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Abstract

Objectives. One of the main tasks of radiolocation involves the problem of increasing spatial resolution of the targets
in the case of limited aperture of the radar antenna array and short length of time samples (snapshots). Algorithms
must be developed to provide high angular resolution and low computational complexity. In order to conform with
the existing Advanced Driver Assistance Systems requirements, modern cars are equipped with more than one
radar having a common signal processing scheme to improve performance during target detection, positioning, and
recognition as compared to a single radar. The present study aims to develop a two-dimensional Direction-of-Arrival
algorithm with low computation complexity as part of distributed coherent automotive radar system for cases
involving short time samples (snapshots).

Methods. A virtual antenna array formation algorithm is formulated according to the two-dimensional Capon
method. A proposed modification of two-dimensional Capon algorithm is based on sequentially estimating the
directions of arrival for the distributed radar system. The Monte Carlo method is used to compare the effectiveness
of the considered algorithms.

Results. The 2D-DoA sequential algorithm of azimuth and elevation estimation is proposed. The comparative analysis
results for the developed algorithm and classical 2D Capon method based on numerical simulation using Monte Carlo
method are presented. The proposed scheme of DoA estimation for coherent signal processing of distributed
radars is shown to lead to an improvement of the main considered metrics representing the probability of correctly
estimating the number of targets, mean square error, and square error compared to a single radar system. The
proposed low-computational algorithm shows the gain in complexity compared to full 2D Capon algorithm.
Conclusions. The proposed two-stage algorithm for estimating the directions of arrival of signals in azimuth and
elevation planes can be applied to the distributed system of coherent radars with several receiving and transmitting
antennas representing multiple input multiple output (MIMO) radars. The algorithmis based on sequentially estimating
the directions of arrival, implying estimation in the azimuthal plane at the first stage and estimation in the vertical
plane at the second stage. The performance of a coherent radar system with limited antenna array configuration
of separate radar is close in characteristics to a high-performance 4D-radar with a large antenna array system.

Keywords: automotive distributed radars, coherent signal processing, high-resolution algorithms, 2D Capon
algorithm
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YIJIOB MMPUXO0AA CUTHAJIOB B CHCTEMe KOTePeHTHbIX
pacnpeaejJeHHbIX aBTOMOOUJILHBIX PaaapoB
HECKOJIbKUMM MPUEMHBIMU U NepeIaoIuMU AHTEHHAMMU
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Pe3iome

Llenu. OgHoM 13 akTyanbHbIX 33724 B pagnosiokaumm senseTcs npobiema noBbILLEeHUS MPOCTPAHCTBEHHOMO Pas-
peLleHns uene npu orpaHn4YeHHo anepType aHTEeHHOW peLLeTky pagapa U KOPoTKOoM BbiIBopke BXOAHbLIX OTCHETOB.
PaspabaTtbiBaeMble anropuTmbl OOJKHBI 06ecrneyrBaTh BbICOKOE YrjlOBOE pPa3peLleHre U UMETb Masylo BblYUC-
JIUTENIbHYIO CNOXHOCTbL. B HacTosilee BpeMsi aBToMOOUAM A BbINOAHEHUS TpeboBaHWin cucTtemM 6€30MacHOCTU
1 MOMOLLM BOAUTENIO OCHALLAOTCS HE OO4HUM, a HECKONbKMMW pazapamu ¢ obLuer cxemoli 06paboTky CUMHANOB
IS yNyyLWeHNs XxapakTepucTmk Npu oOHapyXXeHUW, NO3ULVMOHNPOBAHUM 1 PACMO3HABaHMM LEeNeil N0 CPaBHEHMIO
C OAMHO4YHbIM pagapoM. Llenb paboTbl — paspaboTka ABYMEPHOI0 anropuTMa OLEHKN YriioBbIX KOOPAMHAT C HU3KOW
BbI4NCIUTENBHOWN CTIOXHOCTbLIO B CUCTEME PacnpeeneHHbIX KOrePeHTHbIX aBTOMOOUbHbIX PaAAPOB A1 Ciy4Yas KO-
POTKOW BbIOOPKM BXOLHbIX OTCHETOB.

