
communications [4], [9]. As shown in Fig. 1(b), the beam
tracking technique requires an initial access/beam training at
the beginning, and tracks the variation of the channel using
only a few pilots in the subsequent transmission blocks. In the
extreme case, only one or two pilots are needed in each block.
In [5], the beam tracking is realized by extended Kalman
filtering (EKF), where only a single downlink pilot is needed
for each transmission. In [10], a fast beam tracking method
has been proposed based on the auxiliary beam pair (ABP)
design, where a pair of training beams are transmitted.

In what follows, we briefly discuss the ABP technique
proposed in [10]. For the sake of convenience, let us consider

a simple scenario where an Nt-antenna mMIMO base station
(BS) is serving a single-antenna user in a line-of-sight (LoS)
channel. Assume that the angle of the user at the (n− 1)th
epoch is θn−1, which is perfectly estimated and is known to
the BS. Our aim is then to estimate θn based on θn−1. By
transmitting pilot symbols x1 and x2 using two beamformers
fL, fR ∈ CNt×1, the received signals at the user can be
expressed as

y1 = αaH (θn) fLx1 + z1, y2 = αaH (θn) fRx2 + z2, (1)

where α is the channel coefficient of the LoS path, a (θ) ∈
CNt×1 is the steering vector of the BS, which is assumed
to be a uniform linear array (ULA), and finally z1 and z2
denote the Gaussian noise with the variance of N0. By further
assuming that the ULA has a half-wavelength inter-element
spacing, a (θ) can be expressed as

a (θ) =

√
1

Nt

[
1, e−jπ cos θ, ..., e−jπ(Nt−1) cos θ

]T
. (2)

By introducing the notation ϑ = −π cos (θ), we have

a (θ) = a (ϑ) =

√
1

Nt

[
1, ejϑ, ..., ej(Nt−1)ϑ

]T
. (3)

The beamformers fL and fR are designed based on the previ-
ously estimated beam direction ϑn−1. The temporal correlation
between ϑn−1 and ϑn intuitively implies that, ϑn is not likely
to be far away from ϑn−1, and should be within a small inter-
val centering on ϑn−1, e.g., ϑn ∈ [ϑn−1 −∆ϑ, ϑn−1 + ∆ϑ],
with high probability. Therefore, the beamformers can be
designed as

fL = a (ϑn −∆ϑ) , fR = a (ϑn + ∆ϑ) . (4)

Without loss of generality, let the pilot symbols x1 = x2 = 1.
The user then estimates the SNR of y1 and y2, which are

γ1 =
|α|2

∣∣aH (ϑn) fL
∣∣2

N0
, γ2 =

|α|2
∣∣aH (ϑn) fR

∣∣2
N0

. (5)

By letting ∆ϑ = 2kπ
Nt
, k ∈

{
1, ..., Nt

4

}
, the user calculates the

following ratio metric [10]

λ =
γ1 − γ2
γ1 + γ2

= − sin (ϑn − ϑn−1) sin (∆ϑ)

1− cos (ϑn − ϑn−1) cos (∆ϑ)
. (6)

Since |ϑn − ϑn−1| ≤ ∆ϑ, λ is a monotonic function in
ϑn − ϑn−1. One can readily solve for ϑn by using the fol-
lowing reverse function in the form

ϑ̂n =

ϑn−1 − arcsin

(
λ sin (∆ϑ)− λ

√
1− λ2 sin (∆ϑ) cos (∆ϑ)

sin2 (∆ϑ) + λ2cos2 (∆ϑ)

)
.

(7)
Accordingly, θn can be obtained by θ̂n = arccos

(
− ϑ̂n

π

)
. In

the case that the SNR values γ1, γ2 are perfectly estimated,
we have θ̂n = θn.

While the existing approaches can effectively track the
beams by using a small number of pilots, frequent uplink
feedbacks are still necessary. Moreover, the signal energy
accumulated reduces when limiting the pilot overheads, which
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Fig. 2. DFRC transmission in the V2I scenario.

may potentially lead to estimation errors. More importantly, in
fast-changing channels such as in the vehicular network, it is
not sufficient to only track the beam. As a further step to adapt
to the high mobility, the Tx should be able to predict the beam,
such that the beamformers can be prepared in advance. In what
follows, we overview a low-overhead predictive beamforming
framework tailored for vehicular links based on the DFRC
transmission [11], [12].

