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Figure 1: MULDAR develops a synchronous multi-static radar system that addresses the issue of specular reflection and ghost
artifacts in the scene. Check out the video for a recorded demo: https://youtu.be/DgcfOvvOX7E.

Abstract

mmWave radar based sensors are increasingly being deployed for
robotics and automobile applications to sense the environment.
Unfortunately, specular reflections of smooth and planar surfaces
makes mmWave sensing unreliable at detecting objects and vehicles
in the real world. In fact, due to the small wavelength of mmWave
radars, most surfaces are smooth reflectors for the radar signals.
This paper addresses this fundamental limitation of detecting spec-
ular reflectors by capturing the energy reflected away from the
radar.

This paper presents MULDAR, a multi-static distributed mmWave
radar imaging solution that leverages cross-radar channels to detect
specular reflectors and remove ghost multi-bounce artifacts. At the
core of MULDAR’s design lies the engineering of a distributed phase-
synchronization approach using the direct path between the radars
to perform imaging. The multi-static radar is then leveraged to
combine the mono-static and bi-static measurements across pairs of
radars to create a richer scene free of unseen and ghost objects. Our
evaluation across materials and real world scenarios demonstrate
a 66.79% reduction in Chamfer distance between the ground truth
point clouds and the generated mmWave point clouds.

Code and datasets are available at: https://github.com/xsun2445/MulDar.
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1 Introduction

Millimeter-wave (mmWave) radar is an indispensable sensor for
autonomous systems, particularly in self-driving vehicles [14, 43]
and smart home applications [24, 25]. Its wide bandwidth provides
fine-grained resolution, while its resilience to adverse lighting and
weather conditions makes it suitable for robust perception [19, 30,
35, 36]. Despite its widespread adoption, a fundamental limitation
of conventional mmWave radar threatens its reliability: the specular
reflection [33, 34]. Most of current mmWave radar systems operate
in a mono-static configuration, where the transmitter and receiver
are co-located. This design implicitly assumes that the target is
rough enough to scatter energy back toward the source. However,
many common materials found in urban environments behave as
specular reflectors at 77 GHz, such as the flat metal side of a truck,
the glass wall of a building, or even concrete walls at home [21].
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This physical property creates a safety-critical blind spot as
shown in Fig. 1. If a large, at surface is oriented at an oblique inci-
dent angle, vast majority of the energy will be re ected away from
the transmitting direction. Therefore, this obstacle is completely
invisible to a mono-static radar system. Additionally, specular sur-
faces can create multi-bounce shadows in the range pro le which
creates “ghost' target2[), confusing the downstream perception
algorithm. These e ects caused by re ective surface can cause
signi cant safety issues in automobile and industrial applications.

Previous works 7, 4]] explored to address the problem of spec-
ular re ection and limited eld-of-view (FoV) by deploying and
combining multiple radars in the environment, but primarily limited
to the data received from mono-static responses and constrained by
the radar placement. Further, other researd2[19, 30, 32 35 37,

42 45 48 49 52 54 have explored mmWave scene reconstruction
using single-bounce and multi-bounce assumptions, but typically
assume the re ector itself is visible and/or its geometry is known.
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MulDar leverages the direct path between TX and RX radars as
the reference distance for ner synchronization.

2. Multi-static imaging and ghost removal algorithm (Sec. 6):

Di erent from beamforming algorithm that works for uniform lin-
ear mono-static antenna arrays, antennas in our system are arbitrar-
ily distributed in the space. Hence, we developed a new multi-static
sparse imaging algorithm using back projection matched lter-
ing to calculate for the amplitude of a pixel in the 2D space with
previously synchronized bi-static radars. We further analyze the
coverage and resolution limit of MulDar along with its intrinsic
ability to remove multi-bounce ghost re ections.

We implement MulDar using 3 commodity TI AWR2243
mmWave radars and extensively evaluated MulDar's ability to
image in indoor and outdoor environments. We compare Mul-
Dar with the mono-static combination of the individual radars
as the baseline. We evaluate MulDar's ability to image surfaces
and objects with di erent materials and curvatures in indoor en-

Hence, scene reconstruction and robust sensing using mmWave vironments as well as a case study on detecting corners in corri-

radars remains a challenging problem due to the sparse and noisy
nature of responses received by mono-static radars.

