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Abstract—Radar is a key technology in automotive driving
for target detection and perception. In this work, we leverage
prior environmental information in the form of occupancy maps
to design space-time codes for a fully digital MIMO radar. We
transform this design problem into the optimization of spatial
beamforming gains and time-domain codes. The beamforming
gains are optimized to enhance the strength of returns from cells
associated with a higher uncertainty of occupancy. The time-
domain codes are optimized to minimize the correlation between
returns of targets within the drivable space. We validate our
method on the nuScenes dataset to show that the designed space-
time codes achieve higher detection rates than designs that do
not rely on prior information from occupancy maps.

Index Terms—Automotive radar, situation-aware waveform
design, occupancy grid maps.

I. INTRODUCTION

Millimeter-wave radar is one of the main sensing modalities
in current assisted and autonomous driving systems. Existing
millimeter-wave multi-input multi-output (MIMO) radars have
the ability to adapt the space-time codes applied at the
transmitter. For instance, the beams at a radar transmitter or
the time-domain codes can be designed using side information
available on the environment being sensed. This side informa-
tion can be in the form of an occupancy grid map [1]-[3]. An
occupancy map is a grid of range-angle-Doppler cells, with
the occupancy value in a cell being the probability that the
cell is occupied by an object. A radar can adjust its transmitted
waveform based on the information provided by the occupancy
map.

Prior work leveraged occupancy maps to direct a fixed-
width beam toward areas with the highest uncertainty in target
presence [4] and to track targets [S]. However, the approaches
in [4], [5] do not fully capitalize on the phased array’s ability
to control the shape of the beam. Recently, in [6], we proposed
a spatial beamformer design technique to enhance detection in
cells with a higher uncertainty of occupancy. A radar with an
analog array that allows both amplitude and phase control at
every transmit antenna was assumed in [6] and [7]. Existing
automotive radars, however, employ a fully digital MIMO
architecture, which grants extra freedom in the waveform
design process [8]. As fully digital arrays transmit independent
time-domain waveforms from each antenna, they offer superior
detection capabilities compared to analog array-based radars,
which transmit a single time-domain signal over a beam [9],
[10]. When occupancy information about the environment

is available, the space-time waveform can be optimized to
enhance detection in the areas where the presence of targets
is uncertain.

In this paper, we design space-time waveforms for a fully
digital automotive MIMO radar by exploiting prior informa-
tion in the form of occupancy maps and drivable space maps.
Our situation-aware waveform design techniques in [6] de-
signed spatial beamformers and ignored time-domain sequence
design. This work extends our entropy-based beamformer
design formulation in [6] to design situation-aware space-
time codes. We consider 2D range-angle matched filtering
at the receiver and focus on the transmit waveform design.
We propose space-time separable transmit codes where the
spatial beams are designed to focus power on regions of
high uncertainty of occupancy, while the time-domain codes
are designed to enhance target detection within the drivable
space. In typical automotive settings, our space-time codes
differ substantially from prior agnostic codes employing quasi-
omnidirectional beams and time-domain sequences with low
autocorrelation properties. We select 100 lane topologies at
random from the nuScenes public dataset [11] and consider the
case where multiple targets are located along each direction.
For these scenarios, we show that our proposed technique out-
performs prior agnostic space-time codes that do not leverage
any occupancy map information.

II. SYSTEM MODEL

We consider an automotive radar with a co-located trans-
mitter (TX) and receiver (RX). We assume half-wavelength
spaced uniform linear arrays with [V, antennas at the TX and
N, antennas at the RX. Furthermore, we consider fully digital
architectures at the TX and the RX as shown in Fig. 1.
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Fig. 1: We design situation aware space-time waveforms for a MIMO
radar assuming equal transmit and receive antennas. Here, a time-
domain code x; is transmitted along direction ¢ with a beamforming
gain ;. In this paper, the ;s and x;s are tailored to the environment
using information from occupancy map and drivable range map.
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We assume that the TX periodically transmits a burst of
L pulses in one radar coherent processing interval (CPI).
Here, L denotes the sample length of the base-band waveform
transmitted at each TX element in a CPI. We use P to
denote the power transmitted by the TX. The transmitted signal
impinges K point targets within the radar’s field of view. We
denote 0 as the direction of departure associated with the
Ekth target. The array response vector for the half-wavelength
spaced TX array for direction 6 is defined as

an, () = [1, ™m0 2imsind - pin(Nuc—1)sind]T (1)