MeTopabl. Vicnonb3oBaHbl anroputM GOpPMMPOBaHMS BUPTYaIbHOM aHTEHHOW peLLEeTKN, ABYMEPHbIN MeToA KernoHa.
MpepnoxeHa mogndukaums metoga KernoHa Ha OCHOBE NOCNenoBaTeNbHOM OLEHKM YIIOB NPUX04a CUrHasnoB npu-
MEHUTENBHO K CUCTEME pacnpeneneHHblX paaapos. g cpaBHeHV 9DdEKTUBHOCTM paccMaTprBaeMbIX anropuTMOB
ncnonb3yetcs meton MoHTe-Kapio.

PesynbTtathl. [IpeacrasneH anroputm C NocneaoBaTesibHOM OLLEHKOM a3rMyTa 1 yria MecTa s CUCTEMbI pacnpeae-
JIEHHbIX KOrEPEHTHBLIX aBTOMOOWSIbHBIX PaaapoB. [MprBeaeHbl pesyibTaTbl CPAaBHUTENBHOMO aHann3a NpeanoXeHHoro
anropuTMa 1 Kinaccm4eckoro aBymepHoro metoga KennoHa Ha OCHOBE YMCAIEHHOrO MOAENMPOBAHUS MPY MOMOLLM
MeTona MoHTe-Kapno. Noka3aHo, 4To NpeaioxXeHHas cxema NPUBOANT K YAYHLLEHWNIO LLENIEBLIX METPUK (BEPOSITHOCTU
NpPaBUSILHOr O ONpeaeNeHns Yicna Lenen, cpefHekBaapaTN4eckor 1 CUCTEMATUYECKOM OLLMOOK M3MEPEHUS a3MyTa
1 yrna Mecta) No CPaBHEHMIO C OOVHOYHBIM pafsapom. MNocnenoBaTtenbHbI anroput™M 06ecneqnBaeT BbIUIPbILL B UC-
NoJIb30BAHUN BbIHUCINTENbHbIX PECYPCOB MO CPABHEHMIO C MOHLIM ABYMEPHbIM METOA0M KennoHa.

BbiBoAbl. [pennoxXeHHbI ABYMEPHbIN METO, OLEHKN YI/TIOB NPMX0Aa CUrHAN0B B 23UMYTaslbHOW 1 YT IOMECTHOW N0~
CKOCTSIX MOXET ObITb NMPUMEHEH AJ19 pacnpeneneHHoN CUCTEMbI BUCTATUYECKNX KOTEPEHTHBIX PAAAPOB C HECKOSIb-
KMMM NPUEMHBIMKU 1 Nepejatowmmm aHteHHamm (MIMO-pagapos). MeTon 0CHOBaH Ha NocnenoBaTelbHOM OLLEHKE
Yrn0oB Npuxoda (Ha NePBOM LUare — B a3uMyTaslbHOW MJIOCKOCTU, HA BTOPOM — B BEPTUKAJbHOWM). XapakTepUcTukm
CUCTEMBbI KOFEPEHTHbIX P2AAPOB C OrPaHMYEHHON KOHDUIypaumnern aHTEHHOM PELLETKN, CPaBHUMbI C XapakTepucTn-
Kamu BblcOKOnpouseBoanTensHoro 4D-pagapa co 3Ha4YMTeNbHO 60bLLNM YACTIOM 3/IEMEHTOB @HTEHHOW PELLETKN.
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KnioueBble cnoBa: pacnpeneneHHble aBTOMOOUbHbIE pagapbl, KorepeHTHas o6paboTka, anropuTMbl CBEPXpas-

peLleHns, ABYMEPHbIN anropntMm KerinoHa
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Mpo3payHocTb GUHAHCOBOW AeAaTeNIbHOCTU: ABTOP HE UMeeT GMHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin metogax.

ABTOp 3asB151€T 06 OTCYTCTBUM KOHGDNKTA UHTEPECOB.

INTRODUCTION

Recent developments in the field of automotive
electronics have given rise to a new generation of radars
called 4D radars'. Such devices allow simultaneous
measurement of three spatial coordinates (distance,
azimuth, and elevation) and velocity (Doppler shift).
At the same time, the high spatial resolution enables
recognition of overlapping images, such as a pedestrian
standing by a fence or a motorcycle driving next to
a truck.