III. PREDICTIVE BEAMFORMING THROUGH DFRC:
COMMUNICATION SERVED BY RADAR SENSING

Let us consider a mmWave road side unit (RSU) with Nt
transmit and Nr receive antennas, which is serving an Nv-
antenna vehicle driving at a nearly constant speed on a straight
road, as shown in Fig. 2. For ease of notation, we assume that
the RSU and the vehicle communicate via a LoS path, and
that all the antenna arrays are ULAs and are adjusted to be
parallel to the road. Consequently, the AoA equals to the AoD
in the V2I LoS channel.

At each transmission block, the RSU formulates a narrow
beam and transmits a DFRC signal s (t) ∈ C that contains data
symbols intended for the vehicle at the time t. While being
received by the vehicles’s antenna, the signal is also reflected
by the vehicle’s body. At the nth epoch, denoting the vehicle’s
range, velocity and azimuth angle relative to the radar are dn,
vn and θn, respectively, the received echo signal at the RSU
can be expressed as

rn (t) = κβne
j2πfD,nt

√
pb (θn)aH (θn) fns (t− τn)+zR,n (t) ,

(8)
where κ =

√
NtNr denotes the array gain, βn contains both

the radar cross-section (RCS) and the round-trip path-loss,
fD,n = 2vn cos θnfc

c is the Doppler frequency generated by
the radial velocity, with fc and c being the carrier frequency
and the speed of the light, p is the transmit power, τn = 2dn

c
is the round-trip delay, fn is the transmit beamformer, a (θ) ∈
CNt×1 and b (θ) ∈ CNr×1 are transmit and receive steering
vectors, which are expressed in the same form of (2). Finally,
zR,n (t) ∈ CNr×1 stands for the Gaussian noise. On the other
hand, the received signal at the vehicle can be modeled as

cn (t) = αn
√
NtNv

√
pwH

n u (φn)aH (θn) fns (t) + zC,n (t) ,
(9)

where αn is the channel coefficient, wn ∈ CNv×1 is a receive
beamformer, u (φ) ∈ CNv×1 is the array response vector at

the vehicle, and φn is the AoA of the DFRC signal, which
is assumed to be the same with the AoD θn according to the
assumption of the paralleled antenna arrays. Finally, zC,n (t)
represents the noise.

By receiving the target echo rn (t), the RSU attempts
to obtain the estimates of the vehicle’s state, i.e., xn =
[θn, dn, vn, βn]

T . Based on that, as well as on the motion
model of the vehicle, the RSU predicts xn+1 and xn+2, which
are exploited for transmit beamforming at the RSU and receive
beamforming at the vehicle, respectively. To begin with, the
RSU should firstly matched-filter rn (t) with a time-delayed
and Doppler-shifted counterpart of s (t) to obtain the estimated
τ̂n and f̂D,n, which are used to compensate for rn (t). After
compensation, the output of the matched filter is given by

r̃n = βn
√
Gpκb (θn)aH (θn) fn + zθ,n, (10)

where zθ,n represents the output noise, and G is the matched
filtering gain, which typically equals to the energy of s (t).
Together with the delay and the Doppler frequency, the RSU
obtains the following measurements as [11]

yn = h (xn) + z̃n

=


r̃n = βn

√
Gpκb (θn)aH (θn) fn + zθ,n

τ̂n =
2dn
c

+ zτ,n

f̂D,n =
2vn cos θnfc

c
+ zf,n

(11)

where zτ,n and zf,n are the estimation noise of τn and fD,n,
respectively. The measurements yn will be input into a well-
designed extended Kalman filter to obtain the state estimate
x̂n. With the estimate at hand, the RSU predicts the states
x̂n+1|n and x̂n+2|n of the vehicle at the next two epoches,
using a state evolution model as follows [11]

xn = g (xn−1) + ωn

=


θn = θn−1 + d−1n−1vn−1∆T sin θn−1 + ωθ,n,

dn = dn−1 − vn−1∆T cos θn−1 + ωd.n,

vn = vn−1 + ωv,n,

βn = βn−1
(
1 + d−1n−1vn−1∆T cos θn−1

)
+ ωβ,n,

(12)

where ∆T is the length of each time slot, and ωn denotes the
state noise, which is generated by approximation and other
systematic errors.

