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Abstract: The target signal-to-noise ratio (SNR) can be notably improved by coherent-on-receive
synthesis (CoRS) in distributed coherent aperture radar (DCAR). A core challenge of CoRS is to
estimate the coherent parameters (CPs), including time, frequency, and phase, in order to cohere
the multi-radar within DCAR. Conventional methods usually rely on the target’s own information
to estimate the CPs, which is not available in highly dynamic environments. Additionally, the CPs
of different targets, especially the phase, are unequal in high-frequency systems. This means that
we cannot directly use the CPs of one target to compensate for others. To address these issues, an
adaptive CoRS method using the dominant scatterer is proposed for millimeter-wave (MMW) DCAR
in this paper. The basic idea is to correct the CPs of the dominant scatterer to compensate for other
targets. The novelty lies in the adaptive phase compensation based on the estimated CPs. This
phase compensation depends on a series of discrete phase values, which are derived from the limit
of synthesis loss within a given configuration. Hence, this method avoids the requirement of prior
information or massive searches for the possible locations of other targets. Moreover, the dominant
scatterer in this work is an unknown target with strong scattering points in radar detection scenarios,
and we focus on analyzing its selection criteria. To validate the proposed method, a prototype system
has been fabricated and evaluated through experiments. It is demonstrated that the multi-target can
realize CoRS effectively, thus enhancing the target SNR.

Keywords: coherent-on-receive synthesis; distributed coherent aperture radar; coherent parameters;
dominant scatterer

1. Introduction

Distributed coherent aperture radar (DCAR), which is composed of several inde-
pendent unit radars, has potential for radar detection, tracking, and recognition [1-3].
These unit radars can be placed in different positions and used together in a coherent and
cooperative way to enhance the target energy significantly.

A typical mode of DCAR is coherent-on-receive synthesis (CoRS) [4-6]. With this
mode, DCAR could promote the target signal-to-noise ratio (SNR) by M? times, where M
is the number of unit radars. In CoRS, the multiple-unit radars rely on hardware for syn-
chronization and transmit orthogonal signals [7-9]. This hardware allows the target echoes
to be separated at each receiver. By analyzing these echoes, we can estimate the coherent
parameters (CPs) between different unit radars, including transmission time, frequency,
and phase [10,11]. The estimated CPs can then be used to carefully adjust the echoes so that
the echoes can be added together at the same time and phase. The synthesis performance
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of DCAR depends on high-accuracy CP estimations. Moreover, the demands for estimation
accuracy also increase with the radar carrier frequency and bandwidth. Therefore, the
majority of the research on CoRS is focused on the low-frequency system [12-14].

To align the time and phase between unit radars, hardware-based methods have
been investigated in the literature [15-18]. They utilize wired or wireless connections
to obtain high-precision synchronization. However, these methods commonly require
highly complex hardware. Additionally, even with almost ideal synchronization, real-
time monitoring and calibration are still required in practical applications because of
hardware instability.

Estimating the CPs based on observed target echoes is an effective way to solve the
above problems. Existing estimation methods can be roughly divided into two categories.
One is detecting the target’s own peak in returns for estimations [19,20], and the other is
utilizing a cooperative target with prior information, called the dominant scatterer [21,22].
However, these methods are quite limited in highly dynamic scenarios. The former will
fail when all scattering points of the target are undetectable, and the premise of the latter,
requiring prior information, is hardly valid in many applications. Furthermore, using
the estimated CPs of one target, the phases of other targets may still not be aligned in
multiple-unit radars. This is caused by the spatial phase between different targets, which
can be neglected in previous low-frequency systems. In high-frequency systems, such as
millimeter-wave (MMW), the spatial phase may vary significantly, so we cannot directly
use the estimated CPs of one target to compensate for the others.

In this paper, a novel CoRS method is proposed to solve the above issues for MMW
DCAR. The basic idea is to correct the CPs of the dominant scatterer to compensate for
other targets. Unlike the previous works that use a pre-positioned corner reflector or
active backscatter transponder as the dominant scatterer, the proposed method employs
an unknown target with strong scattering points to estimate the CPs in radar detection
scenarios. For the dominant scatterer, we focused on analyzing its selection criteria and
procedure. Furthermore, an adaptive phase compensation approach was explored to
correct the estimated CPs of the dominant scatterer. This approach can compensate for
the phases of different targets using a series of discrete phase values. Different from the
general approaches that compensate the phases by searching for the possible positions of
other targets point-by-point, the determination of discrete phase values in this approach
is derived by the limit of synthesis loss within a given MMW DCAR configuration. This
approach can simultaneously align the phase of targets located in a certain region based on
the phase relationship between multiple unit radars. Hence, it can significantly reduce the
number of phase compensations searches and remove the need for the spatial position of
other targets. Finally, a prototype system composed of three MMW radars with a common
trigger was fabricated, and the proposed concepts were confirmed via measurements with
this prototype system. The main contributions in this work can be summarized as follows:

1.  We first introduce the coherent-on-receive synthesis into the millimeter-wave dis-
tributed coherent aperture radar. This method can be widely used in millimeter-wave
radar applications, such as autonomous driving and precision guidance;

2. An adaptive compensation approach is proposed to correct the estimated CPs of the
dominant scatterer. On the one hand, prior information about the dominant scatterer
is not required, and we can choose an unknown target with strong scattering points
to estimate the CPs in radar detection scenarios. On the other hand, there is also no
need for the spatial position of other targets as prior information;

3. The proposed MMW DCAR can be adaptively cohered based on observed target
echoes, thus reducing the hardware demands for high-accuracy synchronization.

The remainder of this paper is organized as follows. In Section 2, we introduce
the workflow and signal model of CoRS in DCAR. In Section 3, the proposed method is
described and derived in detail. Moreover, its constraints are also analyzed to present the
selection criteria of the dominant scatterer. In Section 4, the proposed method’s evaluation
via simulations is reported. Section 5 illustrates the real-data results with a prototype
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system to verify the feasibility of the proposed method. Finally, we conclude this paper
with a summary of the main outcomes in Section 6.

2. Background
2.1. Workflow of CoRS in DCAR

The distributed coherent aperture radar (DCAR) is composed of M unit radars. An M?
SNR gain could be obtained over a unit radar when coherence-on-receive synthesis (CoRS)
is realized, which makes it capable of attaining the equivalent performance compared with
a large aperture radar.