One way to improve angular resolution is to increase
the number of transmitters (Tx) and receivers (Rx).
However, this approach is limited by the complexity
of hardware implementation and high cost of the final
product. Currently, the number of antennas ranges from
a few units to several dozen per radar. For example,
the Continental ARS540 radar (Xilinx, Germany) is
equipped with 12 transmitters and 16 receivers®. The
S80 automotive radar released by Uhnder, USA, has
a similar configuration [1]. In the more advanced
Phoenix radar by Arbe (Israel)’, up to 48 Tx and 48 Rx
are implemented.

Given the limitation on the number of physical
antennas, the angular resolution can be improved
through applying additional high-resolution (HR)
methods for neighboring signal sources (targets).
Among classical HR algorithms, mention multiple signal
classification (MUSIC), estimation of signal parameters
via rotational invariant techniques (ESPRIT), Capon
method, minimum polynomial method, and their
variations [2—6] should be distinguished. However,
these methods, while highly efficient, require large
computational resources, especially when using antenna
array systems (AAS) with a sufficiently large number of
antennas.

I https://autotech.news/the-future-of-automotive-radar-4d-
imaging-radar/. Accessed February 07, 2024.

2 https://www.xilinx.com/publications/presentations/continental-
ARS540-powered-by-xilinx.pdf. Accessed August 21, 2023.

3 https://arberobotics.com/wp-content/uploads/2021/04/4D
Imaging_Radar Product Overview.pdf. Accessed August 21, 2023.

In practice, when processing signals in automotive
radars, the estimation of direction of arrival (DoA) is
typically performed using only one sequence of short
pulses (the so-called “frame’), which gives one snapshot
(a time sample) in each radar [3, 7]. Thus, for the considered
problem, the number of time samples is less than the number
of AAS elements (the so-called “short sample”), resulting in
the complexity of using the above-mentioned HR methods
associated with the inversion of the ill-conditioned
correlation matrix of such short input process.

The second technique for increasing angular
resolution is based on implementing a coherent radar
with multiple receiving and transmitting channels
known as the multiple-input multiple-output (MIMO)
radar. MIMO radars equipped with Ny, Tx and Np,
Rx antennas form a virtual AAS equivalent to that of
a traditional system equipped with a single Tx antenna
and Ny * Np, Rx antennas (called multiple-input
single-output (MISO) radars). Thus, MIMO radars
provide an efficient path to achieve high angular
resolution with fewer real antennas [7-9]. However,
they require all received signals to be coherent and that
the waveform be orthogonal. When constructing MIMO
radars, different orthogonalization methods are used,
such as time or code division of signals [8, 9].

Using the MIMO technology, Arbe’s Phoenix radar
can create up to 2304 virtual antennas providing an
angular resolution (3 dB beamwidth of antenna pattern)
of 1.25° and 1.5° in azimuth and elevation, respectively.
At the same time, the field of view (FoV) is £60° in
the azimuth plane and +15° in elevation. Following
the same approach, the Continental ARS540 radar can
create 192 virtual antennas with 1.2° azimuth resolution
and 2.3° elevation resolution.

In order to satisfy existing requirements of advanced
driver assistance systems (ADAS), modern cars are
equipped with several sensors capable of operating as
a single unit and having a common (centralized) signal
processing. The advantages of such systems include
a significant improvement in their performance when
solving detection-, positioning-, and target-recognition
tasks as compared to a single radar (traditional
or MIMO).
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Two approaches to integrating measurements
from different radars are typically distinguished,
based on coherent and incoherent signal processing.
The incoherent scheme involves combining signals of
single radars operating in monostatic mode [10, 11].
The coherent scheme is based on creating a joint virtual
AAS of distributed radars operating in the bistatic
measurement mode, which requires full or partial
time/frequency synchronization of signals between
radars [12].

The present paper considers the 2D DoA estimation
method for coherent signal processing in the distributed
automotive radar system (DRS) for short length of time
samples. This method should provide high angular
resolution by coherent signal processing in distributed
radars with a small number of real antennas instead
of using a single high-performance 4D radar with
large AAS. At the same time, 1° azimuth resolution and
2° elevation are considered as necessary characteristics.

