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Synergy between Sensing and CommunicationSynergy between Sensing and Communication2

 
Comm.-aided Sensing

exploiting  
• comm. signals
• network cooperation 

Sensing-aided Comm. 

   exploiting 
``side information''  

Joint SC

common 
waveform

Sensing can provide “side information” for fast beam acquisition,
tracking, topology/location awareness.
Communication signals/cooperation can enhance sensing quality.
Joint Sensing and Communication is a special case where both systems
share the same resource.

2IEEE Comsoc Emerging Technologies Initiatives on Integrated Sensing and Communication,
https://www.comsoc.org/about/committees/emerging-technologies-initiatives/integrated-sensing-and-communication

M. Kobayashi ICT Lab Talk April 25, 2021 5 / 48

• Sensing can provide “side information” for improving communication
functions (beam alignment, refinement, tracking, fast handover, fas user-AP
association ... )

• Communication can enhance sensing quality (e.g., multistatic radar, sensor
fusion, closed-loop protocols).

• Does it make sense to share the same resource (power, bandwdith,
hardware)?

1
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Application Scenarios in mmWave Comm.

• Scenario 1, Discovery: wide sector transmission (e.g., low-rate control
broadcast channel), unknown targets.

• Goal: target detection, parameter estimation to speed-up BA.

2



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Application Scenarios in mmWave Comm.

• Scenario 2, Tracking: beamformed transmission (e.g., individual DL data
streams), known targets.

• Goal: parameter estimation for beam refinement/tracking.

3
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RF Beamforming and AoA Estimation
5
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Fig. 1: Hybrid digital analog (HDA) transmitter architectures: (a) fully-connected (FC), (b) partially-connected

with one-stream-per-subarray (OSPS). The “BB” block denotes digital baseband beamforming, K is the number of

data streams, MRF is the number of RF chains, and M is the number of antennas.

such as the power dissipation and nonlinear distortion of the PAs. In particular, the nonlinear PAs

employed at the BS can drastically distort the transmit signal when operated close to saturation

[27]. To this end, a certain power backoff from the saturation power of a PA should be considered

accordingly for different signaling schemes and transceiver architectures, such that the PAs can

always work in their linear operating region.

B. Contributions

In this paper we overcome the shortcomings of the present literature outlined before, and

comprehensively evaluate the performance of HDA architectures (in particular, as shown in

Fig. 1), where we assume both amplitude and phase control for each analog path. Our main

focus is on the MU-MIMO downlink, but similar and symmetric conclusions can be reached for

the uplink as well. Our main contributions are summarized as follows:

1) More general and realistic mmWave channel model. We consider a quite general mmWave

wireless channel model, taking into account the fundamental features of mmWave channels

such as fast time-variation due to Doppler, frequency-selectivity, and the AoA-AoD sparsity

[20, 21, 28]. The numerical results based on our proposed channel model are further verified on

the 3D geometry based channel generator QuaDRiGa [29], which has become a standard tool

in industrial R&D as well as in 3GPP standardization.

2) More practical hardware impairments and power efficiency analysis. When comparing the

HDA beamforming performance of different transmitter architectures, we take into account the

practical hardware impairments, particularly, the potential power dissipation of the underlying

• The number of RF chains (demodulation to BB and ADC) is much smaller
than the number of antenna array elements.

• For AoA estimation (both Scenario 1 and 2) we need a vector observation.

4
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Dimensionality Reduction at the Radar Receiver

• Because of complexity and power consumption of the A/Ds, a typical
mmWave architecture consists of hybrid digital-analog BF.

• A number Nrf of RF chains, much smaller than the number of antenna
array elements Na, produces a reduced-dimensional “beamspace” baseband
channel.

