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Abstract—This paper discusses the effect of multipath in
automotive radar imaging under different sensor configurations.
The study is motivated by the fact that radar technologies
are becoming indispensable in the automotive scenario. Many
applications such as collision avoidance systems, assisted parking,
and driving assistance systems take advantage of radar tech-
nologies to accomplish their task. However, one of the main
concerns about automotive radars is the possibility of detecting
false targets due to multiple signal reflections. In this paper,
we show how different sensor layouts experience multipath
differently. In particular, we demonstrate that with Multiple-
Input Multiple-Output (MIMO) radars, what really matters is
the physical positions of the transmitting and receiving antennas.
The monostatic/bistatic equivalent configurations cannot be used
to design a system and to simulate an acquisition in the presence
of multipath. We also demonstrate how vehicle-based MIMO-
Synthetic Aperture Radar (MIMO-SAR) imaging can generate
a bi-dimensional aperture which significantly reduces multipath
effects in the focused image, avoiding the detection of false
targets. All the theoretical analyses are supported by several
simulations where different sensor layouts are tested, and the
capability of MIMO-SAR to reject multipath is validated.

Index Terms—radar; SAR; automotive; MIMO; multipath;
double bounce; ghost targets

I. INTRODUCTION

THE capability of a vehicle to perceive the surrounding
environment and to act accordingly is becoming more

and more crucial in the automotive industry. Parking assistance
systems are now standard technology for modern cars, and
autonomous driving systems are just a few years ahead of us.
All these technologies are supported by a variety of different
sensors such as optical cameras, LiDAR, and radars [1], [2],
[3].

This paper focuses on radar sensors. Such devices are
particularly attractive for the automotive industry since they
can provide their own illumination to the scene. Being able
to control the illumination allows for flexibility in term of
spatial resolution and permit day and night imaging of the
environment. Radars operating at microwave are also not
particularly sensitive to fog, rain, and snow: three typical
environmental scenarios that create troubles for LiDAR and
cameras [4].

Conventionally, automotive radar imaging is done using
Multiple-Input Multiple-Output (MIMO) architectures to gen-
erate a virtual array that achieves some angular resolution.
Such resolution is bounded by the length of the virtual array
and could be in the order of tens of degrees [5], [6].
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The research interest in the field of radars for automotive
applications is vivid. New sensors are developed every year
with a higher number of channels, higher bandwidth, and
capability to exploit different polarizations, all in a cheaper
and smaller form factor [7], [8], [9]. On the algorithmic side,
Deep Learning approaches, assisted by the vast amount of
available data, are producing encouraging results in the field of
image formation [10], segmentation [11], object detection [12]
and interference mitigation [13]. A comprehensive overview of
high-performance automotive radar technologies are given in
[14].

In the recent years the concept of automotive-based Syn-
thetic Aperture Radar (SAR) started to emerge with the claim
to solve the lack of resolution of MIMO radars. This technique,
known for decades in space-borne and air-borne radar imaging,
has rarely been applied in the automotive industry. SAR
imaging exploits several radar pulses transmitted by a moving
platform (in this case, a vehicle) to synthesize a very long
array leading to a much finer resolution than conventional
radar imaging [15], [16].

The most common concern about automotive radar imaging
is the presence of multipath that can lead to the detection
of false targets (false alarms). Without multiple reflections,
when the radar transmits a pulse, the electromagnetic wave
bounces over a target and reaches the receiver, where the
reflected signal is recorded. In many situations, the reflected
wave may not experience a single bounce (on the target itself)
but two or more bounces. This scenario is typical of closed
areas such as galleries or underground parking spots, but also
urban environments where guardrails, pedestrians, buildings
and other vehicles are present in the scene.

Several works describe the effect of multipath in the auto-
motive framework. A comprehensive mathematical description
of the problem is presented in both [17] and [18]. The same
analysis, but for Single-Input Single-output (SISO) Frequency
Modulated Continuous Waves (FMCW) radars has been car-
ried out in [19]. In [20] a full physics propagation analysis
has been performed through electromagnetic modeling and
simulations. A polarimetric automotive radar has been ex-
ploited in [21] to understand the multipath effect with different
polarizations and laboratory tests have been carried out.

In all these works, however, there is no mention of the
influence of the geometric configuration of the radar’s antenna
on the multipath. A MIMO array, in fact, can be proven to be
equivalent to a monostatic (SISO) or bistatic (SIMO) array
if there are no multiple reflections. One could be tempted
to simulate the SISO or SIMO configuration, assuming that
the multipath will behave equivalently in the focussed image.
In this paper, we demonstrate how the MIMO, SIMO, and
SISO configurations which are normally considered equiva-
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lent, generate different focussed images in the presence of
multiple reflections. In other words, the actual arrangements
of the transmitting and receiving antennas must be considered
when designing and simulating automotive radar systems. If
not taken into account, this could lead to errors in computer
simulation software [22] and potentially to the design and
deployment of dangerous devices.