This paper presents MulDar, a distributed radar imaging sys-
tem that aims to address both the visibility and ghost problem in
mmWave sensing by leveraging spatial diversity. MulDar's key
idea observes that while the signals re ected from these objects do
not return back to the radar, they do re ect to other directions in
the environment. If we can observe those re ected signals, we can
image these invisible objects and disambiguate the ghost re ections.
MulDar designs a multi-static distributed mmWave imaging sys-
tem that synchronizes distributed radars to capture these re ected
signals observing cross-device channels. MulDar then combines
the information aggregated across the mono-static and bi-static
measurements to improve scene reconstruction. MulDar can be
directly applied to already-deployed distributed radars without
requiring additional RF devices or hardware modi cation. Mul-
Dar also enables enhanced improvements from spatial diversity as
its multi-static nature increases the number of channels quadrati-
cally when adding new radars in the environment.

The above system design requires MulDar to address several
unique challenges to enable multi-static imaging on commodity
o -the-shelf mmWave radars:

1. Synchronizing commodity mmWave radars (Sec. 5): Given
the distributed design of MulDar, the transmitters (TX) and re-

dors, imaging pillars and outdoor automobile imaging. Our results
demonstrates:

66.79% reduction in Chamfer Distance between the observed
and true point clouds.

ability to detect real world objects invisible in mono-static
radars in practical indoor settings.

ability to continuously monitor and observe vehicle robustly

in practical outdoor settings.

Our contributions are as follows:

We propose a novel distributed and bi-static imaging system
capable of imaging specular objects using multiple commod-
ity mmWave radars in the environment.

A novel bi-static radar synchronization, imaging algorithm
and signal processing pipeline to generate more reliable 2D
image.

Extensive real-world evaluation demonstrating MulDar's
ability to image objects indoors and outdoors with case stud-
ies in corridor and outdoor environments.

2 Related Work

There has been much work on mmWave radar sensing for scene
reconstruction and detecting multi-bounce re ections.

ceivers (RX) across radars need to be synchronized to receive other High-Resolution mmWave Radar Sensing: Given the low an-

radars' transmissions. However, modern radars are speci cally 9ular resolution and mono-static design of the mmWave radars,
designed to reject interference from other radars by severely un- the problem of removing multi-bounce re ections to achieve high
dersampling the IF signal received. What's more, limited hardware resolution spatial sensing has been explored in many prior works.
access to synchronize and calibrate the modern mmwave radars Hydra [32 explores leveraging multi-bounce re ections for NLOS
further complicates the problem. Further, since chirps from sepa- imaging while RadarHD33 combines the radar with LIDAR-based
rate radars are not synchronized, every mixed bi-static IF signal learning to extract spatial resolution. Further work on leverag-
is subject to a random frequency and amplitude o set. MulDar ~ ing multi-modal sensing by combining mmWave radar with cam-
solves this by designing a 2 stage bi-static synchronization tech- €ras R3 29 38 39 44 to detect objects and sense vital signs has
nique. First, we ensure signal reception from di erent radars by a  shown tremendous promise. Further, new approach@sifl, 12, 17,
one-time chirp calibration using the ambient environment. Second, 26 31 46 50 51 that combine mmWave radar signals with motion
to improve imaging of objects in NLOS and occluded environments
have been presented. However, all of the above works leverage
a single mono-static-radar (combined with other modalities) and
leverage sparsity of object response to achieve super-resolution.
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Figure 2: The single and double lobe scattering model for
smooth and rough surface

In contrast, our work designs a multi-static mmWave radar imag-
ing system that combines cross-channel measurements at multiple
mmWave radars to improve imaging resolution.

Multi-View mmWave Radar Sensing: Limited to the Field-of-
View (FoV) of radar, recent work has also explored combining mul-
tiple radars' signal for extended sensing ability. Radars are placed
at di erent locations. Prior work such as7, 41] has leveraged mul-
tiple mmWave radars to capture the scene from di erent vantage
points to detect missing object2f] combines multi-view of dis-
tributed mmWave radars for improved human gait recognition and
[13 has shown higher accuracy on human mesh reconstruction by
placing 2 mmWave radars on both side of user's head and facing
down to the body as wearable sensors. Further, some work has
also explored utilizing specular re ections as additional views to
extend the FoV for improved sensing capabiliy[L7, 26 27. How-
ever, all of these works primarily combine multiple mono-static
measurements captured across radars at di erent orientations for
expanding the FoV and improve the received information. However,
such systems would rst require a visible LoS path of the specular
re ector which is not very common, and would also require addi-
tional prior knowledge of the specular re ector for correct mapping
of the multi-path to the real location.