2

Tx / Radar Rx

Communication Rx /
      Radar Target

Tx 
/ Radar Rx
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(a) Detection phase

Tx / Radar Rx

Communication Rx /
      Radar Target

Target BF / GTX

Target BF / GTX

Tx 
/ Radar Rx

Target BF / GTX

Target BF / GTX

(b) Tracking phase

Fig. 1: Two scenarios with two different Tx beam patterns.
In (a), a Tx (a base station or a car) broadcasts a common
message exploring a wide angular sector. In (b), we consider
directional BF towards the detected targets. The Rx always
makes use of a wide beam within the angular sector of interest.

pattern consisting of Nrf beams as illustrated in Fig. 2 to obtain
a meaningful vector observation, necessary for angle of arrival
(AoA) estimation, regardless of the operating phase. This is
in a sharp contrast to the hybrid beam alignment considered
in the communication system where the receiver also applies
BF and obtains a scalar observation precluding the estimation
of the AoA (see, e.g., [20], [3] and references therein).

Under this setup, we propose an efficient maximum likeli-
hood (ML)-based scheme combined with HDA BF to jointly
perform target detection and parameter estimation. More pre-
cisely, our scheme first performs target detection and super-
resolution estimation of delay, Doppler shift, and AoA using
a wide angular beam along which a single data stream is sent.
Then, once the targets are detected, the subsequent tracking
phase performs the parameter estimation using multiple narrow
beams along which multiple data streams can be sent. Our
numerical results demonstrate that the proposed scheme is able
to reliably detect multiple targets while essentially achieving
the Cramér-Rao Lower Bound (CRLB) for radar parameter es-
timation. Furthermore we investigate various scenarios of near-
far effects of targets, showing that a successive interference
cancellation (SIC) mechanism is able to efficiently remove
the masking effect between targets located at different ranges
from the radar, and we provide an in-deep analysis of the two
scenarios of interest, showing their limits and advantages.

The paper is organized as follows. In Section II we introduce
the physical model and OTFS modulation basics. Section
III exploits the joint detection and parameter estimation al-
gorithm. Numerical results are analyzed in Section IV, and
Section V concludes the paper.

We adapt the following notations. (·)T denotes the transpose
operation. (·)H denotes the Hermitian (conjugate and trans-
pose) operation. Operator |·| denotes the absolute value |x| if
x 2 R, or the cardinality (number of elements) of a discrete
set, i.e., |F|, if F is a discrete set.

Radar Rx

Nrf Beams

Wide Angular Sector

Fig. 2: Beam configuration at the radar Rx for the two
scenarios depicted in Fig. 1. Nrf beams cover a wide angular
sector.

II. PHYSICAL MODEL

We consider joint radar detection and parameter estimation
in a system operating over a channel bandwidth B at the carrier
frequency fc. We assume a Tx equipped with a mono-static
MIMO radar with Na antennas and Nrf RF chains, operating
in full-duplex mode.1 The radar Rx (which is colocated with
the Tx) processes the backscattered signal to identify the pres-
ence of targets within the beam, while estimating parameters of
interest such as range, velocity, and AoA. A point target model
is taken into account, such that each target can be represented
through its line-of-sight (LoS) path only [25], [26], [9]. By
letting � 2 [�⇡2 , ⇡2 ] be the steering angle, by considering an
antenna array with �/2 spacing (� is the wavelength), the Tx
and Rx arrays are given by a(�) and b(�) respectively, where
a(�) = (a1(�), . . . , aNa(�))T 2 CNa , denotes the uniform
linear array response vector of the radar Rx with

an(�) = ej(n�1)⇡ sin(�), n = 1, . . . , Na, (1)

and bn(�) = an(�). Under the mono-static radar assumption,
i.e., same angle � at radar Tx and Rx, vectors a and b result to
be equal. The channel is modeled as a P -tap time-frequency
selective channel of dimension Na ⇥Na given by [27]

H(t, ⌧) =

P�1X

p=0

hpb(�p)a
H(�p)�(⌧ � ⌧p)ej2⇡⌫pt , (2)

where P is the number of targets, hp is a complex channel gain
including the pathloss, ⌫p =

2vpfc

c is the round-trip Doppler
shift, ⌧p =

2rp

c is the round-trip delay, and �p denotes the
AoA, each corresponding to the p-th target, respectively.