At the radar receiver, the reflected radar echoes are down-
converted and sampled. The matrix of observed measurements
in a CPI of M units can be written as

@z

where dj, is the range associated with the k' target and
V is the additive circular Gaussian noise in the observed
measurements. Further, Wy, € CMexM g the delayed
version of the Ny x L transmitted space-time waveform
W £ [wy,Wa,...,wr]. The vector w, within W is the
spatial code applied by the TX at the fast-time instant /.
We define c;, as the range bin of the k' target, equivalently
¢y, 1s the discrete-time propagation delay proportional to 2dy.
Then, Wy, = [On,, xc,» W, 0N, x(M—L—cy)]- Finally, ay is
proportional to the radar cross section (RCS) of the target.
The received measurement in (2) encodes the range-angle
information of all the K targets.

The received measurements are processed using a matched
filter to estimate the DoA and the range of the K targets.
First, the receiver extracts the returns from each direction by
applying a discrete Fourier transform (DFT)-based matched
filter. We define Uy, as the Nyx X Ny DFT matrix and
the angle-domain matched filter output as Y = Uy Y. We
assume that the K targets are positioned on the discrete grid
described by the columns of the DFT matrix. Under this
assumption, ;s are such that wsinfy is an integer multiple
of 27 /Nyx. The output of the angle-domain matched filter for
direction 6; with i = 1,..., Ny, can be expressed as

\/Ptxz z ay, (0:)Wa, + Vi, ], (3

where K is the number of targets present in the direction 6;
and V = Uy,_V. Then, time-matched filtering is performed
over Y[i,:] to estimate the range of the targets along 0;.

We now discuss our assumption on the structure of W that
allows our approach to decouple space- and time-domain code
optimization. We consider Ny = N and define

W = o (Brana, 00T+ -+ B, (O, )3k ), @)

rx

ay, (fr)an, (0x)Wa, +V  (2)

where x; € C” is the time-domain code transmitted along 7*"
direction and f; is the beamforming gain used to scale the
standard DFT beamformer ay, (¢;) in that direction. Under
these assumptions, the angle-domain matched filter output can
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Fig. 2: Occupancy grid map from scene 775 of the nuScenes dataset.
Here, z; denotes the index of the range bin associated with d™**°,
the maximum drivable distance along the ¢*" direction.

be rewritten as

K;
Qg i
J=vVPu Y. djﬁixfck + Vi, ], (5)
k=1 "k
where xZTCk is the delayed version of x;, ie., X;ljck =

(015> Xis 015 (M—L—c,)]- We observe that the i row of
Y contains only the returns from the i*" direction. The RX
applies a time-domain matched filter x; to retrieve range
information of targets along the i*"" direction. When the (4, j)'"
angle-range bin contains a target indexed k, the output of the
matched filter is then

akﬁi ry, [0]

d2

+ ) a”@r"’d L

PE[K;|\k P

?[Zvj] = Ptx +

where g (i, j) is Gaussian noise obtained by filtering Vi, :]
with x;. Here, ry, is the autocorrelation of x;, defined as
ry; [n] = Ze x;[€]x;[¢ — n], where the scalar x;[] is the ¢t}
entry of x;. The second term in (6) represents the contribution
of different targets within the same angle bin to the matched
filter output. This term can deteriorate target detection capabil-
ity and should be minimized by designing time-domain codes
that have low auto-correlation levels [12], [13].

III. SITUATION-AWARE MIMO WAVEFORM DESIGN

To design the space-time code W at the TX, we assume
that the 2D occupancy map P, defined over the range-angle
bins, is known. Here, P(7, j) denotes the probability that there
is a target in the (4,7)'" bin. Fig. 2 shows an example of an
occupancy map obtained from the nuScenes dataset [11]. We
also assume that the drivable range map, which represents the
distance to the closest static obstacle along each direction,
is known [7]. For a given static lane topology, let d™ax?
represent the distance to the nearest static obstacle along the

b direction, and let z; denote the index of the range bin
corresponding to d™®?, The distance d™®< refers to the
space between the vehicle and the closest boundary (e.g.,
buildings, guardrails) in each direction of the angular grid. We
design W to maximize the detection probability, especially in
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cells in the drivable space that are associated with a higher
uncertainty of the target occupancy.