There are three steps, including system hardware synchronization, coherent parame-
ters estimation, and cohere-on-receive synthesis, in the operation procedure of CoRS, as
displayed in Figure 1. The workflow can be illustrated as follows:

1. The multiple-unit radars within DCAR rely on wired or wireless connections to ensure
that they can operate at the same time.

2. Due to the imperfect synchronization and the unequal range between different unit
radars and targets, there are multidimensional differences between any two radars,
called coherent parameters (CPs). To solve this problem, the multiple unit radars
transmit the orthogonal waveforms with the same time base, which allows the target
echoes to be separated at each receiver’s matched filter output. By detecting the target
peaks in different echoes, the CPs can be estimated.

3. The estimated CPs are used to adjust the echoes of multiple unit radars, and then
the adjusted echoes are added together with the same time and phase to obtain the

SNR gain.
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Figure 1. The workflow diagram of CoRS in DCAR.

2.2. Signal Model

Multiple-unit radars transmit the orthogonal waveforms to guarantee that mixed
echoes can be separated at the receivers. The basis waveform in this work is the fast chirp
sequence [23-27], where a series of chirp signals is successively transmitted in one coherent
processing interval (CPI). With the basis waveform, various orthogonal techniques have
been reviewed in [28], such as time division, frequency division, and code division.

The frequency-division method limits the available bandwidth for each transmitter as
well as the range resolution [29,30]. Moreover, its intermediate frequency (IF) should have
a large bandwidth to hold the mixer output, resulting in high hardware costs. The code-
division method modulates different phase sequences on the transmission pulses [31-33].
Due to its imperfect orthogonality, this waveform will have relatively high sidelobes in the
spectrum. The high sidelobes may reduce the estimation accuracy of coherent parameters,
resulting in an overall loss of synthesis.
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Considering the above issues, we recommend using the time-division method. This
method is simple, but the unambiguous Doppler range will be reduced. To solve this
problem, staggered PRT or multiple PRT approaches can be used to estimate the ambi-
guity number [34,35]. These approaches have a good performance in resolving velocity
ambiguity, yet have a relatively low data rate. Additionally, the time-division method will
also receive interference signals from other radars in many applications, such as traffic
scenarios. Although the parameters of the signals may be different, they may produce
non-phase-referenced interference, which will limit the performance of CoRS. In this regard,
interference mitigation approaches [36-39] can be employed to solve this issue. Based on
these approaches, we can first estimate the interfering signal. Then, after removing the
estimated interference, the radar echoes can be restored with sparsity-based techniques.

Utilizing the time-division method, as shown in Figure 2, in a single chirp duration,
only one unit radar transmits a linear chirp of the form:

s(t) =exp [j27'[ (fot + ;kt2> } , 1)

with carrier frequency f, frequency slope k = B/ T, where B is the sweep bandwidth and
T represents pulse repetition time (PRT).

A
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Figure 2. The fast chirp sequence waveform used in the MMW DCAR with time-division method.

Since the proposed MMW DCAR only relies on a common trigger for synchronization,
itleads to multidimensional synchronization errors between any two unit radars. Assuming
that the synchronization errors of the m-th radar, compared with the reference radar (the
first radar), include time synchronization error AT}, frequency synchronization error A f;,,
and phase synchronization error Ag,,, the echo of the m-th transmitting radar and the n-th
receiving radar can be expressed as

sunt)= exp | 727 (o o) (¢ = Tn) + 3K =) ) +i0n ], 2
with Ry + Omnt
T = ——— + AT 3)
ATyn = ATy, — AT, 4)
Ao = A — Ay ®)
APmn = Apm — Ay (6)

where R, and v, represent the sum of the propagation distance and radial velocity of
the target, and c is the speed of light.
Further, the beat signal can be obtained with de-chirp processing as

) 1 .
Sbeat,mn(t) = exp {]27T<(f0 + Afmn)Tmn + kTint — 2k(Tmn)2> +]A(Pmn:| . (7)
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Supposing t = ts+t,, where ¢; is the sampling time in PRT and ¢,= p x PRT denotes
the velocity dimension sampling time, the beat signal can be modified as

kRyn~+ foUmn+A frnOmn —kvmn ATyn +kvmnts
mn f() mn fmrz rzn mn mn mnls JrkATmn _ Afmn>ts

foUmn JrAfmnvmn —kvmn ATyun+kvmnts
+ c tl’

mn +kATimn ) Rin 2 Run+0mnts +0mnt 2
+(M+(fO+Afmn)ATmn*kA;”“)*%( v 0, p)

c

Steatmn (ts/ tp) = exp{ j27 + jAQun - (8)

Note that the quadratic phase terms within the beat signal have been neglected because
their contribution to the phase change is small, referring to [22]. Further, the beat signal
can be simplified as

Sbeatmn (Es/ tp) = exp [[20(Dsts + Pty + D) | - exp[jA@mn), 9

where
kR + fovmn

(I)S — kATmn - Afmn + C (10)
q)p _ vamn + Afmnvznn — kvun ATun (11)
R + A fun R — kR AT,
CDC _ fO mn fmn mn mn mn + (f0+Afmn)ATmn~ (12)

c

The classical signal model with the time-division method was derived. Usually, the
sampled data are stacked together in a cube according to the fast time and slow time. Hence,
the range and velocity of the targets are separately extracted with a two-dimensional fast
Fourier transform (2D-FFT) from this data cube, which can be expressed as

Smn (fV/fU) = ]:[Sbeat,mn (tS/tp)} (13)
= sinc(fy — D) - sinc(fo — ®p) - exp[j271(Dc)] - exp[jAQun],

where F[-] represents the 2D-FFT processing.

Clearly, the target can be focused on the range-Doppler spectrum; however, there is
an uncertain deviation caused by the synchronization errors. To estimate the deviations in
range or the Doppler spectrum, we can detect the target peak in different echoes. However,
the phase deviation, as in Equation (12), which is proportional to the radar carrier frequency,
is related to the target’s spatial position and the synchronization errors. Therefore, it may
vary significantly for different targets in high-frequency systems. This means that the
available region for estimating CPs of phases is quite limited. When we compensate the
phases using the CPs of one target, the phases of other targets cannot be aligned, leading to
a great CoRS loss.

3. Proposed Method

To solve the above problem, a novel coherent-on-receive synthesis method using the
dominant scatterer is proposed, and its processing flow is presented in Figure 3.