We then proceed by assessing the effect of multipath on
MIMO-SAR images. We show how ghost targets can be
partially suppressed by jointly exploiting a MIMO array and
SAR processing.

In Section II the geometry of the problem is explained, and
the signal model is detailed with particular attention to the
SIMO and SISO equivalences.

Section III is dedicated to the formal analysis of the signal
received from multiple reflections. In the same section, a
theoretical analysis of SISO, SIMO, and MIMO systems is
derived to understand where the ghost target will appear in
the focused image.

Section IV is dedicated to single-channel and multi-channel
automotive SAR. It is demonstrated how MIMO-SAR, if
correctly implemented, reduces the effect of multipath and in
particular, of the ghost targets due to double bounces.

Section V will show the results of the numerical simulations
and finally, in Section VI the conclusions are drawn.

II. ACQUISITION GEOMETRY AND SIGNAL MODEL

In this section, we start by describing the system geometry
at a high level fixing the notation that will be used throughout
the paper. Then, we will provide the signal model of the
received signal by a MIMO radar and the SISO and SIMO
equivalences.

A. Geometry of the experiment

We now focus on the geometry of the scene by defining
the ranges and angles that are useful to describe the problem
of the multipath. In Figure 1 a yellow car equipped with a
radar travels on the roadway in the x direction. For the sake
of simplicity, we consider a 2D geometry, and we freeze the
scene to a particular time instant.

A target is present in the field of view of the radar. The
target is depicted as a red car in the same figure. Once again,
for the sake of simplicity, we will consider the car as a point
target and not a distributed one. Nevertheless, the reasoning
developed throughout the paper can be extended for distributed
scatterers if we consider them as a collection of point targets.

On the right of the road, a reflective surface is present. These
are typical conditions in urban and extra-urban environments
where metallic guardrails, fences or trucks can be present. The
reflective surface is depicted in Figure 1 as an orange line.

The distance between the radar and the target is denoted as
r0, and the angular position of the target with respect to the
radar boresight is θT . A reflective surface generates an image
target in the scene depicted as a light red car at the bottom of
Figure 1. The angular position of the image target is denoted
as θI . The distance from the radar to the image target is the
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Fig. 1: Geometry of the simulated environment. The scene is
typical of urban and extra-urban environments. The yellow car
has a front-looking radar, the red car is a target in the opposite
driveway and the transparent red car is the image target. The
reflective surface is depicted in orange.

TABLE I: Propagation paths. The letter for each point is
depicted in Figure 1

Path 1 A → B → A Direct path

Path 2 A → B → C → A First double bounce

Path 3 A → C → B → A Second double bounce

Path 4 A → C → B → C → A Triple bounce

sum of r1 and r2. Table I lists all the considered propagation
paths.

We are now interested in going into details about the actual
radar device mounted on the vehicle. As already mentioned,
the car is equipped with a front-looking radar (i.e. the boresight
is in front of the car). For automotive applications, the device
is generally a MIMO radar with NTX transmitting antennas
and NRX receiving ones. The total number of channels in
the system is equal to Nch = NTX × NRX . The role
of the array is to provide some angular resolution to the
system (i.e. in the direction orthogonal to the range). There
are several manufacturers of MIMO radar devices such as
Texas Instruments®[23] with its 60 GHz or 76 GHz mmWave
automotive radars employing up to 4 transmitting and 4
receiving antennas and up to 5 GHz of bandwidth. More
sophisticated chipset are emerging in the market with up to 48
channels in transmission, and 48 channels in reception [24].

If the distance from the scatterer is large compared to
the distance between the transmitting and receiving phase
centers, we can approximate the total distance traveled by the
electromagnetic wave as [25]:

|xn
TX − pT |+ |xm

RX − pT | ≈ 2|xnm
V − pT | (1)

where xn
TX is the position of the nth transmitting element,

xm
RX is the position of the mth receiving element, pT is the
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Fig. 2: An example of MIMO array with NTX = 2 trans-
mitting antennas and NRX = 4 receiving ones. It can be
demonstrated that this configuration, under certain hypotheses,
is equivalent to a bistatic one (SIMO) or to a monostatic one
(SISO).

position of the target and xnm
V = 1

2 (x
n
TX + xm

RX) is the mid-
point between the TX and RX elements.

Equation 1 provides and important result: every bistatic
configuration can be seen as an equivalent monostatic one
composed of a virtual phase center located in the midpoint
between the TX and RX element. By properly arranging the
real antenna elements of the MIMO array, we can create a
virtual Uniform Linear Array (ULA) with Nch elements. The
monostatic equivalent will be called from now on SISO, in
the sense that one virtual element transmits and the same one
receives the echo from the scatterer. In Figure 2 an example
is given: a MIMO array with 2 transmitting elements spaced
by 2λ and 4 receiving elements spaced by λ/2 can be seen as
an equivalent SISO array with 8 virtual elements spaced by
λ/4.