We now formulate optimization problems to design W from
P and {z;} 3. We assume that ay, follows a complex Gaussian
distribution. For a complex Gaussian oy, the second summand
in (6) is also Gaussian, and we can obtain an expression for
the probability of detection by applying the Neyman-Pearson
theorem. For our design, we assume that o, has a unit variance
for simplicity. In a practical scenario, a;, can be set assuming
the worst-case RCS of the targets in the radar’s field of view.
When a Neyman-Pearson detector is applied over the model
in (6), the probability of detecting a target indexed k in the
(i, 7)™ bin is [6]

Pa(i, 5 {Bi 5 {xi 1) =Q QQ%PEO—

T |Birx, [0]2

_ 7)
K, Ptxumxl BSIE ) (
o2+

where the term under square root represents the ratio between
the signal power in (6) and the noise power. Here, the noise
power is the sum of the thermal noise power and the power of
the contribution to the matched filter output due to the returns
from other cells in the same direction as the target k. As Q(-)
is an increasing function, the probability of detection grows
with the ratio between the signal power and the sum of the
power of the noise plus the power of the contribution to the
matched filter output due to returns from targets within the
same angle bin as the target k.

In our prior work [6], we showed how to design beam-
formers from P for an analog array-based radar. Our approach
maximized the weighted probability of detection across differ-
ent cells, where the weight was set to the entropy of occupancy
probability at the cell. The entropy of the occupancy probabil-
ity measures the uncertainty of a target being present in a cell
of interest. In this paper, we still use entropy-based weighted
probability of detection. The solution proposed in this paper
extends our approach in [6] by also incorporating the impact
of time-domain codes in detection. We write the problem of
maximizing the weighted detection probability as

Nix 2

{ﬂma})gvmzzﬂ i, 7)) Pa(i 35 {8125 {xi i)
RS =1 §=1 j (8)
sty Bl <1 ve=1,...,L,
i=1
where H(-) is the information entropy function given by
H(p) = —plogy(p) — (1 — p)log,(1 — p). ©)

The constraint in (8) ensures the radiated power is limited, i.e.,
|lwell3 <1V¢=1,...,L. For a waveform with the structure
in (4), it holds that

|| ZBzaer )% ||2 = Z |Bixi[€]]7,
X

where the last equallty follows from the orthogonallty of

Iwell =

the DFT matrix. The power constraint then reduces to
>, 18ixi[€]]> < 1V¢. The maximization problem in (8) is a
non-concave problem with a non-convex constraint [6].

We propose a greedy two-step approach to obtain a feasible
solution for (8). In the first step, we ignore the second sum-
mand in (6) by considering ideal time-domain codes. Under
this assumption P4 in (7) depends only on the beamforming
gains {51} . The relaxed problem in our first step thus
reduces to

Nix 2

ma}\){(rx Z ZH

{371121]1

i) Pa(i, j; {Bi}7)
(10)

s.t.zwixi[ﬁ]P <1 W=1,...,L
i=1

We note that the constraint in (10) depends on the design of the
time-domain codes. To make the constraint in (10) independent
of the design of x;s, we consider unimodular time-domain
codes, i.e., |x;| = 1, where 1 is the all-ones vector of length
N,«. The constraint in (10) then becomes Ziv" Bil? < 1w/
and (10) is solved using projected gradient ascent to obtain
the optimized (3;’s

In the second step, the time-domain x;’s are optimized to
minimize the noise term in (7) due to the returns from targets
in the same direction as the cell of interest. Targets may exist
up to the drivable distance d™**? along direction 7. To reduce
the contribution from different cells along the " direction,
we minimize the autocorrelation ry, for the lags less than z;,
expressed as,

Zifl

min E

EI AL

e, (17 st |xi| =1 Vi=1,..., Nu.

(1D
Our formulation in (11) ignores returns from targets outside
the drivable region. In practice, these returns may stem from
static obstacles like buildings or lamp posts located beyond
z;. Our solution can still be used in such scenarios by
employing static clutter removal techniques [14] to eliminate
these returns. Solving (11) results in sequences that reduce
the contribution from other cells in the drivable region along
the i*? direction. The problem of designing low correlation
sequences has been widely studied in the literature [12], [13].
In this paper, we apply the method from [13] to solve (11)
for each i. After computing (3; and x;, the space-time code is
given by (4).

IV. SIMULATION RESULTS

To evaluate the proposed approach, we solve the optimiza-
tion problem in (8) and compare detection performance of
the proposed space-time code with a code that is agnostic to
prior occupancy information. We use Ny = 16 TX antennas
and N, = 16 RX antennas, assuming perfect amplitude and
phase control at all the elements of the TX array. We consider
a bandwidth of 750 MHz, which results in a range resolution
of 0.20 m. The maximum range across all directions is set to
200 m, which corresponds to 1000 range bins.