Coherent-on-Receive Synthesis

CPs Estimation | Echoes Compensation | | Adaptive Phase Compensation

Range-Doppler Spectrum

Channel /1 /Velocity Channel / Velocity (Dl 7% 7 -
, : i/ 4 $

7 ~ Dominant Scatterer

Dominant 7 @

Scatterer J -
a7 /

-

j /- Weak Target
> ( ) P8

y~4
lod
~ 4

Range / / l

N

Range

Iz

A Series of Discrete Phase Values

Figure 3. The processing flow of the proposed method using the dominant scatterer.
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First, the proposed method uses the dominant scatterer to estimate CPs, in which the
dominant scatterer is realized as an unknown strong target in radar detection scenarios.

Second, the echoes of multiple unit radars can be compensated with the estimated
CPs of the dominant scatterer. In this way, the range and velocity of different targets in
multiple unit radars can be aligned, but the phase requires further adjustment.

Third, an adaptive compensation approach was explored to align the phases of various
targets in multiple unit radars. The phases of different targets are compensated with discrete
phase values. Unlike the general approaches that compensate the phases by searching for
the possible positions of other targets point-by-point, the determination of discrete phase
values in this work is derived by the limit of synthesis loss within a given MMW DCAR
configuration. This approach can simultaneously align the phase of targets located in a
certain region based on the phase relationship between multiple unit radars. Hence, it can
significantly reduce the number of phase compensation searches, and there is no need for
the spatial position of other targets.

Furthermore, we derived the constraints of the proposed method and focused on
analyzing the selection criteria and procedure of the dominant scatterer. The theoretical
CoRS gain is also deduced to evaluate the performance of the proposed method in practice.

3.1. CP Estimation Using Dominant Scatterer

According to the focusing positions, we can estimate the CPs using the dominant
scatterer. In previous works, the dominant scatterer was realized as a pre-positioned corner
reflector or active backscatter transponder, which is hardly valid in high-dynamic scenarios.
Instead, the dominant scatterer in this work is defined as an unknown target with strong
scattering points in radar detection scenarios, such as vehicles, signs, etc.

The specific estimation method is similar to conventional methods. Assuming that
channel 1T1R is the reference channel, which consists of the first transmitting and receiving
radar, according to Equation (9), the beat signal in channel 1T1R without synchronization
errors can be derived and simplified as

, v kR v R
Spear11 (s, tp) = exp{ﬂﬂ[(focn + C“>ts + foc“ by + foc“} } (14)

Correspondingly, the estimated CPs for time can be obtained as

Afmn + Riyun — Ryq _'_fO(Umn_Ull)'

AT = ATpn — T - o (15)
Similarly, the estimated CPs for velocity can be calculated as
~ Omn — 011 Afmnvmn kvyun
AVyn = - ATy, 1
mn 2 + 2f0 Zfo mn ( 6)
Moreover, the CPs for phase can also be estimated as
. Run — R A — kATyun)R
Adun = 27| (fo + Afyun) ATy + 121 - 1) (Afmn ; )R | A . (12)

3.2. Echoes Compensation and Analysis
Using the estimated CPs, as in Equations (15) to (17), the beat signal can be compensated as

$ beat,mn (tsstp) = Sveatmn (Es/ tp) -exp(—janATmn - ts) -exp(—janfoAan “ty) - exp(—jAPmn). (18)

After compensation, the multidimensional parameters can be aligned with the refer-
ence channel. This means that the echoes can be added together to enhance the SNR of the
dominant scatterer. However, due to the spatial difference, the compensated signal of other
weak targets may have deviations. These deviations may lead to a great synthesis loss of
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weak targets. Therefore, we carefully derive the deviations and present an analysis thereof
in the following.

Assuming that the CPs of a weak target can be estimated, the ideal compensated signal
can be aligned to the reference channel and is expressed as

. 0011 kRqq 0011 oR11
S/beat,mn(tSrtp”DSHWT:exp[]zn(<f C|WT+ ClWT>ts+f C|WTtp+ f C|WT>], (19)

where Ri1|yr and 11|y denote the range and velocity of the weak target in reference
channel.

Due to the lack of the estimated CPs of the weak target, we can only utilize the CPs
of the dominant scatterer to compensate for the beat signal. In this way, the compensated
signal can be derived as

Slbmt,mn (tS/ tp) }DS%WT = Sheat,mn (ts, tp) |WT : exp(—janATmn : ts) . exp(—janngan ! t}’) : exp(_jA(/A)mn)

k(Rmn|wr— Rmn|ps+ Ri1lps) + fo(omnlwr—vmnlps+v11lps) _ k(Omnlwr—vmnlps)ATmn )ts
c c

(20)

c
=exp ]‘27-[ + f()(vnm\WT*UZm‘DSJrUH\Ds) + (Afnm*kATnm)(Z"m|WT*vmn‘Ds) tp

fo(Rumn|wr = Rmnlps+ Ri1lps) + (A fmn —kATwmn ) (Rmnlwr — Rmn|ps)
c c

Comparing Equations (19) and (20), it is apparent that the results including range,
velocity, and phase are shifted. Specifically, the deviations can be calculated as

Rynlwr — Rmnlps + Ruilps — Rulwr

ARun|ps—wrt =~ > , (21)
v -0 + o1 — V11
AanIDSHWT ~ m'ﬂ|WT mn|D52 |DS |WT, (22)
o( R — R + Rq1 — Rqp A — kAT, R — R
A¢mn|DS%WT — 27.[<f ( mn|WT mn|DSC ’DS |WT) + ( fmn mn)( Cmn|WT mn|D5) ] (23)

Herein, the range and velocity deviations are simplified because the neglected terms
are much smaller than the reserved ones, which can be expressed as follows.

Jo(Omnlwr — Pmnlps + v11lps — v11lwr) _ k(vmn|wr = ©mn|ps) ATmn < k(Run|wr — Run|ps + Ru1lps — Ru1lwr) (24)
c c c !
k(vmnlwr — “mnlpg)ATmn < Jo(mnlwr — Ymnlps + v11lps — v11lwr) (25)
C C

Obviously, the deviations in range and velocity are caused by the geometry of the
target relative to multiple unit radars. It is difficult to further compensate them due to
the lack of a weak target position. In this regard, we define the constraints for dominant
scatterer compensation so that these two deviations cannot exceed half a resolution cell
after compensation. The specific derivation and analysis are presented in Section 3.4.