The SISO equivalent is not the only one possible. We can
think of an equivalent bistatic configuration where only one
antenna transmits and Nch antennas receive the echo. This
bistatic equivalent will be called SIMO for obvious reasons. In
Figure 2 also the SIMO equivalent is depicted with receiving
elements spaced by λ/2.

We remark that the transmitting and receiving real arrays
can also be displaced non-uniformly, but they can still form a
uniform virtual array if properly spaced.

If the MIMO array can be proven to be equal to a SISO
or SIMO one, one could think that it is possible to discard
completely the complicated geometry of a MIMO array and
just use the simpler SISO/SIMO ones. One of the objectives of
this paper is to prove that, while the SISO or SIMO equivalent
configurations may be useful to understand the behavior of a
complex MIMO system, they can lead to erroneous results if
used for raw data simulation in the presence of multipath.

B. Signal model in absence of multipath

Let us suppose to have a generic radar where the nth

antenna transmits a waveform and the mth receives the echo.
Automotive radar systems are generally Frequency Modulated
Continuous Wave (FMCW) radars where the demodulated

received radar echo is multiplied complex conjugate with the
transmitted one (deramping) and then range compressed with
a simple Fourier Transform [26]. This operation leads to the
range compressed signal snm(t;pT ) where t is the fast time
and pT is a vector indicating the position of the target in the
scene.

If the transmitted pulse is assumed to be a linearly modu-
lated chirp, we can write the model of the demodulated and
range compressed signal as:

snm(t;pT ) = sinc{B[t− tnm(pT )]} exp {−j2πf0tnm(pT )}
(2)

where sinc is the cardinal sine function, B is the bandwidth
of the transmitted signal, tnm(pT ) is the two-way travel time
from the nth transmitter to the target in pT and back to the
mth receiving element. Notice that in Equation 2 we have also
neglected an amplitude factor due to the spread loss and the
Radar Cross Section (RCS) of the target.

The two-way travel time can be modeled as:

tnm(pT ) =
rn(pT ) + rm(pT )

c
(3)

where rn(pT ) = |xn
TX − pT | is the distance from the nth

transmitter to the target, rm(pT ) = |xm
RX−pT | is the distance

from the target to the mth receiver and c is the speed of light.

III. RADAR IMAGING IN A MULTIPATH ENVIRONMENT

In this section, we consider the multipath scenario repre-
sented in Figure 1. We will show that the environment is only
characterized correctly when the actual layout of the MIMO
array is considered, whereas the equivalent SIMO and SISO
representations discussed in the previous section lead to a
wrong result about the position where ghost targets appear.

A. SIMO Equivalent

In this section we focus on the equivalent bistatic configu-
ration. We start by analyzing path 2 of Table I. The signal is
transmitted by one antenna, it is reflected by the car, it bounces
on the reflective surface and then it is received by the virtual
array of Nch elements. What we want to understand is where
the ghost target will appear in the focused image. The two-way
travel of Eq. 3 can be rewritten as:

t1k(pT ) =
r1(pT ) + rk(pI)

c
(4)

where r1(pT ) is the distance from the transmitting radar
(n = 1) to the target in pT and rk(pI) is the distance from
the target to the kth receiving virtual element passing by the
reflective surface. Notice that the former distance is exactly
the same as the one from the image target in pI to the kth

receiving element.
By combining Eq. 4 and Eq. 2 and using the plane wave

approximation, we get the expression of the phase of the range
compressed signal as:

ϕ1k(pT ) = −2πf0t1k(pT )

= −2π

λ
r0 −

2π

λ
[r1 + r2 − k∆V sin θI ]

(5)
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Fig. 3: Locations of the ghost targets due to double bounces
in the SIMO configuration. The real target is the red car, the
ghost targets are the ones in light red. In this case the ghost
targets will be at the same angular position of the real and
image target.

where r0 = r1(pT ) is the distance from the transmitting
element to the target, r1 + r2 is the distance from the image
target to the center of the receiving array and θI is the angular
position of the image target as shown in Figure 1.

It is immediate to see that Eq. 5 is a linear phase describing
a spatial sinusoid with frequency:

fs =
sin θI
λ

(6)

This equation relates the spatial frequency excited on the array
with the angular position of the target (θI ). Equation 6 also
implicitly suggests a way to focus an image, which is a simple
Fourier Transform along the channel. Notice that this works
just when the phase is approximately linear. If this is not the
case other algorithms can be used to focus the image such as
the Time Domain Back Projection (TDBP) that will be used in
the result section of this paper. If we call β the angle at which
the ghost target will appear, we can state that, in this scenario,
β = θI . The same exact reasoning can be done with Path 3
and 4 in Table I. In general, with the SIMO configuration,
the angular position at which the ghost target appears depends
only upon the direction of arrival of the reflected wave. In
Figure 3 a pictorial representation of the ghost targets due to
double bounces is depicted. Notice that path 2 results in a
ghost target behind the reflective surface (orange line), while
path 3 induces a ghost near the real target.