A. OTFS Input Output Relation

We consider OTFS with M subcarriers of bandwidth �f
each, such that the total bandwidth is given by B = M�f .
We let T denote the symbol time, yielding the OTFS frame
duration of NT , with N number of symbols in time. We let
T�f = 1, as typically considered in the OTFS literature [11],
[13], [28]. In order to consider the aforementioned different
operational modes, we let Ns denote the number of data
streams to be sent per time-frequency domain such that Ns = 1
corresponds to the multicasting of a single data stream and
Ns  Nrf corresponds to the broadcasting of individual data

1Full-duplex operations can be achieved with sufficient isolation between
the transmitter and the (radar) detector and possibly interference analog pre-
cancellation in order to prevent the (radar) detector saturation [22], [23], [24].

5
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Example of grid of beams for Na = 64.

• Beam-space MIMO radar
10
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Fig. 1: (Top) Illustrative description of the atoms of the BF codebook. Without loss of generality, we assume a

symmetric FoV covering [�✓max, ✓max]. (Bottom) An example with Nrf = 4 beams per block for B = 2 consecutive

blocks (corresponding to the different colors), and a total of NrfB = 8 explored directions.

random choice of the matrices {Ub} constructed according to the above principle.

Remark 1. An alternative to the use of directive beams in the HDA set-up discussed above

consists of directly sampling Nrf antennas per block. We refer to this as the Antenna Selection

scheme, where at each block b 2 [1, ..., B], each column of Ub consists of zeros except a single

one corresponding to the antenna port being sampled. Another alternative for beam-space MIMO

radar consists of using a grid of Fourier beams as the dictionary C. In Fig.2, a comparison

between these alternatives in terms of the achieved CRLB for parameter estimation is provided.

We notice that antenna selection and the Fourier dictionary achieve generally worse performance

than the proposed BF codebook for two opposite reasons: antenna selection provides good angle

exploration but very low SNR at each sampled antenna port. The Fourier dictionary provides

very high BF gains but too limited angular support. As a reference, we also show the CRLB

achieved by sampling all the Na antennas (fully digital MIMO radar). Although this is highly

impractical for implementation (as pointed out in Section I), it is provided here as a useful term

of comparison. ⌃

IV. JOINT DETECTION AND PARAMETERS ESTIMATION

We denote the true value of the parameters as ✓̊ = {̊hp, ⌫̊p, ⌧̊p, �̊p} and use ✓ = {hp, ⌫p, ⌧p,�p}
to denote the arguments of the likelihood function. We shall write the received signal expression

6
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Multitarget channel model (1)

• Array response vector (simple case: ULA) a(φ) = (a1(φ), . . . , aNa(φ))T ∈ CNa
with

an(φ) = ej(n−1)π sin(φ), n = 1, . . . , Na.

• Backscatter channel model

H(t, τ) =

P−1∑

p=0

hpa(φp)a
H(φp)δ(τ − τp)ej2πνpt

• Multicarrier signal with Ns data streams

s(t) =

N−1∑

n=0

M−1∑

m=0

Xn,mgtx(t− nT )ej2πm∆f(t−nT ).

7
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Multitarget channel model (2)

• Received signal at the radar receiver in block b

rb(t) =

P−1∑

p=0

hpUb
Ha(φp)a

H(φp)Fs(t− τp)ej2πνpt .

• Ub is a Na×Nrf reduction matrix, whose columns are beamforming vectors.
• After chip matched filtering and sampling, blocks b = 1, . . . , B of N time

symbols and M subcarriers can be compactly written as

y
b

=



P−1∑

p=0

hpGb(νp, τp, φp)


xb + wb,

where we define the effective channel matrix of dimension NrfNM ×NsNM
as

Gb(ν, τ, φ) ,
(
UH
ba (φ) aH(φ)F

)
⊗Ψ(ν, τ).