The phase deviation, as in Equation (23), is composed of two terms. The former is
only determined by multi-target spatial positions, and the latter is a coupling term with
the spatial positions and the synchronization errors. Similarly, it is difficult to accurately
compensate for the phases due to the lack of weak target information. Moreover, the phase
deviation is proportional to the radar carrier frequency. It will vary significantly for different
targets in the MMW system, and hence is required to be adjusted for effective CoRS.

3.3. Adaptive Compensation for Phases

To align the phases of different targets in multi-channels, an adaptive compensation
method is proposed. Considering that the phase deviation is composed of two terms, we
performed two-step compensations to align the phases in multi-channels.

First, we utilized the information and CPs of the dominant scatterer to compensate
for the coupling term, which is composed of the spatial positions and the synchronization
errors. Thereafter, due to the lack of weak target information, we propose to compensate the
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A¢ o DsswT = 2”(

phase adaptively with discrete phase values. The determination of discrete phase values is
derived from the limit of synthesis loss within a given MMW DCAR configuration. Hence,
this approach can simultaneously align the phase of targets located in a certain region
based on the phase relationship between multiple unit radars. It can significantly reduce
the compensation number and remove the need of the spatial position of weak targets.

3.3.1. Compensation for Coupling Term

To eliminate the coupling term of phase deviation, the signal of each channel can be
compensated with the CPs of the dominant scatterer and can be expressed as

(kR — R AT,
Seorr(frr f2) = F [ seatyn (b5 £0) | ;s pr] ~exp<—]2n( (Runit 1:n|DS) mn)) 26)

where R,;it = [R1, Ry, -+, Rmax] represents the cells in range spectrum.
After compensating for the coupling term, the phase deviation of the weak target can
be derived as

k(R —R AT,
Aq)/mn‘DS%WT — Aq)mﬂ‘DS%WT —27T|: ( mn|WT Cmn‘DS) mnj|

=2

fO(Rm”|WT_R"’71|DS+R11IDS_R11IWT) ]

c
+k( Rmn‘w]‘* Rmn‘Ds)z 4 fO(Rmnle'*Rmnlps)(vmn‘w'[*vmn‘[)s)
c2 c2

~ fO(Rmn‘ —Rmn‘ S+R11‘ S_Rll‘ )
~ 27T [ WT DC D WT .
(27)
Herein, it is apparent that the compensated phase deviation only relies on the multi-

target spatial positions.

3.3.2. Compensation for Spatial Phase

Although the compensated phase deviation is only related to the multi-target positions,
aligning the phases of weak targets is a challenging task. On the one hand, we cannot obtain
prior information on weak targets to compensate the phase directly. On the other hand,
compensating via searching for the possible positions of the weak targets leads to a large
number of compensations. To this end, we propose to compensate the phase adaptively
with discrete phase values, which are derived by the limit of synthesis loss within a given
MMW DCAR configuration.

First, in a given configuration, the relative relationships of the compensated phase
deviations of the weak targets within multi-channel are derived. Second, we define the
acceptable synthetic gain loss and construct an inequality equation from this loss. Finally,
the phase tolerance is deduced by solving the inequality equation. The phase tolerance is a
discrete phase value, which can be defined as the maximum acceptable phase difference
between any two channels. According to this tolerance, we can adjust the phases of multi-
channel adaptively with the relative relationship. The specific derivation of this approach
is described as follows.

The compensated phase deviation in channel mTnR in Equation (27) can be rewritten as

fo( Rmlwr + Ralywr — Rulps — Ralps + 2R1|ps — 2R1|WT)>
C 7

(28)

where R;|pg and R;|y represent the one-way propagation range from dominant scatterer
and weak target to i-th radar.
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In a given MMW DCAR configuration, the relative relationship of the compensated
phase deviations can be derived as

A¢' 1 psswr =A@’ 1 IDs—wT
A¢ L lpsswr = A 1 psswr + D¢y, Ipsswr (29)
AQ . IDs—wt =2 X A¢'1, IDs—wr-

Thereafter, we analyzed and derived the signal power after CoRS. Herein, it is assumed
that multi-channel signals after compensation have the same amplitude and only the phase
deviations. For the MMW DCAR composed of N unit radars, the signal power of N>
channels after CoRS can be expressed as

Pcors = [exp(jAg'y1IDsswr) + -+ + exzp(].Aq)/mﬂDS%WT) + -+ exp(jing yylpsowr )]

N N ‘
= {21 ;1 exp(]Aq),mn|DS~>WT):|
N 2 (30)

N N
= H Elexp(jA(P/lm|DS—>WT):| X [21 exp(jA§9/1n|DS—>WT>]
m= n—=
4

N
= {21 exp(jA(Pllm|DS—>WT)} :
m=

Correspondingly, the theoretical signal power after synthesis, in which each channel
is aligned to the reference channel, can be denoted as

N N 2
Popt = [2 ) [EXP(]'A(P/11|DS—>WT)]] = N* (31)
m=1n=1

Due to the phase deviations, there is a certain gain loss. We define the acceptable
synthetic gain loss as Pgy, which can be expressed as

Pcors = Popt — PoL

4
N
4 / > 7PGL/10 4
& [mgl exp(jAg 1m|D5%WT)} > (10 ) x N (32)
N 2
& [ Yy exp(jA§9/1m|DS—>WT ):l > (1O_PGL/20) x N2
m=1
According to the Euler formula, it can be rewritten as

N 2
{ B exp(].A(Pllm|DS—>WT)} > (10_PGL/20) % N2

m=1
N SN ? Pgr/20 2
& ) cos(Ag0’1m|D5HWT)> +]< Y szn(A(p’lm|D5HWT))] > (10* GL/ ) x N (33)
m=1 m=1
N N ! ! —Ps1 /20 2
& N+ Y L cos(A¢'y,|Ips—wr — A¢'y,Ips—wr) = (10 GL ) x N-.
m=1n#m

By solving the inequality equation, Equation (33), we can obtain a certain phase
tolerance. This tolerance is defined as the maximum acceptable phase difference between
any two channels and can be derived as