Multi-Static Radar Solutions: While multi-view solutions treat

separate radars as independent transceivers, multi-static radars sep-

arates TXs and RXs that every pair of TX and RX can communicate.
The most obvious bene t is that, the number of channels increases
guadratically compared to linear increment of multi-view radars.
Those additional channels carry new and richer information from
the environment and can improve the quality of sensing. Prior work
have developed di erent frequency and scale of such multi-static
system B, 10, 15 18 47] for enhanced target detection, primarily
for military and climate applications. Yet, those systems are usually
build upon expensive and specialized RF devices for synchronizing
spatially separated TX and RX. AdditionallyL§ takes an approach
similar to MulDar that uses frequency duplex and distance ref-
erencing for enabling cross-radar channel and range nding. Still,
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Figure 3: Simulated received power with\ g= 30 [21]
on COTS devices in a plug-and-play manner for already-deployed
distributed radars in the environment.

3 Motivation Study

In this section, we highlight the blind-spots of mmWave imaging
using mono-static radars and motivate the e ectiveness of our
multi-static design with preliminary results.

3.1 Vulnerability of Mono-Static Radar to
Specular Re ectors and Multipath E ects

Modern mmWave radar systems are mostly designed to be mono-
static, meaning that the transmitters (TX) and receivers (RX) are
co-located in space, usually on the same PCB board. The typical as-
sumption in radar sensing is that, obstacles in the environment are
considered as collections of points that will scatter the energy om-
nidirectionally. This enables the mono-static radar to detect these
re ections to sense all the objects in the environment. Previous
research 1] has shown this assumption is wrong and actually
only very few objects in the environment will backscatter enough
energy back to the radar to get detected. Hence, the response from
the environment can be very sparse for mmWave radars, which
usually contains false information in the imaging space, such as
line-of-sight blind spots or multipath ghosts.

The primary reason behind this vulnerability is most material
re ections are specular at mmWave frequencies. To illustrate this,
Fig. 3 shows the scattering pattern of common materials under
77 GHz. As shown in the gure, for common materials like concrete
and drywall, only a small amount of the energy will scatter back to
the TX and most of the energy is re ected to the re ecting angle.
This is because the roughness of the surface does not match the
wavelength of the 77 GHz signal causing most of the energy to go
undetected. As the incident angle increases, this phenomenon is
more signi cant and eventually the drywall will disappear in the
response signal, and this angle is surprisingly small. Meanwhile,
the re ected energy will continue to propagate and some random
object in the environment can backscatter this large energy back

the system is based on advanced devices and only need to dealto the radar creating a ghost object.

with a constant frequency o set during synchronization. In the mo-
bile computing community, recent workJg has shown promise

of multi-static synchronization for vital sign sensing using UWB
radars. However, the system synchronization is achieved by trans-
mitting the clock signal over-the-air making the synchronization
approach infeasible at 77 GHz due to range limi#4([enables
polarimetric imaging with multiple linearly polarized radars. But
the system is built in a con ned manner for precise SAR imaging.
Di erent from prior works, MulDar enables multi-static channels

This phenomenon means that the line-of-sight obstacles is not
always visible which creates lots of blind areas especially for low-
angular-resolution single-chip mmWave radars. Although we have
discussed the opportunities of hon-line-of-sight sensing in Sec. 2,
those methods require high angular resolution and the rst re-
ection to identify the order and direction of multi-re ection. In
contrast, a common 2TX-4RX single-chip radar's range-azimuth
map is neither able to provide accurate obstacle information, nor
the ability to remap the ghosts original locations.
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Figure 4: The planar re ector is invisible in mono-static im-
ages but visible in bi-static cross-radar images.

3.2 E ectiveness of Distributed Multi-Static
Sensing

The easiest solution to overcome the above limitation would be to
achieve spatial diversity to image the environment. One potential
solution is to simply increase the number of radars in the space.
However, Fig. 4 shows that simply adding more mono-static radars
does not enable the setup to detect planar re ective surfaces, since
the required backscatter incident angle for a re ective surface is
very small. A mono-static radar can only see the planar surface
across a small range of incident angles aroundihen enough re-
ected energy reaches the radar. However, any larger angle re ects
most of the energy away from the radar removing the ability to
detect the surface. Without access to prior knowledge of the envi-
ronment, this makes it di cult to deploy radars (and sometimes in a
robotic or automobile application, it may be impossible) at strategic
locations to detect all objects. Moreover, the multipath ghosts of
multi-bounce re ections appears in the image and the actual rst
peak of the re ective surface is invisible, making it impossible to
identify the order of re ection. This simple situation in the real
world can pose signi cant safety issue to the mmWave radar sens-
ing, for instance, imaging in the autonomous driving scenario can
fail to detect a car or a building causing an accident.