1. CREATING VIRTUAL AAS FOR DISTRIBUTED
COHERENT RADAR SYSTEM

We consider a distributed system consisting of two
coherent MIMO radars. Assume that this system has real
Ny, transmitters and Ny, receivers. The total number of
antennas of virtual AAS equals to N, = Ny, - Ny,

The location of virtual antennas is defined as
the convolution of coordinates of real receivers and
transmitters [13, 14]. The coordinates of the mth virtual
antenna may be calculated from the following formula:

MO

(M

_ro,

r%) is the position vector of coordinates of the
(9)

pth element of the transmitter; Iy, is the position vector
of coordinates of the gth element of the receiver; r, is the
position vector determining the choice of the coordinate
system; m = ¢ - p. Here it should be noted that, under
certain conditions of the radar AAS architecture,
several virtual antennas can have similar space
coordinates.

Thus, equation (1) can be rewritten in the following
form:

where

1 1
o =)+ ) el

2

where r%() and rf((l,z are the position vector of coordinates

of'the first transmitting and first receiving AAS elements,
respectively.

The properties of the virtual AR can be controlled
by changing coordinates of real Rx and Tx antennas.
The selection of antenna position is generally aimed at
obtaining a virtual array having a larger aperture, resulting

in the improved angular resolution of close objects. At
the same time, the concept of virtual AAS allows the
application of traditional AAS processing (including HR
algorithms) to estimate angular coordinates. The basic
idea of virtual AAS is to match its output signal with that
generated by some real AAS. Although such a match
is unambiguous in free space, multipath propagation
determines the optimal configuration of real AAS by
considering matching criteria. It is shown in [14] that, in
the presence of a reflected signal from the Earth, either
all transmitters or all receivers should have the same
height above the Earth’s surface. The simplest form of
such configuration for real transmitting and receiving
antennas is the L-shaped AAS.

An example of virtual AAS configuration for the
distributed system consisting of two coherent radars
with the L-shaped AAS is shown in Fig. 1. Transmitters
are marked with a cross, while receivers are marked
with a circle. The AASs of single radars are arranged
symmetrically with respect to the vertical axis (radar
center).

X X
Radar 1 Radar 2

X X

«
—K—0——0 O—0O0—&—>

D
X -Tx O -Rx
(a)

Bl Bl Bl BENE Em OO0 on

Bl BOE BN Oooon

(b)

Fig. 1. General geometry of the distributed radar system:
(a) AAS consisting of two L-type radars; (b) virtual AAS

The resulting virtual AAS consists of two virtual
monostatic arrays (highlighted in blue and yellow colors
in Fig. 1b) and one virtual bistatic array located in the
middle. The bistatic AAS consists of twice the number
of elements of the virtual single radar array [13, 14].

The virtual antennas formed using the bistatic
response of the left radar are shown in red, while those of
the right radar are shown in green. The middle elements
highlighted in orange in the virtual AAS contain
overlapping bistatic measurements from the right and left
radars. This position of antennas in the middle column
is necessary for considering and compensating for the
phase difference occurring between bistatic signals
in the virtual AAS under non-ideal time/frequency
synchronization.
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2. DESCRIPTION OF THE EXPLOITED
ALGORITHMS

2.1. Phase compensation algorithm

We propose a signal phase compensation algorithm
consisting of two stages. The first stage is used for
non-zero installment angle o of single radars (Fig. 2). If
the single radar installment angle is zero, then the first
stage is skipped, and only the second stage is applied.

XA

FoV intersection
of both radars

Radar 1 i s

Distributed system
consists of two radars

Fig. 2. General geometry
of the distributed radar system. Top view

First stage: compensating for the additional phase
incursion related to the non-zero installment angle of
a single radar.

We denote the signals of virtual bistatic
arrays (responses) from the left and right radars by
matrices Y, (i = 1, 2). We introduce the pth component
of the AAS scanning vector s(a) in azimuth for the radar
installment angle a as follows:

s, (@) =exp(2mid; (p~Dsin(a)), p=LN, (3)

where N is the number of antenna elements in the
horizontal plane of a single radar, j is an imaginary unit.