Vm,n, (N?> — N)cos(A¢' 1, | Ds—wr — 891, |ps—wr) > (107F6/20) x N2 — N

10-PGL/20) x N1 (34)
= Vm,n, |A(P/1m|DS%WT - A(P,1n|DSﬁWT| < WCCOS<(N_1)> = @PTole-

This phase tolerance is a discrete phase value, that is used to guide the compensation of
each channel. For an arbitrary channel, we can cyclically compensate a phase value to satisfy
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the derived tolerance. Within the phase region [—7t, 77|, the number of compensations can
(35)

be denoted as
Numicorrect = [ﬂ/(PTole:l/

and the value for each compensation can be expressed as

2k, 7T
L ko =0,1,---,[71/ ¢pp1e] — 1. (36)

Pcorrect = 7(7_[/?%16-‘ Ko

It should be noted that only the channels from 1T2R to 1TNR are required to be
compensated. Owing to the relationship, as in Equation (29), the remaining channels can be
compensated adaptively. Therefore, the total number of compensations for N unit radars
can be deduced as

N = ([ / orote )N (37)

Numyy = (Numcorrect)

Utilizing the proposed method, the phases of the weak target can be aligned in one

of the sets of compensations. This method can simultaneously align the phase of targets
located in a certain region based on the phase relationship between multiple unit radars.
Hence, it can significantly reduce the number of compensations, and there is no need for

the spatial position of other targets.

3.4. Selection of Dominant Scatterer
The dominant scatterer in this work is defined as an unknown target with strong

scattering points in radar detection scenarios, such as vehicles, signs, etc. Its selection
may directly affect the synthetic performance of other targets. Therefore, we focused on

analyzing the selection criteria and procedure of the dominant scatterer.
The constraints of the proposed method will vary with the positions of the dominant

scatterer, and the synthetic gain of weak targets also relies on the dominant scatterer’s SNR.
In this regard, we defined the constraints using the dominant scatterer and performed the
simulations on the influence of the dominant scatterer position and SNR. The selection

criteria and procedure can be obtained from the results.

3.4.1. Analysis of Constraints
In Section 3.2, we derived and analyzed the deviations in range and velocity after

compensation using the dominant scatterer. These two deviations may lead to the failure
of the proposed method. This means that the compensations using the dominant scatterer
are valid for a certain region, as depicted in Figure 4. Specifically, we defined the constraint
that the deviations could not exceed half of a resolution cell after compensation.

4 Velocity 4 Velocity
T T T T n
/i Radar Detection Region /!
b [
e [
(. [
[ ]
[ 7
S 7
) J .. e ]
i i ~ { 1 Compensations 5
Py P g
WY, S o N e
N o n < -
S e —=ooaoSoaaIons ] .
Dominant |/ Dominant
~ { ! ~
Scatterer P Scatterer
1 3
h
4
i
i
i Range Range

Figure 4. Conceptual diagram of constraints for the compensation using the dominant scatterer.

For the purpose of simplification, the MMW DCAR used in this work was considered
a rigid system. Namely, the relative motion states of multi-unit radars can be considered
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constant. On this basis, a typical scenario composed of the MMW DCAR and two targets is
displayed in Figure 5. The specific constraints in this scenario are derived as follows.

Yoo ‘ «- " Weak Target

Figure 5. Geometric diagram of the DCAR and multi-target.

The compensated signals of the weak target should be focused on the same range cell
in each channel, which can be expressed as

ARmn

< Rres’
- 2

’ Rynlwr — Rmnlps + Ruilps — Rulwr

5 (38)

DS—WT =

where R;.s represents the range resolution. As shown in Figure 5, the coordinates of the
weak target are required to meet the first constraint, which can be further deduced as

\/(RxZ —h)* 4+ R + \/(Rx2 —I)* + RY, — 2\/R§2 + R}
— /(R —1)* + R, = \ /(R — b)? + R, +2, [R%, + R2,

Similarly, the compensated signal must be focused on the same velocity cell, which
can be denoted as

S RI’ES' (39)

Omn|wr — Umnlps + 011lps — v11lwr
2

S ‘/VES

5, (40)

AVin|ps—wr =

where Vs represents the velocity resolution. Then, we can derive the second constraint for
the weak target as

Ryp—11)*+R2 Ry—h)*+R2, R2 +R2
\/( 2—1)"+RY, \/( 2—1) \/ < V.. (41)
2R,

— Ryl + Ryl _ 2
VRa—h) 4R\ J(Ra—LP+R: /R R

Furthermore, due to the shift of the range spectrum caused by the synchronization
errors, the proposed method requires that the multi-target in all channels must be within
the observation region after translation, which can be denoted as

Vm, 1,0 < Ryun < Ryax, (42)
where Ry is the maximum observation in the range spectrum. Hence, the third constraint
can be derived as

R — CAgmn _ CAfmn > 0

cATyy _ cAfimn

cATwn  cAfun
2 2k ’

Vm,n, 5 T

< R < Ryugx —

(43)

R+

AT, cA
£ zmn - fmn < Rmax
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In summary, the compensations for weak targets are valid for a certain region that
relies on the position and velocity of the dominant scatterer. We performed the simulations
on this in the next subsection to analyze the selection criteria for the dominant scatterer.

3.4.2. Selection Criteria

We performed the simulations to determine the influence of the dominant scatterer
position and SNR. The selection criteria and procedure can be obtained from the results.

The comparison tests are composed of four scenarios in which the dominant scatterer
is located in different positions, as given in Table 1. Moreover, the parameters of the MMW
DCAR configuration and the weak target traversal region are presented in Table 2.

Table 1. Parameters of the dominant scatterer position.

Parameters Test 1 Test 2 Test 3 Test 4

Cross range Om —10m Om 0Om

Radial range 60 m 60 m 150 m 60 m
Velocity 20m/s 20m/s 20m/s —5m/s

Table 2. Parameters of the MMW DCAR configuration and weak target.

Parameter Value
Carrier frequency 77 GHz
Range resolution 0.5m
MMW DCAR Velocity resolution 0.3m/s
Number of radars 3
Radar spacing 0.3m/0.2m
Traversal region in cross range [-15m 15 m]
Traversal region in radial range [10 m 210 m]
Weak Target Travers.al region in velocity [-10m/s 10 m/s]
Traversal interval in cross range 0.15m
Traversal interval in radial range 1m
Traversal interval in velocity 0.2m/s

According to Equations (21) and (22), the deviations in range and velocity are calcu-
lated and depicted in Figures 6-9. The effective regions, satisfying the constraint that the
deviations cannot exceed half of a resolution cell after compensation, are also presented.
The part marked in red corresponds to the effective region, which covers the majority of
radar detection scenarios. This means that the proposed method can be effectively adapted
to many applications.