It is straightforward to see that the range at which the double
bounces will appear is just an average of the distances from
the radar to the real target and from the radar to the image
target. If we call rG the range of the ghost target, we have:

rG =
r0 + r1 + r2

2
(7)

where r0, r1 and r2 are the distances depicted in Figure 1.

𝑥

𝑦

Fig. 4: Locations of the ghost targets due to double bounces
in the SISO configuration. The real target is the car in red,
the ghost target the one in light red. The position of the ghost
target depends on both the angular position of the real and the
image target. The ghost target appears right in front of the car,
creating a dangerous situation.

B. SISO Equivalent

In this case the signal is transmitted by one antenna and
received by only that antenna. Again, we want to understand
where the ghost target will appear in the focused image. Eq. 3
can be written as:

tkk(pT ) =
rk(pT ) + rk(pI)

c
(8)

where the subscript kk indicates the fact that the receiving
virtual antenna is the same that transmitted the waveform.
Plugging again Eq. 8 into Eq. 2 and using the plane wave
approximation, we get the expression of the phase of the range
compressed signal:

ϕkk(pT ) = −2πf0tkk(pT )

= −2π

λ
[r0 − k∆V sin θT ]−

2π

λ
[r1 + r2 − k∆V sin θI ]

(9)

where this time the phase is the sum of two linear components,
the first related to the angular position of the real target, the
second to the angular position of the image target. The spatial
frequency excited on the virtual array is now:

fs =
1

λ
[sin θT + sin θI ] (10)

Eq. 10 suggests that the location where the ghost target will be
focused depends on both the position of the real target and the
image one. Indeed, this location is the angle β that satisfies
the following equation:

2

λ
sinβ =

1

λ
[sin θT + sin θI ] (11)

where the number 2 at the numerator of the first expression
appears due to the monostatic nature of the virtual array. The
angular position at which the multipath will be focused is
no more the same position of the image target θI , but will
be a combination of θT and θI . The same reasoning can be
applied to path 3 in Table I. The triple bounce will appear in
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Fig. 5: Pictorial representation of the locations of the ghost
targets due to double bounces in the MIMO configuration. The
real target is the red car, the ghost targets are the vehicles in
light red. The exact location of the ghost targets is inherently
dependent on the layout of the transmitting and receiving
antennas. The ghost targets will appear inside the orange box.

the position of the image target. For what concerns the range
position, the same reasoning of Eq. 7 apply and the ghost
targets will appear at a mid-range between the real and image
targets. In Figure 4 a pictorial representation of the ghost
targets due to double bounces is depicted. Notice that this time
the ghost targets are in much more dangerous locations w.r.t
Figure 3. One ghost target may appear in the middle of the
roadway and trigger dangerous maneuvers in an autonomous
driving system.

Accordingly, the analysis of this section demonstrates that
the SISO and SIMO representations lead to different results
in the case of multipath, therefore they cannot be taken as
equivalent.

C. Multipath with a generic MIMO radar

The typical automotive radar is generally not a SISO nor a
SIMO array, but a MIMO device with several transmitting and
receiving antennas. It is possible to generate the same virtual
array with many different real transmitting and receiving
elements configurations. For example, in Figure 9a we have
4 transmitting (in red) and 8 receiving (in blue) elements
uniformly spaced forming a monostatic virtual array of 32
elements (in purple). The same identical virtual array can
be generated by placing the transmitting elements in couples
as in Figure 10a. The virtual array will be the same, but
the focused ghost targets’ positions will differ. In the latter
configuration, the transmitting elements are not even uniformly
spaced. While an analytical analysis is not trivial, we can

state as a rule of thumb that the MIMO case is a middle
ground between the SISO and the SIMO one. The larger the
transmitting array, the more the result will be similar to the
SISO since the position of the image targets will depend tightly
on the position of the transmitters. On the other hand, the
smaller the transmitting array, the more the scenario will be
similar to the monostatic SIMO, where the position of the
ghost targets depends purely on the location of the true and
image targets.

The orange box of Figure 5 delimits in a pictorial way the
possible locations of the double bounces. At different antenna
layouts correspond different locations of the ghost targets. As
in the SISO case, there could be some potentially dangerous
situations where the ghost appears in the driveway. A set of
simulations with different antenna layouts are carried out in
the result section of this paper.