Our approach to address this important blind-spot in mmWave
sensing is simple but e ective: use the mmWave radars that already
exist in the environment to capture the re ected signals. Fig. 4
shows the e ectiveness of our method, where the bi-static chan-
nels can correctly show the specular-re ecting surface whereas
the mono-static channels cannot. Further, the multi-bounce ghosts
in the environment can be mitigated by leveraging the overlap
across measurements to detect re ectors and remove objects that
only show up in mono-static measurements. This results demon-
strates the the capacity of multi-static distributed mmWave radars
to improve imaging resolution and perform distributed sensing in
the real world for detecting smooth objects and detecting ghost
re ections.

4 System Overview

The system diagram is shown in Fig. 5. MulDar operates as fol-
lows: Upon deployment, the mmWave radars continuously trigger
transmissions one-by-one on a pre-scheduled transmission plan
to capture the mono-static and across-radar bi-static channel re-

sponses. The bi-static channel responses across the radars are then

phase calibrated via referencing the direct path across them. These
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Figure 5: MulDar System Diagram

for real-time operation. The lines between radars to the object rep-
resent paths transmitted from the radar with the corresponding
color. The scene is then reconstructed by combining these measure-
ments to observe specular re ectors and remove ghost re ections.
The above operation happens in real-time continuously as long as
the radars are sensing the environment.

MulDar achieves this by addressing two fundamental wireless
system design challenges: (1) Synchronizing distributed radars to
receive each other's signals and phase-calibrating the received
impulse responses using the direct path between the radars (Sec. 5).
(2) Combining the distributed mono-static and bi-static measured
impulse responses into a coherent scene with maximal expressivity.
Further, MulDar also analyzes the coverage and resolution limits
of multi-static imaging (Sec. 6).

5 Distributed and Multi-Static Radar

In this section, we rst introduce how to build a distributed multi-
static radar by combining multiple commodity-o -the-shelf radars.
We then calibrate the randomness introduced by such a system.
Finally, radar poses are optimized for combine generated images of
the scene.

5.1 Coarsely Synchronizing Multiple Radars

Given that most commodity mmWave radars are mono-sthtibe
transmit and receive antennas are typically operated by the same
clock. In contrast, when we leverage multiple of these mono-static
radars to develop a multi-static array and attempt to make them
sense each others signal, we fail to receive anything. This originates
from the fact that these modern mmWave radars are designed to
avoid interference from other radars for safety reasons (particularly
in automotive applications).

A frame can contain a diverse combination of chirps with dif-
ferent parameters such as slope, starting frequency, working band-
width, and etc. Normally radars work on di erent frame con g-
urations to avoid interference. Further, even if 2 radars has the
same chirp parameters, low-pass Iters on the IF signal will prevent
frequency components higher than 10 MHz to be detected. The
order-of-magnitude larger delay o set caused by hardware delays

For simplicity, radar with co-located TX and RX are called mono-static in this paper,

measured impulse responses are collected and streamed to a serveror it to be di erentiated from bi(multi)-static spatially separated TX and RX.
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Figure 6: Hardware triggered chirps received from another
radar that contain random frequency and phase o sets.
Beamforming can identify the direct path and use the di-
rect path peak as a reference distance.

and the time-of- ight makes it unlikely to receive any baseband
IF signal due to the lack of synchronization. Hence, although the
chirp can last for hundreds of microseconds, only the signal that's
within 257 nanoseconds of delay can be actually heard by another
radar.

Luckily, TI mmWave radars provides a hardware trigger
(SYNC_IN pin) that can be used for simultaneous triggering of
multiple radars by sending pulses to the piB][ Further, the TX
and RX on the radar operate on separate RF chains, enabling the
TX to be turned o . This enables the radars to calmly receive other
radars signals without interference from its own transmissions. We
send a common pulse train signal of 100 Hz (frame rate) with a
1.5" s active high duration to the SYNC_IN pin of all the radars with
wired connection from an external signal source (Raspberry Pi 4).
Fig. 6 shows thatitis possible for a radar (including the transmitting
radar itself) to receive another radar's chirp.