0.6m 0.3m/s

0.2m/s

z z
0.2m E 0.1m/s E
= 0 =
0 Z &
n g Om/s E
T -5 G}
-02m > >
-0.1m/s
“10 -10
—04m 200 200 g
- -0.2m/s 5 15
10 /?.;%l 150 10 i 150 <
o & -0.6m ]\)(7’78 100 : o o A, 10 g g a )
- _Rang® © 50 i o RanE® -0.3m/s 0, 5 10 7 e
10 gossw (n,) 10 cvosS“ 3 ge(nv S5 ~0 C‘os&gax\%
(a) (b) (c)

Figure 6. The simulation results of Test 1. (ab) display the range and velocity deviations.
(c) represents radar detection scenario, including effective region (red) and ineffective region (gray).
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Figure 7. The simulation results of Test 2. (ab) display the range and velocity deviations.
(c) represents radar detection scenario, including effective region (red) and ineffective region (gray).
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Figure 8. The simulation results of Test 3. (ab) display the range and velocity deviations.
(c) represents radar detection scenario, including effective region (red) and ineffective region (gray).
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Figure 9. The simulation results of Test 4. (ab) display the range and velocity deviations.
(c) represents radar detection scenario, including effective region (red) and ineffective region (gray).

As shown in Figures 6-9, it is apparent that the radial range and velocity of the
dominant scatterer have a negligible impact on the effective region. On the contrary, the
deviations will increase with the cross range, and the corresponding effective region will
reduce significantly, as shown in Table 3. Therefore, the first criterion is that the dominant
scatterer should be close to the normal direction of MMW DCAR, i.e., its azimuth should
be relatively small.

Table 3. The proportion satisfying the constraints.

Test 1 Test 2 Test 3 Test 4
Proportion 93.58% 89.84% 93.57% 93.58%
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The dominant scatterer in this work is a non-cooperative target, which may have
multiple scattering points at a short range [40]. The CP estimations require scattering point
matching; the multiple scattering points can lead to mismatching and a negative estimation.
Thus, we recommend choosing a target with a medium- or long-range as the dominant
scatterer, which is the second selection criterion.

Furthermore, the dominant scatterer’s SNR determines the accuracy of the CP esti-
mations, which potentially has an essential impact on the synthetic performance of weak
targets. In this regard, we performed the simulations on the synthetic gain loss of the weak
target with respect to the dominant scatterer’s SNR. The dominant scatterer SNR was set
from 10 dB to 25 dB with a 1 dB interval, and 1000 Monte Carlo simulations were performed
for each SNR.

The simulation results are displayed in Figure 10. As the dominant scatterer’s SNR
increases, the synthetic performance of the weak target is enhanced. In particular, the
synthetic performance tends to be stable with an SNR higher than 13 dB. Hence, the third
criterion is to choose one of the targets with a higher SNR as the dominant scatterer. For a
scenario containing multiple high SNR targets, these targets can all be used as the dominant
scatterer, and can then be further refined using the above two criteria.

0.9

S
]

e
N

Gain Loss of Weak Target (dB)
=} =)

X 14
Y 0.386188

15 20 25
The Dominant Scatterer SNR (dB)

Figure 10. The synthetic SNR gain loss of the weak target versus the dominant scatterer’s SNR.

In summary, the dominant scatterer in the paper can be defined as a medium- or
long-range target that is close to the radar’s normal direction. Moreover, its SNR should
be as higher than 13 dB as possible. According to these selection criteria, the selection
procedure of the dominant scatterer in practice is illustrated in Figure 11.

Target Returns

2D FFT

| Range-Doppler Spectrum |

Detection

The Group of Scattering
Points after Detection

None or Only One

Two or More

edium or Long Range?

Two or More

None or Only One

A
Select the Scattering Point
with Maximum SNR

Select the Scattering Point
with Minimum Azimuth

Select the Scattering Point
with Maximum Range
J

Dominant Scatterer

Figure 11. The selection procedure of the dominant scatterer, where Th is set to 13 dB in this paper.
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3.5. Derivation of Theoretical Synthetic SNR

SNRs in multiple unit radars may be different due to the influence of noise. Hence, to
evaluate the proposed method, the theoretical synthetic SNR is required to be derived as
follows.

Assuming that the signal amplitude and noise power in channel mTuR are Kj;;;; and
Pjun, the target SNR can be expressed as

SNRyun = K2,/ Pun. (44)

Thereafter, the theoretical signal amplitude after CoRS is the sum of the signal ampli-
tude in each channel, which is expressed as

N N
= Z 2 Kinn (45)
m=1n=1

Similarly, the accumulated noise power after CoRS can be denoted as

PNozse - Z Z Prn- (46)

m=1n=

Therefore, the theoretical SNR can be obtained as
2 N N
SNRtheory ASlg / PNoise = Z Z Kinn | / Z Z Pin - (47)
m=1n= m=1n=1

Let yyn= Pumn/ P11, which indicates the noise power ratio of the channel mTnR to the
reference channel. Thereby, we can rewrite Equation (47) as

) . N N 2
=5 v Xp; x| L X Km
Y X Ymm m=1n=1

m=1n

2
= i X ( y z /Y X \/SNRmn)
Y X vmn m=1n=1

m=1n=1

SN RTheory
(48)

4. Simulations

We assessed the proposed method via simulations and present an analysis thereof. A
typical scenario composed of one dominant scatterer and two weak targets was set up. The
synthetic performance of all targets in continuous CPIs is presented, and the specific results
are discussed within a single CPI. Moreover, the proposed method is also compared with
the noncoherent integration method in terms of detection improvement.

4.1. CoRS for Multiple Targets

The simulation scenario is composed of three targets, the parameters of which are
given in Table 4. The used MMW DCAR consists of three unit radars. It is important to
note that the acceptable synthetic gain loss is defined as 3 dB in simulation. Therefore, the
phase tolerance can be calculated as 27.9° according to Equation (34). Additionally, the
compensation number for each channel and the MMW DCAR can be deduced as 7 times
and 49 times, respectively.