At the (n+ 1)th epoch, the RSU formulates a beamformer
based on θ̂n+1|n , which is

fn+1 = a
(
θ̂n+1|n

)
. (13)

By applying fn+1, the RSU sends the DFRC signal sn+1 (t)
to the vehicle, which contains both the data information and
the predicted angle information θ̂n+2|n . At the (n+ 2)th
epoch, the vehicle formulates the receive beamformer based
on θ̂n+2|n , which is

wn+2 = u
(
θ̂n+2|n

)
. (14)

By iteratively estimating and predicting the vehicle’s param-
eters at the RSU, the transmit and receive beams can be
accordingly updated and aligned with each other, such that
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TABLE I
INITIAL STATE FOR THE VEHICLE

Angle θ0 Distance d0 Velocity v0 Reflection Coefficient β0

9.21◦ 25m 18m/s
√

2
2

+
√
2
2
j

a high-quality communication link can be maintained.
Remark 1-Communication-only benchmark using EKF: The

above system model can also be transformed into a pure
communication protocol using EKF for beam tracking, where
the vehicle performs the prediction and tracking by exploiting
the pilots arrived from the RSU, and feeds back the estimated
beam as well as the predicted beam of the next time-slot to the
RSU. In particular, the state model would remain the same,
except that the reflection coefficient βn is replaced by the LoS
channel coefficient αn. The measurement model, however,
should be modified as follows. Firstly, the pilot signal will
be received by using a receive beamformer at the vehicle,
which is formulated by a predicted angle. Secondly, the time-
delay τn would be a one-way trip delay rather than its round-
trip counterpart. Finally, the velocity can be read from the
speedometer rather than from the Doppler frequency.

Remark 2-DFRC vs. communication-only: As can be seen in
Fig. 1(c), the advantages of using DFRC are obvious compared
to communication-only feedback-based beam training/tracking
protocols, which we list as follows.
• First of all, the entire DFRC signal block s (t) is used

for both downlink communication and vehicle sensing,
where dedicated downlink pilots are no longer needed.
This reduces the downlink overheads, while at the same
time improving the radar estimates.

• Secondly, the uplink feedback signal is replaced with the
echo signal reflected by the vehicle, which reduces the
uplink overheads.

• Thirdly, the communication-only scheme requires to
quantize the estimated angle before feeding it back to the
RSU. In contrast to that, the DFRC scheme can estimate
the angle continuously from the echo signal received by
the RSU, which improves the estimation accuracy.

• Finally, using the entire DFRC signal block for radar
sensing would benefit from the matched-filtering gain
G, which equals to the energy of s (t). In general, the
matched filtering gain of s (t) that spans the whole
communication block, is much more significant than that
of the feedback based scheme, where only a limited
number of pilots are used for beam tracking. As a result,
the estimation accuracy can be again improved.

In general, the DFRC transmission scheme provides both SNR
gain in beam tracking as well as considerably lower overheads
and latency.

IV. NUMERICAL RESULTS

In this section, we present a comparative evaluation through
indicative numerical results between the SoA beam tracking
and DFRC approaches. For more thorough comparisons the
reader is referred to [11], [12]. Our benchmark techniques are
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Fig. 3. Angle tracking performance for a single simulation trial.

0 0.2 0.4 0.6 0.8 1

Angle Estimation Error (deg)

0

0.2

0.4

0.6

0.8

1

C
D

F

EKF-DFRC
ABP-Comms-Only
EKF-Comms-Only

Fig. 4. Overall angle tracking performance.

the ABP method in [10] and the EKF based communication-
only beam tracking in Remark 1. We consider a V2I scenario
where a 64-antenna RSU is serving a 64-antenna vehicle on a
straight road, with the initial state x0 = [θ0, d0, v0, β0]

T show-
ing in TABLE. I. The vehicle starts from one side of the RSU,
then passes in front of the RSU to the other side. To guarantee
a fair comparison between DFRC based and communication-
only schemes, we set the initial channel coefficient α0 = β0.
For the DFRC scheme, the matched filtering gain is assumed
to be G = 10. For the ABP scheme, ∆ϑ is set as π

32 without
loss of generality. Finally, the transmit SNR is set as 10dB,
and the length of the time-slot is ∆T = 20ms.