8
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Target detection in Discovery mode (1)

• We do target detection in sequence: at each step we have a binary
hypothesis testing problem with hypotheses H0 and H1 correspond to
absence or presence of the p-th target only.

y
b

=

{
wb b = 1, . . . , B under H0

h̊pGb(̊νp, τ̊p, φ̊p)xb + wb b = 1, . . . , B under H1 .

• The log-likelihood ratio for the binary hypothesis testing problem is given by

`(hp, νp, τp, φp) = 2Re

{(
B∑

b=1

yH
b
Gbxb

)
hp

}
− |hp|2

B∑

b=1

‖Gbxb‖2

9
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Target detection in Discovery mode (2)

• Since the true value of the parameters is unknown, we use the Generalized
Likelihood Ratio Test

max
hp,νp,τp,φp

`(hp, νp, τp, φp)
H1

≷
H0

Tr.

• The maximization with respect to hp for fixed τp, νp, φp is immediately obtained
as

ĥp =

(∑B
b=1 yH

b
Gbxb

)∗

∑B
b=1 ‖Gbxb‖2

.

• Replacing this into the log-likelihood expression we obtain

`(ĥp, νp, τp, φp) =

∣∣∣
∑B
b=1 yH

b
Gbxb

∣∣∣
2

∑B
b=1 ‖Gbxb‖2

∆
= S(νp, τp, φp)

10
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Target detection in Discovery mode (3)

Sequential detection with SIC:

1. Initialize p = 1

2. Compare S(ν, τ, φ) with the adaptive threshold Tr(ν, τ, φ), and find the set T
of points in the Doppler-delay-AoA above threshold.

3. If T = ∅, exit (no more targets to be found).

4. If T 6= ∅, let the p-th target with parameters

(ν̂p, τ̂p, φ̂p) = argmax {S(ν, τ, φ) : (ν, τ, φ) ∈ Y}

5. Subtract the corresponding signal from the received signal (SIC).

6. p← p+ 1, and go to point 2.

11
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Adaptive threshold for target detection (1)

• The decision threshold is set adaptively from the ordered statistics of samples
of S(ν, τ, φ) in a window around the decision point. 25

�⌧

Cell Under Test S(⌫0, ⌧,�)

Cell Under Test S(⌫0, ⌧,�)

Fig. 7: Graphical representation of CFAR windowing. The window is shifted around each location (⌫, ⌧,�) in the

search space. [why there is ⌫0 in the figure ??? this should be S(⌫, ⌧,�)]

Nc = max(⌫,⌧,�)2�⇥b⌦|C(⌫,⌧,�)| denote the size of the neighboring bins for most of bins in the search

space (notice that for some bins in the boundary of the domain the size of the neighboring set

C(⌫, ⌧,�) may be less than Nc). For each Doppler-delay-angle bin (⌫, ⌧,�) 2 �⇥ b⌦, we evaluate

the value of SH0(⌫ 0, ⌧ 0,�0) for (⌫ 0, ⌧ 0,�0) 2 C(⌫, ⌧,�) and sort them in an increasing order such

that

SH0(⌫1, ⌧1,�1)  SH0(⌫2, ⌧2,�2)  · · ·  SH0(⌫Nc , ⌧Nc ,�Nc) (35)

where (⌫i, ⌧i,�i) 2 C(⌫, ⌧,�) denotes the i-th element in the above ordered statistics of the

neighboring set. [NOT CLEAR .. HOW CAN YOU “EVALUATE” SH0 IF YOU DO NOT

KNOW WHICH HYPOTHESIS IS THE CORRECT ONE? DO YOU MEAN THAT YOU

EVALUATE THE DECISION FUNCTION S(⌫ 0, ⌧ 0,�0) at the points (⌫ 0, ⌧ 0,�0) 2 C(⌫, ⌧,�), and

treat it as if this was an empirical distribution for SH0 , such that the ordered statistics gives an