4.1.1. Synthetic Results in Continuous CPIs

Utilizing the proposed method, the synthetic results of different targets in continuous
CPIs are illustrated in Figure 12. Herein, the theoretical SNR, as in Equation (48), was used
as a guideline for evaluation.
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27

Since the multidimensional parameters of the dominant scatterer can be aligned with
its own estimated CPs, the synthetic results in Figure 12a are consistent whether adaptive
phase compensation is employed or not. However, due to the phase deviation, the synthetic
performance of weak targets will decline significantly when using the dominant scatterer
compensation only, as illustrated in Figure 12b,c. Instead, the synthetic results of weak
targets can be effectively improved with the proposed method. Particularly, the maximum

gain loss of these targets is 1.9 dB, which satisfies the definition.

Table 4. Parameters of multiple targets.

—B— l'heoretical Synthetic SNR
-/ Using Dominant Scatterer Only
~(@ -Proposed Method

26

Target Classification Parameters Value
Cross range —3m
. Radial range 45m
Dominant Scatterer . g
Radial velocity —9m/s
SNR 15 dB
Cross range 0m
. Radial range 30m
First Weak Target . &
Radial velocity 3m/s
SNR 4dB
Cross range 3m
Radial range 55m
Second Weak Target . 8
Radial velocity —2m/s
SNR 3dB
20 ——Theoretical Synthetic SNR —— Theoretical Synthetic SNR
-/ Using Dominant Scatterer Only 20/...A... Using Dominant Scatterer Only
—@ -Proposed Method X 10 __|-0® -Proposed Method X10
15 Y 13.6392 15 Y 12-52%
B—B=—g-—o_ & S B-F-o . ~HF-° o -9--B- - -&A 8
s.0 - “6--0-6- =0 a 10A_4 A A X 10
= 10 A A B T e BBy 10,7045
= Y 11.7385 z 5 A
X 10 b4 A " Z S
Y 24.9496 w5 » 0 k
A
X A A -5
of &
-10
A
-5 -15
9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
CPI CPI
(b) (0)

Figure 12. Multi-target coherent-on-receive synthesis results in consecutive CPIs. (a) Results of the
dominant scatterer. (b) Results of the first weak target. (c) Results of the second weak target.

4.1.2. Synthetic Results within a Single CPI

To demonstrate the synthetic performance, the simulation results of the 10th CPI
are presented in Figures 13-15. Due to the synchronization errors, these targets focused
on different range cells in multi-channel, as illustrated in Figure 13. The echoes can be
calibrated with the estimated CPs of the dominant scatterer. Figure 14 shows that the
deviations caused by the synchronization errors were eliminated, and thereby the multi-
target was aligned in the range spectrum. From Figure 15a, the dominant scatterer can be
synthesized effectively, while the weak targets suffer a great loss due to the phase deviation.
Utilizing the proposed method, the weak targets can achieve CoRS with adaptive phase
compensation, as shown in Figure 15b,c.

To specifically verify the effectiveness of the proposed method, Table 5 gives the
numerical comparison results. Since the signal discreteness in FFT processing causes a
fence effect, the targets” SNRs have a slight variation after compensation using estimated
CPs. It is verified that the targets’ SNRs in multi-channels do not change significantly, and
thus their impact can be neglected in the actual processing.
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Figure 13. The range spectra of the original beat signal in multi-channel. (a-i) are the channels 1T1R
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Figure 15. Multi-target CoRS results via the proposed method. (a) Results of the dominant scatterer.
(b) Results of the first weak target. (c) Results of the second weak target.

Table 5. The numerical comparison results (dB) of simulations.

Channels
Parameters
1TIR 1T2R 1T3R 2T1R 2T2R 2T3R 3T1R 3T2R 3T3R
Noise power 30.2 29.1 30.0 29.9 30.0 30.0 30.1 29.1 29.9
Original Dominant scatterer SNR 16.4 16.2 15.1 16.3 14.3 15.7 15.2 16.1 14.9
signal First weak target SNR 29 53 41 4.0 3.7 3.8 3.2 57 42
Second weak target SNR 2.4 3.0 1.8 43 3.5 2.7 2.2 4.8 2.0
Noise power 30.2 294 30.0 29.5 30.0 29.6 29.8 29.1 29.9
Compensated Dominant scatterer SNR 16.4 15.9 15.1 16.7 14.3 16.1 15.5 16.1 14.9
signal First weak target SNR 2.9 5.0 41 4.4 3.7 4.2 3.5 5.7 4.2
Second weak target SNR 24 2.7 1.8 4.7 35 3.1 25 4.8 2.0
. Dominant scatterer 25.1
Theoretical Fi
irst weak target 13.6
SNR Second weak target 12.5
Dominant scatterer 24.9 (Gain loss: 0.2 dB)
Proposed First weak target 11.7 (Gain loss: 1.9 dB)
method Second weak target 10.8 (Gain loss: 1.7 dB)

For the dominant scatterer, its synthetic SNR is 24.9 dB, with a gain loss of 0.2 dB
compared to the theoretical result. Additionally, with the proposed method, the SNR
gain losses of two weak targets are 1.9 dB and 1.7 dB, respectively. In summary, it is
demonstrated that these targets can match the defined acceptable synthetic gain loss well.
Namely, multi-target can be effectively synthesized, thus improving the target SNR and
enhancing the radar detection performance significantly.

4.2. Detection Performance Comparison

The feasibility of the proposed method was further evaluated with the constant
false alarm detection (CFAR) algorithm [41-43]. We compared it with the noncoherent
integration method based on the square law detector [44,45]. Herein, the dominant scatterer
with SNR = 20 dB was fixed, and a weak target was randomly generated in the radar
detection region that satisfies the constraints, with the weak target’s SNR in a single
channel set from 0 dB to 20 dB. We performed the Monte Carlo simulations 1000 times via
different methods, which are demonstrated in Figure 16.

Compared with using a single channel, using two types of synthesis methods can
improve the detection performance. However, the noncoherent integration method suffers
a great loss in the case of a low SNR. As the SNR increases, this method can enhance target
detection, with a maximum gain of approximately 3.5 dB. On the contrary, the proposed
method is stable at both high and low SNR conditions. With an equivalent detection
probability, the proposed method improves by approximately 9 dB.
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Figure 16. Detection performance utilizing CFAR algorithm with 1000 Monte Carlo simulations.