IV. MULTIPATH IN SINGLE- AND MULTI-CHANNEL SAR

In this section, we describe how MIMO-SAR imaging is
intrinsically robust to multipath. Automotive SAR imaging is
emerging in the last years thanks to its capability to generate
very high-resolution images of the surrounding [27], [28].
The advantage of automotive SAR goes beyond the fact that
it is intrinsically robust to double bounces. First of all, the
resolution of a SAR image is only bounded by the length
of the synthetic aperture exploited in the process of image
focusing leading to angular resolutions well below 1 deg
[27]. Moreover, focusing a SAR image requires just the radar
data and the knowledge of the vehicle trajectory which can
be derived using quite inexpensive devices mounted on the
vehicle itself such as an Inertial Measurement Unit (IMU),
a GPS, or even a simple wheel encoder (already installed
by default in every vehicle) [16]. In order to obtain a fully
focused SAR image, the trajectory must be known up to a
fraction of the wavelength. For W-Band systems used in the
automotive industry, this condition is never met even with the
most sophisticated devices. For this reason, a proper residual
ego-motion estimation algorithm must be envisioned in any
SAR processor that aims to reach an accurate imaging of
the environment [29]. It has also been proven in [30] that
the computational load required by SAR focusing is easily
sustainable by current high-performance automotive process-
ing units, opening the possibility for real-time imaging of the
surroundings.

Let us now focus our attention on the problem of multipath.
Suppose to have a single channel monostatic radar mounted on
a moving platform, in this case, a vehicle. The SAR geometry
is depicted in Figure 6.

The point A in the figure is the center of the synthetic
aperture and the origin of the reference system. For the sake of
simplicity, we assume a short linear trajectory. In other words,
we neglect phase curvature assuming that the phase is linear
along the synthetic aperture. It is straightforward to write the
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Fig. 6: Geometry of the SAR acquisition. The car is now moving in a straight path along the x direction. In the green box a
zoom over the synthetic aperture is depicted.

phase history of the double bounce as done previously in Eq. 9:

ϕx(pT ) = −2πf0tx(pT )

= −2π

λ
[r0 − x cos θT ]−

2π

λ
[r1 + r2 − x cos θI ]

(12)

where x is the position of the sensor along the synthetic
aperture. Notice that this time there is a cosine function,
and not a sine due to the fact that the reference frame has
remained the same, but the synthetic aperture is orthogonal
to the virtual array which is mounted forward-looking. The
spatial frequency excited on the synthetic aperture is:

fs =
1

λ
[cos θT + cos θI ] (13)

Once again, exactly as in the SISO case, the location of the
ghost target will depend on both the position of the real target
and of the image one. The angular position is the angle β that
satisfies:

2

λ
cosβ =

1

λ
[cos θT + cos θI ] (14)

If we use just a single channel SAR, the system is still
vulnerable to multipath exactly as the SISO virtual array.
What is instead interesting is the MIMO-SAR configuration,
where the virtual array is displaced orthogonal to the synthetic
aperture. If we want the double bounce to be fully focused, we
have to find a unique solution β that satisfies both the array
spatial frequency equation and the SAR spatial frequency
equation. It is easy to see that this is not possible for the
double bounces in Eq. 10 and 13, in fact, there is no real
solution to the system of equations:

sinβ =
sin θT + sin θI

2

cosβ =
cos θT + cos θI

2

(15)

The virtual array tries to focus the ghost target in a location
that will respect the first equation of 15, but the synthetic

array tries instead to focus it in a position that will respect
the second equation in 15. The result is that the SAR does
not cooperate with the MIMO radar to focus the ghost target,
thus the ghost target related to the double bounce is not fully
focused. We remark that the same is not true for the direct
path (i.e. the real target), where there is a trivial solution to
the system of equations:{

sinβ = sin θT

cosβ = cos θT
(16)

which is obviously β = θT . The same can be proved for
the triple bounce since it resembles a direct path from the
radar to an image target and back. The triple bounce is much
more dangerous than the double one since it will be perfectly
focused (as the main target).

The key aspect is to have a bi-dimensional aperture given by
the virtual array in one direction and by the synthetic aperture
in the other. The two apertures agree for what concerns the
position of the single or triple bounce, but they disagree on
the double bounces, leading to an unfocused impulse response.
We deem that also in the case of MIMO-SAR we have to put
particular attention to the actual MIMO geometry and avoid
using monostatic or bistatic equivalences when simulating an
acquisition and the subsequent focusing. In Section V we
will show how different MIMO-SAR geometric configurations
lead to different focused scenes. One last consideration must
be made regarding moving targets in the scene. In an urban
scenario, the targets illuminated by the radar are generally
moving targets. However, it is always possible to find a suitable
(inertial) reference frame in which the moving target is still,
leading to a focused SAR image. An example could clarify
the topic. Imagine an ego-vehicle traveling at 20 km/h, a
target vehicle traveling at 5 km/h in the same direction as the
ego-vehicle, and a reflective surface traveling at 5 km/h. This
scenario is equivalent to one in which the target vehicle is still,
the ego-vehicle travels at 15 km/h, and the reflective surface
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Fig. 7: (a) Real and virtual layouts of the radar antennas. In
this configuration, there is one transmitting element and Nch

receiving one. The virtual array is the same as in Figures 8a,
9a and 10a. (b) The focused scene: the triple bounce is focused
on the position of the image target, while the double bounces
of path 2 and 3 are focused at the angular position θI and θT
respectively.