estimate of the CDF under hypothesis ???. OTHERWISE, YOU CANNOT EVALUATE THE

FUNCTION UNDER HYPOTHESIS ZERO, SINCE YOU GET WHAT YOU GET AND YOU

DO NOT KNOW IF THERE IS NO TARGET THERE ...] Assuming that no target falls in the

neighboring set C(⌫, ⌧,�), the above ordered statistics yields an empirical cumulative distribution

function (CDF) of SH0(⌫, ⌧,�). Hence, the threshold can be determined by choosing a given

percentile  of this empirical CDF, and scaling it by a factor ↵ that depends on the specific

problem at hand and must be tuned simulation. Specifically, fixing  2 (0, 1), we express the
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Adaptive threshold for target detection (2)
36
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Fig. 10: CFAR Stages
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Parameter estimation in Tracking mode (1)

• The log-likelihood function, neglecting irrelevant terms, is given by

Λ({hp, νp, τp, φp}) = 2Re{hHr} − hHAh.

where we define the P × 1 vector of path coefficients h = (h0, . . . , hP−1)T,
the vector of signal correlations r with p-th element

rp =

B∑

b=1

xH
b,pG

H
b,pyb,

and the P × P matrix A with (p, q) element

Ap,q =

B∑

b=1

xH
b,pG

H
b,pGb,qxb,q.

14
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Parameter estimation in Tracking mode (2)

• The maximization with respect to h is readily obtained as

ĥ = A−1r

• Replacing this, we find Λ1({νp, τp, φp}) = rHA−1r.
• The problem is further simplified by noticing that A is approximately diagonal.

Under this simplification, we obtain

Λ1({νp, τp, φp}) =

P−1∑

p=0

∣∣∣
∑B
b=1 yH

b
Gb,pxb,p

∣∣∣
2

∑B
b=1 ‖Gb,pxb,p‖2

.

• Each term in the sum has a form similar to the function S(ν, τ, φ) defined
before and can be maximized individually with respect to the corresponding
parameters {νp, τp, φp}.

15
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Target discovery (scenario)
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Fig. 3: Probability of detection of targets Vs. SNR within an illuminated angular FoV of 90� with varying B. The

bottom plot depicts a two target scenario where Pd for the second target after detection and removal of the first

target is reported.

the BS. The closer target in practice creates a masking effect of the second target, which can

be removed using the SIC technique. P
(2)
d for the second target is calculated after the detection

and removal of the former, i.e.,

P
(2)
d = P (S(⌫2, ⌧2,�2) > Tr(⌫2, ⌧2,�2)|S(⌫1, ⌧1,�1) > Tr(⌫1, ⌧1,�1)) (41)

where P
(p)
d denotes the detection probability of the p-th target.

2) Tracking Mode: Next, the parameter estimation performance of the Tracking mode is

considered where with the assumption of acquired targets i.e. Users, a narrow Tx beam transmits

information symbols toward each user via a dedicated RF chain. This results in an increased GTx

and consequently, SNR, leading to improved estimation performance, while significantly reducing

the interference effects of other users. As depicted in Fig. 4, in the simulated scenario three

distinct users are considered where the first and second are positioned with a fixed distance and

16
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Target discovery (results)
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Fig. 3: Probability of detection of targets Vs. SNR within an illuminated angular FoV of 90� with varying B. The

bottom plot depicts a two target scenario where Pd for the second target after detection and removal of the first

target is reported.

the BS. The closer target in practice creates a masking effect of the second target, which can

be removed using the SIC technique. P
(2)
d for the second target is calculated after the detection

and removal of the former, i.e.,

P
(2)
d = P (S(⌫2, ⌧2,�2) > Tr(⌫2, ⌧2,�2)|S(⌫1, ⌧1,�1) > Tr(⌫1, ⌧1,�1)) (41)

where P
(p)
d denotes the detection probability of the p-th target.