We first show the angle tracking performance of the DFRC
and the communication-only schemes for a single simulation
trial. Among all the three techniques, it is notable in Fig. 3 that
DFRC is the only technique that correctly tracks the vehicle’s
angle throughout the vehicle’s trajectory. While both the other
two techniques are able to keep up with the angular variation
at first, they fail to do so at certain points of the road. Fig.
4 shows the overall tracking performance via the cumulative
distribution function (CDF) of angle estimation errors. Again,
we see that the DFRC significantly outperforms the other two
methods, by using which the estimation error can be reduced
to below 0.2◦.

Finally, we illustrate the average achievable rates for the
downlink V2I communication in Fig. 5. We also provide a
schematic of the RSU and vehicle’s relative position corre-
sponding to the time indices presented in the figure. Intuitively,
the communication rate is expected to increase at first and then
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decrease, since the vehicle firstly approaches the RSU and
then drives away. Nevertheless, for the high-mobility scenario
considered, only the DFRC scheme maintains a relatively
stable data rate that matches this trend. For the ABP technique,
it is observed that the rate goes down to zero drastically at
1040ms. This is because at each transmission slot, the beam
pair searches an interval with fixed size, i.e, 2∆θ = π

16 . When
the angular variation is large, the correct beam will unlikely
fall into this interval, and as a result, the ABP algorithm
loses the track. For the EKF based communication-only beam
tracking, the rate begins to decrease at 660ms, and finally
catches up with the EKF-DFRC method at 2300ms, which
again verifies the superiority of the DFRC scheme.

V. CONCLUSION AND OPEN PROBLEMS

A. Conclusion

In this letter, we have discussed the SoA in DFRC based
beam tracking and prediction in the vehicular network. We
first introduced the conventional beam training and tracking
techniques in the generic cellular network. Following that, we
have overviewed a DFRC based predictive beamforming de-
sign conceived for the V2I links, and show how the vehicular
communication performance benefits from the radar sensing.
Our study culminated with the comparative evaluation between
the communication-only and DFRC beam tracking approaches,
providing evidence of the performance gains of DFRC.

B. Open Problems

The DFRC based predictive beamforming design is a widely
open and exciting research area. While the existing works have
proposed some initial beam prediction schemes, a number of
future research directions and challenges still remain to be
explored, which include but are not limited to:

1) Model nonlinearity: While the predictive beamforming
design is realized by the EKF in this letter, it can only deal with
models with modest nonlinearity, whose performance may
degrade in the case of more complex vehicular signal models.
There are numerous other Bayesian filters and algorithms,
which can be exploited to address highly nonlinear models.
Such techniques include unscented Kalman filtering (UKF),
Markov chain Monte Carlo (MCMC) method and particle
filtering, by using which the beam tracking performance might
be further improved.

2) Reliance on state transition model: In general, the
angular variation of the vehicle is predicted based on a specific
state transition model, which is typically built upon the kinetic
equations of the vehicle as well as the roadway geometry.
However, an explicit state model would be rather difficult
to obtain in complex traffic environments. It is therefore
advantageous to develop advanced prediction methods without
specifying a state model. Machine learning solutions may also
find applications in this regime.

3) Beam association: The conventional beam tracking al-
gorithms require uplink feedback from the vehicles, where
the ID of each vehicle can be embedded into the feedback
signal. By leveraging that, the RSU is able to transmit desired
information at the correct beams. In the DFRC based predic-
tive beamforming design, however, the beams are extracted
from the echo signals from the targets, which contain no ID
information. To cope with this issue, it is essential to develop
effective beam association algorithm to map each beam to
each vehicle, where classic data association algorithms, e.g.,
joint probabilistic data association (JPDA) filter and multiple
hypothesis tracking (MHT), would find applications here.

In light of the above challenges, in Part III of this tutorial,
we aim to address the reliance of DFRC beam tracking
techniques on state evolution models, by introducing a new
prediction technique that circumvents this necessity.
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