travels at 5 km/h in the opposite direction. If we assume the
reflective surface to be symmetrical, all the considerations in
the paper are still valid. Nevertheless, since the integration
time remains the same while the relative speed decreases, the
resolution the SAR provides will be lower, and the multipath
mitigation capability will be reduced. In the extreme case
where the ego-vehicle velocity and the target vehicle velocity
are equal (in direction and magnitude), no SAR imaging can
occur since the relative velocity is zero; thus no multipath
suppression will take place.

V. NUMERICAL SIMULATIONS

In this section, we show the results of the simulations
carried out using different sensor configurations. The simu-
lated scenario is the one typical of the urban or extra-urban
environments and it is depicted in Figure 1. A car is traveling
in a straight direction on the roadway and, on the opposite
carriageway there is a target. It could be an obstacle, another
car or a pedestrian. At the right of the car, there is a reflective
surface that generates a multipath. It could be a concrete jersey,
a guardrail, a metal barrier, a wall or the side of a truck. The
car is equipped with a generic SIMO/SISO/MIMO automotive
radar. The parameters of the radar are listed in Table II.

In the simulation, we generate the range compressed signal
as in Equation 2. The distances in Equation 3 are computed by
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Fig. 8: (a) Real and virtual layout of the radar antennas. In
this configuration, every element transmits a signal and only
the same element receives the echo. The virtual array is the
same as in Figures 7a, 9a and 10a. (b) The focused scene. The
double bounces are focused in the same position adding up
coherently. Moreover, the position of the ghost target is right
in front of the car, creating a possibly dangerous scenario.

TABLE II: Parameters of the simulated automotive radar

Carrier frequency [f0] 77 GHz

Signal bandwidth [B] 1 GHz

Number of virtual channels [Nch] 32

Looking direction Forward-looking

SAR aperture length 25 cm

knowing the actual antenna layout of the radar, the position
of the real target and the position of the reflective surface. For
each simulation, the received signal is the superposition of the
single bounce, two double bounces and the triple bounce. All
the images in this section are focused using a Time Domain
Back Projection (TDBP) [31]:

I(p) =
∑
m,n

snm(tnm(p);pT ) exp {+j2πf0tnm(p)} (17)

where I(p) is the focussed image in a generic location p,
smn(tnm(p);pT ) is the range compressed signal in Equation 2
evaluated at the time tnm(p), which is the total delay from the
nth transmitter to the pixel in p and back to the mth receiver.

Each test has a different TX/RX antenna layout that is
used for both echo simulation and image reconstruction. We
highlight that, when dealing with real data, the acquisition
geometry is given by the physical layout of the radar, while
the geometry used for focusing can be also an equivalent
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Fig. 9: (a) Real and virtual layout of the radar antennas. In this
configuration, the transmitting elements are uniformly spaced.
The virtual array is again the same as in Figures 7a, 8a and
10a. (b) The focused scene with double and triple bounces.

SISO/SIMO one. What is important is that, when simulating
the radar echo for a MIMO array, we avoid the usage of
a SIMO/SISO equivalent, because the result will not be
consistent.

We show that the focussed scene is tightly dependent on the
layout of the radar used (SISO/SIMO/MIMO) even if all the
configurations share the same monostatic or bistatic equivalent.

A. SIMO, SISO and MIMO simulations

We start from the SIMO configuration in Figure 7a where
one transmitting element (in red) is present along with 32
receiving ones (in blue). The purple dots represent the equiva-
lent virtual monostatic channels of the system. The spacing
between the blue dots is λ/2 and it is set in this way to
avoid ambiguities [15]. In all the simulations carried out in
this paper, we considered all the paths in Table I. Figure
7b shows the focused scene. As expected the real target is
exactly focused where it should be. The triple bounce signal
is focused on the image target, while the two double bounces
are at a range that is the average between the ranges of the
real and the image target. The angular position of the focused
double bounce is compatible with Eq. 6. For what concerns
the amplitudes, we see that all the focussed impulse responses
have the same amplitudes since there is no way in which
a standard signal processing of such an array can somehow
suppress the effect of multipath. In this particular scenario,
however, the triple bounce and the double bounce associated
with path 2 are images outside of the driveway, thus they

(a)