2) Tracking Mode: Next, the parameter estimation performance of the Tracking mode is

considered where with the assumption of acquired targets i.e. Users, a narrow Tx beam transmits

information symbols toward each user via a dedicated RF chain. This results in an increased GTx

and consequently, SNR, leading to improved estimation performance, while significantly reducing

the interference effects of other users. As depicted in Fig. 4, in the simulated scenario three

distinct users are considered where the first and second are positioned with a fixed distance and
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Fig. 4: Simulation Scenario in Tracking mode where each acquired user (target) receives a very narrow signal via

a dedicated RF chain.

affects the sharpness of the main peak. This is caused by the fact that left and right shifts of

the beam that encompasses the target can lead to a sharpening effect on the beam over multiple

integration blocks. Fig. 6 depicts these effects.

VI. CONCLUSIONS

In this paper, we proposed an efficient ML-based algorithm able to jointly perform target de-

tection and radar parameters estimation, i.e., range, velocity, and AoA, by using a MIMO mono-

static radar adopting an OTFS modulation and operating in different modes. Simulation results

demonstrate the robustness of the algorithm in term of both target identifiability and estimation

18
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related work of ours [14]. ⌃
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Fig. 4: Simulation Scenario in Tracking mode where each acquired user (target) receives a very narrow signal via

a dedicated RF chain. [CAN WE REARRANGE THE FIGURES .. PUT THE TOPOLOGY CARTOON IN A

DIFFERENT FIGURE .. REFERENCED WHEN DESCRIBING THE NUMERICAL EXPERIMENT, AND TO

PERHAPS THE 4 FIGURES ABOVE ARRANGED IN A MORE SPACE EFFICIENT WAY? WITH LABELS ?]

VI. CONCLUSIONS

In this paper, we proposed a Beam-Space MIMO Radar approach for joint data transmission

and radar parameter estimation based on OTFS modulation and targeting mmWave applications.

The beam-space approach consists of reducing the Na-dimensional received signal at the radar

19
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Application to beam tracking in mmWave

• Simulation scenario: cars moving on complicated urban trajectories.

TABLE I
SYSTEM PARAMETERS

N = 64 M = 512

Ntx = Nrx = 64 Nrf
tx = Nrf

rx = 4

fc = 60 GHz ∆f = 1 MHz

dmax = 100 m vmax = 30 m/s

PTX = 50 mW σrcs = 20 dBsm

Noise PSD: N0 = 2× 10−21 W/Hz ∆T = 100 ms

where, keeping our notation consistent, x̌ represents an esti-
mated value (e.g. by following the processing in Section III-A)2,
and x̂ represents a predicted value.

The derivation holds verbatim for the y-th coordinate, so we
can obtain a prediction for the next AoA from the relation
between the x and y coordinates as

φ̂l+1 = tan−1

(
3x̌l − 3x̌l−1 + x̌l−2

3y̌l − 3y̌l−1 + y̌l−2

)
. (21)

IV. NUMERICAL RESULTS

We compare our approach with the one proposed in [11] that
assumes a fully digital receiver (i.e. N rf

rx = Nrx) and considers
estimation via local linear approximation [11, Section III.B]. We
remark here that our method, by operating in the beam-space do-
main, overcomes two major issues associated with fully digital
architectures. First, it greatly reduces hardware complexity since
the wideband signal is sampled by only Nrf A/D converters,
where we can in general have Nrf � Na as will be shown in
this section. Second, it should be noted that the raw samples
at the antenna outputs are extremely noisy due to the large
pathloss of the two-way mmWave channel. Our method projects
the high dimensional signal into a suitable low dimensional
subspace where most of the information content is preserved
but noise from uninteresting directions is rejected, thus resulting
in a much higher SNR per sample. Slepian sequences provide
a systematic way to define such a subspace by procuring an
orthonormal basis upon which signals coming from directions
of interest have maximal projection, whereas those coming from
any other angular region are approximately orthogonal. We also
note that we had to assume perfect matched filtering for the
method in [11] to perform adequately, whereas our method is
robust to small processing errors (e.g. those caused by discrete
sampling in time and frequency). A detailed description of what
this assumption entails can be found in Appendix A. For the
sake of completeness, we also include performance evaluation
for the method in [11] when no perfect matched filtering is
assumed. Furthermore, for ease of evaluation, in the presented
results we focus on a single user scenario (i.e. K = 1). Table I
summarizes the parameters used in our simulations.