In order to compensate for the additional phase
incursion related to the non-zero installment angle of
a single radar, the following transformation is performed:

2,=G;-Y,, Z,=G,'Y,, 4)

where
G, =diag{s}, G, =diag{s*} (5)
and diag{s} is a diagonal matrix, the elements of vector s

lie on the main diagonal, and * is the sign of complex
conjugation.

We introduce matrix Z of dimension NTX/Z x 2N
containing signals Z, and Z,:

12.=[1,,7,]. (6)

Second stage: the jump in phases between bistatic
radar measurements is compensated by taking into
account the radar phase difference in the average element
of the constructed virtual AAS.

We extract a separate row consisting of 2N
elements: {z(1), z(2), ... z(2N)}from the complete set Z.
The virtual antenna array (selected row) consists of
2N — 1 elements with overlapping measurements in the
middle element (Fig. 3).

=~
s \,

/ AN
/ \
/ \

[ZN+1)\2(N+2)  Z(N-1) z(2N)
- —i—u>
!

ZAN-1), z(N)

-

Z(1)  2(2)

Fig. 3. lllustration of the sample construction for
a separate row of the virtual array

We shall find the phase difference in the average
element  A® = phase(z(N)) — phase(z(N+ 1))  and
compensate the obtained difference for antenna elements
with indices N + 2, ..., 2N, as follows:

{2(N +2), z(N +3),...z2N)} -exp(—j - AD).  (7)

The transformed signals used to estimate DoA
consist of the following 2N — 1 elements:

{z(D), z(2), ... z(N), z(N +2)-exp(—jAD),... g
z(N +3)-exp(—jAD),...z(2N) - exp(— jAD)}. ®)
The element with index N + 1 from the complete set
is not used in the final set (Fig. 4).

{z(N+2) z(2N - 1) z(2N)} - exp(—iAD)

z(1)  z(2) zZ(IN-1) z(N)

Fig. 4. Construction of samples for a separate row
of the virtual array

2.2. Two-dimensional algorithm
for estimating DoA

We consider two methods for estimating the azimuth
and target elevation: the classical two-dimensional (2D)
Capon algorithm and the proposed (new) two-step
method for sequential estimation of azimuth and
elevation.

The nonparametric 2D Capon method is selected
as the basic approach. Although this method does not
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require priori knowledge of the target quantity (or its
prior estimation), which simplifies the DoA estimation,
it has high computational complexity related to finding
the inverse matrix and the two-dimensional search for
extrema [2, 13]. This algorithm is based on the search
for maxima of the two-dimensional resolution function

N, 0):

1
nC ((Pa e) =

= ) 9
S(¢,0)" M31,S(¢,6) )

where M, is the estimation of the correlation matrix
of the input process of the two-dimensional AAS, while
S(o, 0) is the corresponding scanning vector.

The DoA estimation method proposed in the paper
consists in the sequential estimation of azimuth (first
step) and elevation (second step). We consider the
proposed DoA estimation scheme in detail.

The first step involves implementing the one-
dimensional Capon algorithm. Let there be an m x n
virtual AAS (marked with blue squares in Fig. 5 on the
left). A single time sample is used for estimating DoA,
which can be represented mathematically using matrix A
(see Fig. 5 on the right).

. Snapshot:
Virtual AAS matrix A consisting
EE Bl of elements aj;
am1 am2 amn
EE Bl 85y Apy ... 8o
EE BN a4y 84p -o- Ay

Fig. 5. Example of constructing samples
for estimation in the azimuth plane

We select a horizontal row of length n (one-
dimensional AAS is yellow squares marked with an
ellipse in Fig. 5) from full virtual AAS. In this case, the
entire matrix A is used to estimate the correlation matrix
of one-dimensional AAS. Single rows of matrix A can
be interpreted as “time samples” for one-dimensional
AAS. We compile matrix A in the following form:

(111 6121 aml
a a .o a

Az Y2 2 m2 | (10)
aln azn amn

allowing the one-dimensional resolution function for
the Capon method to be represented as the following
expression:

1

n(e) = Wm,

(1)

1
where matrix M = I A-AH| [ = m is the number of

rows in virtual AAS, (+)H is Hermite conjugation.