MIMO radar image. 4TX - 8RX
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Fig. 10: (a) Real and virtual layout of the radar antennas. In
this configuration the transmitting elements are not uniformly
spaced, nevertheless, the virtual array is again the same as in
Figures 7a, 8a and 9a. (b) The focused scene: the real target
and the triple bounce are focused correctly, while the double
bounces shows lower amplitudes. The double bounces are also
spread at different angular positions.

may not cause any damage (i.e. an advanced autonomous
drive system may decide to continue to drive straight since
no obstacle are present on the road). We remark also that
in this simulation we assumed a unitary reflection coefficient
from the reflective surface. This is generally not the case in
a real scenario in which double and triple bounces will be
focused in a position compatible with this simulation, but with
a lower amplitude due to the non-unitary reflection coefficient.
A second simulation has been performed by considering a
monostatic equivalent. The geometry of the array is depicted in
Figure 8a. Each element transmits and only the same element
receives the echo. We remark that the virtual monostatic array
(the purple dots) are exactly the same as the ones in Figure 7a.

The focussed image, however, is completely different as
evident by comparing Figure 7b with Figure 8b. The direct
path (i.e. the real target) is correctly focused and the same is
valid for the triple bounce. As predicted by Eq.10, however,
the double bounce is no more focused at the same angle of
the image target (yellow diamond in Figure 8b). The energy
is instead concentrated at an angle between the real and the
image target. In some specific scenario, the double bounce
could also be focused at the center of the driveway making a
potentially dangerous situation. An autonomous driving sys-
tem could decide to do an emergency brake due to the presence
of an obstacle on the road. Another consideration regards the
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Fig. 11: Focused single channel SAR image. The system is not immune to multipath. The triple and double bounces are
showing as strong ghost targets in the focused image.
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Fig. 12: Focused MIMO-SAR image. The MIMO configuration is the one in Figure 9a. The Left/Right (L/R) ambiguities are
completely suppressed being 30 dB lower than the peak of the target. Also the double bounces are between 13 and 17 dB
below the main peak. As expected, the triple bounce is fully focused in the position of the image target.

amplitudes of the focused impulse responses. The two double
bounces from path 2 and path 3 are both reconstructed in the
same position and then they sum coherently. This means that
the amplitude of the double bounce signal is 3 dB higher w.r.t
the real target signal. This could generate even more problems
since this strong signal could potentially hinder the detection
of some weak targets in the neighborhood, such as a pedestrian
that is trying to cross the road.

The next step is to simulate a MIMO array with NTX = 4
and NRX = 8. We start by a simple scenario where both the
transmitting and the receiving arrays are uniformly spaced.
In this case the spacing between the transmitting elements in
∆TX = 8×λ/2 and the spacing between the receiving ones in
∆RX = λ/2. The resulting virtual monostatic array is shown
in Figure 9a with purple dots. Once again it is equal to the
ones in Figures 7a and 8a.

In Figure 9b it is clear that the result is very similar to the
one in Figure 7a, but it is not exactly equal. The response of
the double bounces are 0.7 dB lower in amplitude with respect
to the previous case and moreover, their angular placement is
different being at a higher angle. The range instead, remains
the same. While not so different with respect to the SIMO
case, this already shows that a MIMO array should never be
replaced by its equivalent SIMO and SISO in a simulation.
This concept is even more clear from Figures 10a and 10b.
In this scenario we simulated a transmitting array where the
elements are not spaced uniformly and a receiving array with
elements spaced by λ. Once again the position of the virtual
monostatic elements (in purple) is the same of Figures 7a,8a
and 9a. The focused scene, however, is radically different with
respect to the previous ones. The single and triple paths targets
are focused exactly where they should be, but the double
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Fig. 13: Focused MIMO-SAR image. The MIMO configuration is the one in Figure 10a. The Left/Right (L/R) ambiguities are
completely suppressed, being 30 dB lower than the peak of the target. Also, the double bounces are more than 15 dB below
the main peak.

bounces are focused in totally different positions w.r.t. the
previous cases. The double bounce of path 2 generates two
responses, one to the right of the reflective surface and one
outside the driveway to the left. The former is 9 dB lower
w.r.t the real target, while the latter is 3 dB lower. The double
bounce of path 3, instead, is reconstructed in the driveway just
behind the real target almost as in Figure 7a. Its peak value
is 7 dB lower than the peak associated with the real target.