To verify our results in arbitrary road geometries, we consider
the road structure shown in Fig.1. In particular, for our first
result, we fix the path shown in blue and study the performance
of the two trackers in terms of achievable spectral efficiency

2Notice that estimates of x and y can be directly obtained from estimates of
d and φ using basic trigonometry.

Fig. 1. Main road scenario and trajectory considered.
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Fig. 2. Achievable spectral efficiency as a function of the time step for the
selected trajectory.

as a function of the time step, averaged over 500 Monte Carlo
simulations. The achievable spectral efficiency assumes a single
antenna user, and is computed as

ηl ≈ E
[

log2

(
1 +

(
λ

4πdl

)2
Ptx|gtx,l|2
N0(M∆f)

)]
, (22)

where the approximation follows from using an empirical
estimation of the expectation and N0 is the noise power spectral
density at the user. The results are presented in Fig.2, and show
how our method is able to quickly recover from the non-smooth
changes of direction while the approach in [11] loses track of
the user and is not able to find it again.

In order to average results over different mobility patterns,
we generate trajectories where a user moves within the road
structure defined in Fig.1, but now is able to take any of the
paths, and where the speed at each time step is sampled from a
random process. Since now there is no association between time
step and kinematic state, we illustrate performance as a function
of the position by means of a heat map. This is shown in

20
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Application to beam tracking in mmWave

• Rate versus time step for a given trajectory

TABLE I
SYSTEM PARAMETERS

N = 64 M = 512

Ntx = Nrx = 64 Nrf
tx = Nrf

rx = 4

fc = 60 GHz ∆f = 1 MHz

dmax = 100 m vmax = 30 m/s

PTX = 50 mW σrcs = 20 dBsm

Noise PSD: N0 = 2× 10−21 W/Hz ∆T = 100 ms

where, keeping our notation consistent, x̌ represents an esti-
mated value (e.g. by following the processing in Section III-A)2,
and x̂ represents a predicted value.

The derivation holds verbatim for the y-th coordinate, so we
can obtain a prediction for the next AoA from the relation
between the x and y coordinates as

φ̂l+1 = tan−1

(
3x̌l − 3x̌l−1 + x̌l−2

3y̌l − 3y̌l−1 + y̌l−2

)
. (21)

IV. NUMERICAL RESULTS

We compare our approach with the one proposed in [11] that
assumes a fully digital receiver (i.e. N rf

rx = Nrx) and considers
estimation via local linear approximation [11, Section III.B]. We
remark here that our method, by operating in the beam-space do-
main, overcomes two major issues associated with fully digital
architectures. First, it greatly reduces hardware complexity since
the wideband signal is sampled by only Nrf A/D converters,
where we can in general have Nrf � Na as will be shown in
this section. Second, it should be noted that the raw samples
at the antenna outputs are extremely noisy due to the large
pathloss of the two-way mmWave channel. Our method projects
the high dimensional signal into a suitable low dimensional
subspace where most of the information content is preserved
but noise from uninteresting directions is rejected, thus resulting
in a much higher SNR per sample. Slepian sequences provide
a systematic way to define such a subspace by procuring an
orthonormal basis upon which signals coming from directions
of interest have maximal projection, whereas those coming from
any other angular region are approximately orthogonal. We also
note that we had to assume perfect matched filtering for the
method in [11] to perform adequately, whereas our method is
robust to small processing errors (e.g. those caused by discrete
sampling in time and frequency). A detailed description of what
this assumption entails can be found in Appendix A. For the
sake of completeness, we also include performance evaluation
for the method in [11] when no perfect matched filtering is
assumed. Furthermore, for ease of evaluation, in the presented
results we focus on a single user scenario (i.e. K = 1). Table I
summarizes the parameters used in our simulations.