5. Experiments

The proposed CoRS method using the dominant scatterer was verified by measure-
ments in a typical urban environment. The prototype system was fabricated, and the
hardware components of the MMW DCAR are presented.

The prototype system in this work is composed of three radars with an operating
frequency range of 76.0 GHz to 81.0 GHz. It employs a wired trigger, which is generated
by a separate signal source and provides a trigger pulse to the radars with cables of equal
length. An overview of the basic parameters of these radars is given in Table 6.

Table 6. Parameters of the test radars.

Parameter Value
Center frequency 77.0 GHz
Bandwidth 200 MHz
Chirp duration 40 us
Pulse repetition time 48 us
IF bandwidth 12.5 MHz
Clock frequency 80 MHz

In the prototype system, a certain timing difference between the high levels of the
trigger pulse at the radars is unavoidable because of the imperfect electrical length of the
lines. Since each radar is independent, there may be an uncertain timing difference when
their internal clocks detect the trigger pulse. The combined timing difference is the main
factor that contributes to the arbitrary initial time delay. Furthermore, these independent
unit radars are also subject to random deviations in carrier frequency and phase.

The prototype system, which contains three MMW radars and a wired trigger, is
displayed in Figure 17. The test scenario consisted of a vehicle as the dominant scatterer
and a pedestrian as the weak target.

With the time-division method, the multi-channel signals can be separated at each
receiver. The range-Doppler spectra are presented in Figure 18. Clearly, due to the system
synchronization errors, the focus positions are offset, which can be calibrated with the
dominant scatterer.
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Figure 17. The prototype system and the test scenario consisting of a vehicle and a pedestrian.
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Figure 18. The range-Doppler spectra of multi-channel with real data. (a—i) are the channels 1T1R to
3T3R, respectively.

In the real-data experiment, the vehicle had two strong scattering points. We chose the
stronger scattering point as the dominant scatterer of the proposed method. The optimal syn-
thetic results for the vehicle and the pedestrian are demonstrated in Figure 19a,b, respectively.



Remote Sens. 2023, 15, 1505 21 of 24
120
X 187.86 | x 13786 120 X187.86 | x 1g7.86
Y 4.66612 | v 4 46756 Y 466612 | v 4 46756
2124843 | 743063 2115369 | 7 415.823
% 100 ’Ea 100
£ 80 £ 80
=) )
c X 64.6237 I X 64.6237
> Y -0.893512 > Y -0.893512 N
Z113.879 60 Z120.034
40 40
50 100 150 200 250 300 50 100 150 200 250 300
Range (m) Range (m)
(@) (b)

Figure 19. The optimal CoRS results in multiple-phase compensation groups. (a) Results of the
vehicle. (b) Results of the pedestrian.

The numerical comparison results from the real-data experiment are given in Table 7.
The theoretical SNR of the stronger scattering point after synthesis is calculated at 33.2 dB,
while the actual SNR can be improved to 32.0 dB. For weak scattering points, the CoRS can
be realized by using the estimated CPs only. Its theoretical and actual SNR after synthesis
are 27.2 dB and 26.2 dB, respectively. The pedestrian is also synthesized with the proposed
method, and its theoretical and actual SNR after synthesis can be calculated as 23.8 dB and
21.6 dB. Additionally, it should be noted that several stationary targets including signs
and streetlights can also be effectively synthesized, as shown in Figure 19. To sum up, the
proposed method satisfies the defined acceptable synthetic gain loss (3 dB) for each target,
which can enhance the target SNR effectively.

Table 7. The numerical comparison results (dB) with real data.

Channels
Parameters
1T1R 1T2R 1T3R 2T1R 2T2R 2T3R 3T1R 3T2R 3T3R
Noise power 89.2 88.6 87.8 89.8 89.4 88.5 88.8 89.0 87.9
Original Vehicle Point 1 SNR 21.3 22.3 23.9 23.8 24.3 23.5 24.4 23.5 25.4
signal Vehicle Point 2 SNR 16.1 13.3 15.6 19.8 19.3 16.5 12.8 204 20.8
Pedestrian SNR 144 12.6 12.5 16.5 16.6 14.1 11.6 13.8 14.8
Th ical Vehicle Point 1 33.2
esolileélca Vehicle Point 2 27.2
Pedestrian 23.8
P d Vehicle Point 1 32.0 (Gain loss: 1.2 dB)
I‘OPESZ Vehicle Point 2 26.2 (Gain loss: 1.0 dB)
metho Pedestrian 21.6 (Gain loss: 2.2 dB)

Furthermore, the power near the zero frequency in the Doppler spectrum is higher than
that at other frequencies. This is caused by the ground clutter and some stationary targets
(e.g., trees, curbs, etc.) in the urban environment. As illustrated in Figures 18a and 19a, the
signal power in this part is 97.9 dB and 109.1 dB, with 11.2 dB of gain. It is well known
that the ideal synthetic gain for targets is approximately 19.0 dB, while the gain for noise
is 9.5 dB. Consequently, the gain of clutter is intermediate between the noise and the
target, which may have a negative impact on the improvement of the proposed method for
stationary targets.
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6. Conclusions

This paper describes a millimeter-wave distributed coherent aperture radar that can
be used to improve the target SNR by coherent-on-receive synthesis. The synchronization
errors are calibrated with the estimated coherent parameters of the dominant scatterer,
which can be defined as an unknown strong target in radar detection scenarios. We focused
on the selection criteria of the dominant scatterer by analyzing the constraints of the
proposed method. Furthermore, an adaptive compensation approach was further explored
to expand the available region for the estimated CPs of the dominant scatterer. This
approach can compensate for the phases of different targets within multiple-unit radars
using discrete phase values. The determination of discrete phase values is derived from the
limit of synthesis loss within a given MMW DCAR configuration. Hence, this approach
avoids massive searches for possible locations of other targets and the requirement of
prior information.

The presented theory and the corresponding method were evaluated via extensive
simulations and experiments. The constraints and limitations of the system were verified
to meet the application requirements. Utilizing the proposed method, multi-target can
achieve the desired synthetic results in sequential CPIs. Compared with the noncoherent
integration method, the proposed method is stable at both high and low SNR conditions,
yet with a higher SNR gain. Furthermore, a prototype system was fabricated and used
to verify the proposed method. The experiment results match well with the simulations,
showing the efficacy of the proposed method.
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