B. SAR and MIMO-SAR Simulation

In this section, we propose the simulations of a complete
single and multi-channel SAR system. The vehicle is now
traveling is a straight path. While moving, it transmits and
receives radar signals. For this simulation, we fixed the syn-
thetic aperture length to 25 cm. The Pulse Repetition Interval
(PRI) is set in such a way that the distance between two
consecutive transmissions of the same antennas are spaced
by λ/4 in order to avoid ambiguities [15]. The total number
of slow-time samples used to form the synthetic aperture is
Nτ = 256. In practice, it is not required to have uniform spac-
ing between radar transmission/receptions: once the positions
of the antenna phase centers at any time instant are known,
we can exploit this knowledge to focus the SAR image using
a Time Domain Back Projection (TDBP). Some sophisticated
imaging schemes envision the change in PRI in function of the
car velocity to obtain uniform sampling in the spatial domain
and a reduction in data volume.

The SAR image is focused again using a simple TDBP of all
the received signals [31]. We remark that the signals received
are Nτ ×Nch and we back project all of them.

We started by simulating a single channel SAR (Nch = 1).
In Figure 11 the focused image is shown. In this scenario,
the system is not immune to the multiple reflections, and
the focused double and triple bounces appear as bright ghost
targets in the scene. Moreover, the system is affected by the
usual left/right ambiguity. This is an expected behavior since

the aperture, in this case, is not bi-dimensional and no multi-
path suppression is taking place as explained in Section IV.

We continue the simulation process with a MIMO-SAR
setup as in Figure 9a, but this time on a moving platform. The
array is displaced in the direction orthogonal to the motion of
the vehicle, leading to a bi-dimensional aperture. The focussed
scene is depicted in Figure 12.

In this figure, we increased the dynamic range of the color
scale to highlight the ghost targets in the image. The real target
and the triple bounce are focused in the expected position and
with a large improvement in angular resolution as expected by
SAR processing. The two double bounces are now well below
the peak of the main target: the double bounce associated with
path 2 is 13dB below the main peak, while the double bounce
associated with path 3 is 17 dB below. The result is expected
and in accordance with the theoretical derivation in Section IV.
The two apertures do not agree on where the double bounce
should be focused, while they agree on the position of the
single and triple bounces. This condition leads to fully focused
real and image targets and to defocused double bounces.

In Figure 12 we have also highlighted the left/right (L/R)
ambiguities that are typical of SAR processing. With an array
displaced in the direction orthogonal to the motion, however,
we are able to suppress such ambiguities. The peak values,
in fact, are roughly 30 dB lower than the target peak value.
The simulation proves the robustness of SAR processing to
multipath and in particular its ability to suppress double
bounces.

For the sake of completeness, we show also the simulation
carried out by moving the MIMO configuration in Figure 10a.
In Figure 13 the focused scene is depicted. It is immediate
to see that it is very similar to Figure 12 despite the fact
that the MIMO geometry is totally different. The reason for
the similarity is that the synthetic array generated by the
movement of the vehicle along a trajectory dominates the
virtual array generated by the MIMO channels. The synthetic
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array is 25cm long, while the 32 virtual channels are just
6 cm long. This means that, for a look angle θ just a few
degrees above 0, the resolution is totally given by the SAR
and not by the MIMO radar. The latter serves just the purpose
of suppressing the L/R ambiguities.

The results from this simulation show that the MIMO-SAR
not only is able to improve the imaging reaching an extremely
fine angular resolution, but it is also able to suppress the effect
of multipath and in particular of the double bounce. In the non-
SAR case, the triple bounce is still a problem since it will be
focused exactly as the real target. However, we deem that this
issue can be avoided by recognizing that the ghost target is
focused behind a reflective surface. A real target should be
in shadow condition, thus that reconstructed target should be
immediately marked as the product of a reflection.

VI. CONCLUSIONS

In this paper, we conducted a theoretical analysis of the
effect of multiple reflections in automotive radar imaging. We
started by reviewing the virtual array concept and the mono-
static/bistatic equivalent of any MIMO radar. We analytically
proved that, in the presence of multipath, the focused image
is inherently dependent upon the actual antenna layout. This
demonstrates that, when designing and simulating an auto-
motive radar system, the real antenna layout should be used
(usually the MIMO one), and any equivalent representation
should be carefully avoided.

In addition, we investigated the effect of multiple reflections
on SAR acquisitions, particularly on MIMO-SAR images. If
the MIMO array is placed in a forward-looking geometry,
with the virtual array oriented in the direction orthogonal to
the motion, the system forms a bi-dimensional aperture. The
critical concept demonstrated in this paper is that the two
apertures disagree on the angular position in which the double
bounce should be focused, leading to its suppression in the
focused MIMO-SAR image.

The before-mentioned analyses are validated with a sim-
ulation of the multipath environment. Several radar layouts
are tested, showing how the focused image depends on the
antenna layout itself. Finally, the MIMO-SAR system is also
simulated with a short synthetic aperture of 25 cm. The system
is robust to double bounces: they are suppressed, showing a
peak amplitude between 13 and 17 dB lower than the peak
associated with the real target. The system, however, is not
robust with respect to triple bounces that are instead fully
focused and appear as ghost targets in the SAR image.
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