Solving the maximization problem (11), we obtain
k azimuth estimates: @, ..., ¢;.

In the second step, the 2D Capon algorithm for
elevation estimation is implemented. However, unlike
the full 2D Capon method, the search for maxima of
resolution function n(, 0) is performed only at fixed
values of the target azimuths @, ..., ¢, found in the first
step:

! |
9=0,  S(¢,0)" M3}S(o, 9)|(p o ’

N (¢.0)|

o, are fixed, / =1k (12)
Thus, the problem of finding maxima for two-
dimensional function n(, 0) (9) has been reduced to
k one-dimensional hill-climbing problems (12). The
solution to (12) is elevation estimates 0,, ..., 0.
The flowchart of the proposed algorithm is presented
in Fig. 6.

2.3. Spatial smoothing procedure

In real-world problems, only a single snapshot is
used to estimate DoAs. In this case, correlation matrices
M,, and M, are degenerate. For such situation,
a spatial smoothing procedure for the input data is
applied [3]. For this purpose, subarrays are selected in
main AAS whose optimal size is O = 0.7Ny; , [3, 5] for
each Ny dimension.

Inorderto explain the spatial smoothing procedure,
the subarray formation on the example of the L-type
radar system with 6T8R configuration is considered.
Then the bistatic virtual array is 6 x 15 in size, and
the size of subarray for spatial smoothing would be
4 x 10 when using the 2D Capon algorithm (marked
in red in Fig. 7a). In case of the 1D Capon algorithm,
the subarray size is 1 x 10 (marked in green
in Fig. 7b).

After selecting the subarray, several samples are
generated. Each sample is a part of the received signal
corresponding to the shifted copies of the selected
subarray (so-called forward spatial smoothing). The
number of samples can be doubled by applying the inverse
smoothing procedure [3, 5]. The spatial smoothing
results in L,y =36 and L,, = 12 x 6 = 72 spatial samples
for the 2D and 1D Capon algorithms, respectively.
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Samples

\ 4

Samples
transformation

2-Stage sequential algorithm

\ 4

Stage 1. Azimuth estimation

1D Capon
Py Py, - Py
P P2 P
Stage 2. Elevation estimation
2D Capon | | 2D Capon | ... | 2D Capon
algorithm | | algorithm algorithm
g g 04,0, ...6,
P10,V VP, 0, V' P O Dofs

Fig. 6. Sequential algorithm for DoA estimation

NN OO EOEEEA
DN ONEEE E

EEEEEEEEEENECTEOEEDS
EEEEEEEEERECOOEEOE

EERERNEEEEEENEOEEEE
EEEEEEEEEETEOEOEOE

(a)
NN NN NNN N EEE
(b)

Fig. 7. Subarray configuration:
(a) subarray for the 2D Capon algorithm;
(b) subarray for the 1D Capon algorithm

2.4. Estimating computational resources

For estimating the required computational resources
in the hardware implementation of algorithms, only
the complex multiplication operation is considered
as the costliest procedure [15, 16]. The computational
complexity of the full 2D Capon method is presented
in Tables 1, 2. The computational resource estimation
for the proposed sequential DoA estimation algorithm is
collected in Tables 3, 4.

The numerical estimates of computational resources
are presented in Tables 2, 4 for the following case:
e AAS of a single L-type 6T8R radar;
e virtual array size (bistatic measurements): 6 x 15;
e asingle snapshot;
e spatial smoothing procedure is applied.
The parameters “number of antenna elements”
and “number of time samples” in Tables 2 and 4 are
parameters after the spatial smoothing procedure.

Table 1. Computational costs of the 2D Capon method

Procedure Number of operations

Lyp(Nyp)* +(Nyp)?