5.2 Fine-Grained Cross-Radar Phase
Synchronization

An immediate problem is that, the range pro les are free- owing
across the whole spectrum since they are not time synchronized.
As shown in Fig. 6, three consecutive chirps of exactly the same
scene are o seted from each other. In fact, as radars do not share the
same PCB board and commodity devices are imperfect, there exist
three kinds of synchronization errors that need to be calibrated:
frequency, phase, and amplitude. First, the external triggering signal
is sent to radars through wires which itself creates a constant time
o0 set of the signal reach separate radars. Since the hardware trigger
is used for triggering the 77 GHz FMCW signal, there exists an
uncertainty of around 160 nanoseconds, intrinsically in hardware
delays. The random time o set is further exacerbated by heat noise
and fabrication imperfections. This random time o set between
transmitted and received chirps creates a random frequency and
phase o set for every triggered chirp. Second, the linear modulation
of the frequency is not perfect. The non-linearity of the chirp can
create imbalanced noise of the amplitude across all frequencies
when down-converting to the IF signal. Finally, the high and low-
pass lters for preventing inter-radar and self-interference brings
an additional non-linear and IF frequency dependent amplitude
distortion. Note that, these o sets and noises always exists. All
received chirps are subject to an independent o set that needs to be
calibrated. Otherwise, downstream sensing tasks are meaningless
since the range pro le is dominated by the noise.
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Figure 7: The mono-static image generated by uncalibrated
and calibrated radar poses.

Our system solves the above mentioned issues through 3 stages.
We rst control the coarse time delay by adjusting the starting
frequency of the chirp. The con gurable starting frequency allow
us to coarsely control the distance o set of the mixed received
signal. The granularity of starting frequency of the radar in our
system is 1 kHz, which can control the range pro le roughly to
the desired location. This operation is necessary for ensuring that
the inter-radar chirp is within the IF signal band so that it can
appear in receiving radar's IF signal. Then, we use the direct-path
signal in the range-pro le to calibrate for the frequency and phase
o sets. Since each radar has 4 naturally synchronized receivers,
we leverage the beamforming ability of RX radar to focus on the
direct-path to the TX radar (Fig 6 (right)). Because we already know
the rough location of each radars, the steering vector can be easily
calculated. The beamforming can signi cantly improve the SNR of
the direct path and improve the synchronization quality.

Finally, we rotate the signal back to the origin by times
492¢5C.a° where 5 and q is the direct path's frequency and
phase. With the frequency and phase calibrated, consecutive chirps
can be coherently averaged to further suppress the amplitude
noises.

5.3 One-Shot Pose Calibration of Distributed
Radars

Radars work in their own coordinate systems with themselves as
origins. The collected information from spatially separated radars
need to be combined and projected into the global coordinate sys-
tem to build a collaborative sensing system. We constraint the
spatial locations in this paper to the 2D space for simplicity. The
pose of radars can thus be de ned as a 3D vedor »Ge~+\The
initial location of the radars is manually measured and contains
measurement error that range from centimeters to even half meter,
considering the scale of the deployed space. Since the range resolu-
tion of 76-81 GHz radars is about 3.3 cm, the location calibration of
the distributed radars is necessary.

We calibrate the pose vector of the radars by optimizing the
location of a common object in the scene. We solve for 3 unknown
parameters of radar pode(with one of the radar as global origin)
by capturing the same common object across 3 di erent locations.
Then, MUSIC algorithm is used for a higher resolution and cleaner
image of mono-static range-angular map. These estimated locations
of the cylinder are used to predict more accurate radar poses for ne-
grained distance calibration. The optimization goal is to minimize
the distance of cylinder center estimated from di erent radars. The
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loss function can be written as 5

loss =argmin 178 2?2
Bs2*  geg

@

WhereD; and* is the& radar's pose and the set that contains

all radar poses.% is the & cylinder center estimated b§" radar

in the global coordinate, anflg is the average location of the esti-
mated cylinder centers. Fig. 7 shows the imaging result generated
before and after pose calibration. Note that, the optimized poses
still contain millimeter level o sets because of low angular and
range resolution of the radar. But that level of error is acceptable
for our system and will be discussed in Sec. 6.2 and qualitatively
evaluated in Sec. 8.3.

6 Distributed Imaging

In this section, we introduce the bi-static imaging algorithm and
analyze the theoretical resolution, and the coverage of the imaging
system.