In our evaluation, we use lane topology maps from the
nuScenes dataset [11] to construct occupancy grid maps such
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Fig. 3: In (a) we compare the autocorrelation of the designed
waveform using the algorithm in [13] with that of a Chu sequence.
The designed waveform minimizes correlation at the difference of
range bin indices within the drivable space. In (b), we show the
beamformir}\g gains, the §;s, for the lane topology in Fig. 2. These
gains {f;};%, used to scale the standard DFT beamformers, are
constructed using prior lane topology information.

as the one in Fig. 2. The nuScenes dataset contains labels
for the plausible drivable space for several driving scenes. We
consider the cells within the drivable space to have unknown
occupancy (P(i,5) = 0.5) and the cells outside of it to be
occupied by static objects such as buildings and have certain
occupancy (P(i,7) = 1).

Fig. 3a shows the autocorrelation of the time-domain wave-
form designed using (11) for the direction indexed 7 in 2.
Here, the maximum distance at which the target could be
located is around 30 meters, which corresponds to z7 = 150
range bins. We compare the autocorrelation of the designed
sequence with that of a Chu sequence, a code that does not
leverage any side information on the scene. The time-domain
sequence designed using drivable range information achieves
autocorrelation levels up to 125 dB less in magnitude when
compared to the Chu sequence for the lags within z;. As
a result, the impact of other targets within the same angle
bin is minimized in detection using the time-domain matched
filter. The low correlation for lags within z; also contributes
to suppressing the contribution of clutter in the considered
angle bin [12]. We also observe from Fig. 3a that the designed
waveform exhibits a higher correlation than the Chu sequence
beyond the lag of z;. Due to such high correlation, targets
in the drivable space can lead to ghost targets outside the
drivable space. These ghost artifacts are usually irrelevant as
they occur beyond the drivable space. Finally, targets in range
bins between z; and 2z; influence detection within the drivable
space due to the high autocorrelation beyond z; in our design.
We assume that the returns from those targets can be mitigated
using clutter cancellation techniques.

Next, we demonstrate the improved detection capabilities

of the proposed space-time waveform design for 100 scenes
of the nuScenes dataset. Here, we use the beamforming gains
designed with our approach together with the designed time-
domain codes. The baseline space-time code uses uniform ;s
and Chu codes. For each of the considered scenes, we suppose
that 5 targets are located at random distances from the radar
along each grid direction. These targets have a random RCS,
such that each ay, is sampled from a Gaussian distribution with
a variance of —57dB. Additionally, we set the transmitted
power to 10dB and the variance of the thermal noise at the
receiver to —115dB. For each scene, the experiments are
repeated for 20 random placements of the targets. Fig. 4 shows
the boxplot of the probability of detection obtained using a
Chu sequence with uniform S;s and the proposed design for
different values of Ppa. The proposed approach achieves a
higher median probability of detection than the one using Chu
sequences. In particular, for a Ppay of 10~% we observe a 0.9
higher probability of detection. Due to the higher correlation
for lags less than z;, the Chu waveform results in a significant
noise at the matched filter output due to the presence of
multiple targets within the same angle bin as the target of
interest. This results in a lower median detection rate than the
one achieved by the proposed situation-aware approach. By
minimizing the time-domain autocorrelation function within
z;, the proposed approach can reliably detect multiple targets
within the same angle bin than a standard method.
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Fig. 4: We show the boxplot of the detection probability for 100 lane
topologies. We compare the situation-aware design (using optimized
x;s and f3;s) and the standard situation agnostic design (employing
Chu sequences and uniform S;s). We observe that Our method
achieves better median detection probability by exploiting prior
information.

V. CONCLUSIONS

In this paper, we develop a space-time design technique for
automotive radars using a fully digital MIMO architecture.
Our design incorporates prior information, in the form of
occupancy maps and drivable space maps, in the waveform
design process. Our method optimizes a separable space-time
code where the spatial beams focus power in the regions
of uncertain target presence and the time codes enhance
the detection of multiple targets within the same angle bin.
Simulation results over the nuScenes dataset indicate that
our adaptive space-time code achieves higher probability of
detection for a fixed probability of false alarm, when compared
to space-time codes that do not exploit prior information.
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