Estimation of the
correlation matrix

Matrix inversion 4(N,p )?
Angles scan (Capon N )24 N
resolving function) (V2p) b
Search for maxima 4J1Nsteps

2
Total complexity (Nap)™(Lop +6) + Nop +4J 1 Ngeps

Table 2. Computational cost of the 2D Capon method

Parameter Value
Number of antenna elements Ny, =40
Number of time samples L, =36
Number of targets J; =2
Number of steps (points) to find Nsteps =N,N,,
maxima N,=N,=100
Total complexity 147240
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Table 3. Computational cost of the sequential DoA
estimation algorithm

Procedure Number of operations
Stage 1 (1D Capon)
Estlmat}on of th.e Lip(Npp )2 +( Nip )2
correlation matrix
Matrix inversion 4N, 1D )2
Scanning by 5
resolution function (Np)” +Nip
angles
Search for maxima 4J\N,
Stage 2 (2D Capon)

Estimation of 2 2

4(L,(N. N.
the correlation matrix (L2p(N2p)™ +(N2p)®)
Matrix inversion 4(Nyp)?
Angles scan (Capon 2

N + N.
resolving function) (N2p) 2D
Search for maxima 2-4J,N,
Ny (Lo +6)+ Noypy +2-4J, N, +
Total complexity (Nap)“(Lap +6)+ Nypy 2y
+(Nip)*(Lyp +6) + Nyp +4J,N,,

Table 4. Computational cost of the sequential DoA
estimation algorithm

Parameter Value
Number of antenna elements Nip=10
Number of time samples Liy=72
Number of targets J,=
Total complexity 76650

The computational complexity of the full 2D Capon
method is 147240 operations (complex multiplications)
and 76650 operations per the sequential DoA estimation
algorithm for given parameters. Thus, the computational
resource gain of the proposed algorithm is 1.9 times
higher as compared to the classical 2D Capon algorithm.

3. NUMERICAL SIMULATION RESULTS

We assume that the distributed system consists of
two coherent millimeter-wave (77 GHz) radars, the
sensor spacing is 1.48 m, and the installment angle is
0° (forward-facing radars). The antenna array system of
the single radar has the L-shaped 6T8R configuration
shown in Fig. 8.

The AAS period is 0.575\ (horizontal plane) and
1.93)1 (vertical plane). The single radar parameters
provide FoV of +60° in the azimuth plane and £15° in

the vertical plane. The main beam width at half power
level (=3 dB) is 11.25° in the horizontal plane and 4.46°
in the vertical plane.

Tx 6 ><

Tx 2
<
P 0.575\
- Tx 1
*K—O0—0 O—»
Rx1 Rx2 Rx3 Rx 8

Fig. 8. AAS of the single L-type 6T8R radar

For the DRS, given the resulting virtual bistatic
AAS, the main beam width in the vertical plane does not
change; however, it decreases to ~6° in the horizontal
plane compared to a single radar.

In order to illustrate the efficiency of the distributed
coherent radar system, two scenarios for spatial
arrangement of two close targets are considered. In the
first scenario shown in Fig. 9a, two targets are located
symmetrically with respect to the x-axis with angular
distance of 1° in the azimuth plane sharing the same
elevation of 0°. The angular distance between the targets
is 11 times smaller than the AAS beam width of the
single radar. In the second scenario (Fig. 9b), the two
targets have the same azimuth of 0° and are located
symmetrically with respect to the x-axis in the vertical
plane with an angular distance of 2°. The general
arrangement of targets and radars is shown in Fig. 9c.
The angular distance between targets is approximately
2.2 times smaller than the AAS beam width of a single
radar in the vertical plane.

The full 2D Capon method for a single radar and the
distributed system is used as the baseline algorithm for
comparison with the proposed algorithm for sequential
azimuth and elevation estimation for the distributed
radar system (DRS). For DoA estimation, a single
snapshot is taken.

The efficiency of the algorithms is compared
using the Monte Carlo method. For each SNR value,
a statistical ensemble of 2000 experiments is generated.
Here, three main metrics are considered as functions of
the SNR parameter:

1. The probability of correctly estimating the number

of close targets p:

pP=—, (13)

m
n
where m is the number of experiments with correctly
detected number of targets, while 7 is the total number
of experiments.
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Fig. 9. Spatial arrangement scenarios for two close targets:
(a) scenario 1; (b) scenario 2; (c) general geometry of the distributed system consisting of two radars

2. The mean square error (MSE) is the following:

where @, is DoA estimate for the th target in the mth
experiment.
3. The systematic error (SE) is the following:

(15)

The generalized numerical simulation results for
the proposed algorithm of sequential azimuth and
elevation estimation are presented in Table 5. It can be
seen that azimuth and elevation resolutions (1° and 2°,
respectively) are achieved at SNR of 36 dB (scenario 1)
and 20 dB (scenario 2) for the probability of estimating
the number of targets equal to 0.5 correctly.