6.1 Bi-Static Imaging

Our imaging algorithm begins with the angular-range pro le re-
covered after performing beamforming using the received signal
on 4 channels from the perspective of the receiving radar. How-
ever, this distance is a two way distance between the transmitting
radar to the target and distance between the target and the re-
ceiving radar. Thus, the direct angular-range power pro le cannot
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Figure 8: lllustration of Distances in Bi-static setting

and the radar coordinate are the same relative to the radar. We will
discuss further in Sec. 6.3.

6.2 Multi-Static Sparse Array Imaging

The above design demonstrates performing 2D imaging using 1
TX antenna at the transmitter and 4 RX antennas at the receiver
by performing beamforming. However, as more radars are added
to the system, counterintuitively, the generated images cannot be
directly added together for coherent fusion. The primary reason

behind this is the trade-o between sampling a sparse radar array:
spatial diversity vs. correlation of channels.

A sparsely sampled signal will create aliasing e ect in the spa-
tial domain since the the sampling locations are not enough to
fully delineate the target object. In fact, this is the reason why the
spacing between antenna and synthesized aperture size of typical
dense arrays need to be carefully designed. Unfortunately, when the
sampling array is too sparse, even worse grating lobes will occur
which may cause a incoherent combining e ect in the generated
image. In MulDar, since we have build a multi-static architecture,

describe the real 2D scene. Hence, the spatial separation of TX every antennas are considered as independent TX and RX elements,

and RX causes a distortion of its own range-azimuth coordinate
system from the global 2D coordinate system. While one approach
would be to estimate the projection function across all points to
detect the potential locations of the re ector, we employ a more
e cient backprojection algorithm that performs matched ltering
across the global 2D space with the distance from TX to the target
grid then to the receiver. Unlike the mono-static setting, since the

decoupling from the concept of independent radars. Eoadars
with  TX and RX, there are=>  channels in total, and are
spatially distributed in the space. Hence, it is very important to
correctly combine the images generated from channels overcoming
the limitations of sparse sampling.

Correlated Channels: For a conventional uniform linear array
(ULA) antenna placement, the signal can be coherently combined

signals are referenced based on the direct-path, the distance for with steering vectors. This is possible due to the fact that the re-

building the matched Iter always needs to be a relative distance
that subtracts the length of the direct path. For TX and RX on 2
separate radars, each of the pix&in the global 2D space can be
written as:
60
Slpo =
8=0 9=0

(8.4 d8°9'?)4920d5'9-?_0

@)

whereB1?9s the matched signal at pixél, and are the number
of TX and RX antennaég.ds the IF signal transmitted from Tg&o
RXo, dg.g.7= As.2, Ag.7 3 o is the distance traveled from Tgto pixel
? then to RX and removed direct path distan@, A is the range
resolution determined by the bandwidthg is the wavelength of
the starting frequency of the transmitted chirp.

We demonstrate this geometric projection by plotting the gener-

ceived channels across antennas are correlated, meaning that every
antenna element will receive almost same responses since they are
placed next to each other. The major di erence of the responses is
their residual phase which is dependent on the traveled distance.
Hence, after the matched Iter removed the phase di erence, the
responses has the same phase so the amplitude adds up. This holds
true for both far- eld or near- eld scenarios for ULA, as long as
the matched Iter are correctly calculated. In MulDar, this can be
applied to antennas sit on the same radar since the those TX and
RX antennas are naturally placed as ULA. Hence, for chirps that
are transmitted from the same TX ULA on radar 1 and received by
a RX ULA on another radar 2, the channels are correlated and can
be coherently combined to improve the imaging resolution. Addi-
tionally, channels from radar 1 to 2 and channels from radar 2 to 1

ated global 2D image in Fig. 9 (a-b). Fig. 9(a) considers only 1 TX are also correlated due to the reciprocity. By coherently combining

and 1 RX. Thus, for a xed object in the space, the image of bi-static
setting is shown as an ellipse without taking into account direction-
ality since the sum of the distance to TX and RX is xed. (b) shows
the result retrieved by combining 4 RX antenna via beamforming.
The amplitude at the object direction on the same ellipse is high-
lighted. Note that, the object's direction in the global coordinate

all the correlated channels, the SNR and resolution of the image
can be signi cantly improved. Fig. 9 (a-e) shows how coherent fu-
sion of correlated channels increase resolution and SNR of bi-static
channels.

Uncorrelated Channels: However, this correlated channel as-
sumption is not always true for antenna pairs across di erent pairs
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