To verify our results in arbitrary road geometries, we consider
the road structure shown in Fig.1. In particular, for our first
result, we fix the path shown in blue and study the performance
of the two trackers in terms of achievable spectral efficiency

2Notice that estimates of x and y can be directly obtained from estimates of
d and φ using basic trigonometry.

Fig. 1. Main road scenario and trajectory considered.
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selected trajectory.

as a function of the time step, averaged over 500 Monte Carlo
simulations. The achievable spectral efficiency assumes a single
antenna user, and is computed as

ηl ≈ E
[

log2

(
1 +

(
λ

4πdl

)2
Ptx|gtx,l|2
N0(M∆f)

)]
, (22)

where the approximation follows from using an empirical
estimation of the expectation and N0 is the noise power spectral
density at the user. The results are presented in Fig.2, and show
how our method is able to quickly recover from the non-smooth
changes of direction while the approach in [11] loses track of
the user and is not able to find it again.

In order to average results over different mobility patterns,
we generate trajectories where a user moves within the road
structure defined in Fig.1, but now is able to take any of the
paths, and where the speed at each time step is sampled from a
random process. Since now there is no association between time
step and kinematic state, we illustrate performance as a function
of the position by means of a heat map. This is shown in

[11] F. Liu and C. Masouros, “A tutorial on joint radar and communication transmission for vehicular networkspart

iii: Predictive beamforming without state models,” IEEE Commun. Lett., vol. 25, no. 2, pp. 332336, 2021.
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Application to beam tracking in mmWave

• Average rate versus space (rate map), averaged over many trajectories
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Fig. 3. Achievable spectral efficiency as a function of the position in the road
for each of the two trackers considered.

Fig. 4. Average beamforming gain as a function of the number of RF chains
for different numbers of antenna elements.

Fig.3, where our method clearly outperforms the baseline in [11]
when averaging over an ensemble of different trajectories. In
particular, it can be observed that the approach in [11] fails most
of the time to track the user in the locations closest to the BS,
where the angles change at a faster rate, even though the path
loss there is small. On the other hand, the performance of our
proposed method depends only on the distance (or equivalently
the path loss) to the user, but is robust to fast changes in the
trajectory.

Finally, we study the effect of the number of RF chains

in the tracking performance. To do so, we generate multiple
trajectories and average the beamforming gain obtained at each
point of each path for different antenna front end configurations.
This is presented in Fig.4, where it can be seen that as few as 4
RF chains are enough to achieve close to optimal performance.
This result suggests that projecting the high dimensional signal
at the antenna plane onto a much lower dimensional space
preserves most of the information necessary for estimation,
provided that the considered subspace is adequately selected.
The figure also shows how the gap between the achieved results
and the upper bound becomes larger when the number of
antennas increases. This can be explained by the fact that larger
arrays generate narrower beams, resulting on a higher sensitivity
to small pointing errors.

V. CONCLUSIONS

In this paper, we have shown an efficient method to perform
beam tracking in OFDM ISAC systems, based on the com-
bination of an advanced HDA receiver and a simple tracking
equation. Our close to optimal results indicate that large sav-
ings in computation and hardware complexity can be obtained
without sacrificing performance. Moreover, the validation of our
results in complicated road geometries suggests that our method
is general enough to perform well in realistic mobility scenarios.
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Conclusions

• Theoretical results (information theory) show that joint communication and
sensing sharing the same transmission resource can be very efficient with
respect to resource partitioning.

• Advantage of exploiting the same hardware and not polluting further the RF
spectrum.

• For high frequency bands (mmWaves and sub-THz) we propose beam-space
MIMO radar as an efficient radar receiver with low A/D front-end complexity.

• Results show that new target detection and parameter estimation for already
connected users can be done with performance comparable to state of the
art automotive radar.

• Application to beam tracking .. and speed-up of initial beam acquisition
(ongoing work).

23



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Thank You
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