The comparison of metrics as functions of the SNR
parameter for the considered algorithms under different
scenarios is shown in Figs. 10 and 11. The full set of metrics
under study consists of five graphs. The left part presents
MSE and SE metrics as a function of SNR for azimuth
estimation, while the right part presents that for elevation
estimation. The MSE and SE metrics are presented making
allowance for an additional constraint on the probability of
detecting correctly the number of close targets (p > 0.5).

Table 5. Generalized numerical simulation results for the proposed algorithm of sequential azimuth and elevation

estimation
Resolution Accuracy
Scenario SNR
Azimuth, Ap Elevation, A Azimuth Elevation

o B 0.12° (MSE) 0.6° (MSE)
! ! 0.11° (SE) 0.04° (SE) 36 dB

o 0.08° (MSE) 0.45° (MSE)
2 B 2 0.02° (SE) 0.04° (SE) 20dB
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Scenario 1 (Fig. 9a): two targets have azimuths
+0.5° and the same elevation of 0°.

The black dashed curve with asterisks corresponds
to the proposed sequential algorithm for DRS; the black
dashed curve with circles corresponds to DRS for the full
2D Capon algorithm; the blue curve with triangles/red
curve with crosses is the DoA estimation for the single
radar (left/right); the full 2D Capon algorithm is used.
It can be seen from the graphs that the single radars
have failed to reach the target metric level of correctly

© oo o=
o N ™ © o

estimating the number of targets at p = 0.5. Thus, the
results for SNR/SE metrics are not available in graphs.
The simulation results for the current scenario
show that the proposed algorithm for sequential DoA
estimation outperforms the full 2D Capon algorithm in
terms of metrics for correctly estimating the number of
targets (for large SNR values) and MSE due to the larger
number of spatial samples during azimuth estimation at
the first stage (72 vs 36, see Section 2.4). At the same
time, SE metrics for two algorithms have close values.

Probability
o
o
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Fig. 10. Metrics as a function of SNR. Scenario 1
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Scenario 2 (Fig. 9b): two targets have the same
azimuth of 0° and elevation of £1° (angular distance
of 2° in the vertical plane).

The results of the study show that the sequential
algorithm for estimating directions of arrival leads to
an improvement in SNR and SE metrics. While a single
radar can also distinguish between two close targets in
Scenario 2 due to the same apertures of AASs of the
single radar and the distributed system in the vertical
plane, the single radar with the full 2D Capon algorithm

o o =
© © o

loses in SNR and SE metrics to DRS with the two-step
algorithm.

The advantage of the proposed algorithm for DoA
sequential estimation compared to the full 2D Capon
algorithm can be explained by a more accurate azimuth
estimation at the first stage of the method due to a larger
number of spatial samples (72 vs 36), while the classical
2D Capon algorithm is compelled to estimate azimuth
and elevation simultaneously with a shorter spatial
sample length.

Probability
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CONCLUSIONS

A two-dimensional method for estimating directions
of arrival in azimuth and elevation planes for the
distributed system of bistatic coherent MIMO-radars
has been proposed. The method, which is based on the
sequential estimation of DoAs (in the azimuth plane at
the first stage and in the elevation plane at the second
stage), ensures 1.9 times gain (at selected system
parameters) in terms of use of computational resources

The comparative numerical simulation based on the
Monte-Carlo method shows that the proposed scheme
for coherent processing of distributed radar signals
for DoA estimation leads to an improvement in target
metrics (probability of correctly estimating the number
of targets, MSE and SE) compared to a single radar. The
performance of the system comprising coherent radars
having a limited AAS configuration is comparable to
that of a high-performance 4D radar with a much larger

as compared to the full classical 2D Capon method.

12.

13.
14.

15.

16.

number of AAS elements.
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