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ABSTRACT Multiple-Input Multiple-Output (MIMO) radars provide various advantages as compared to
conventional radars. Among these advantages, improved angular diversity feature is being explored for
future fully autonomous vehicles. Improved angular diversity requires use of orthogonal waveforms at
transmit as well as receive sides. This orthogonality between waveforms is critical as the cross-correlation
between signals can inhibit the detection of weaker targets due to sidelobes of stronger targets. This
paper investigates the Reiterative Minimum Mean Squared Error (RMMSE) mismatch filter design for
range sidelobes reduction for a Slow-Time Phase-Coded (ST-PC) Frequency Modulated Continuous Wave
(FMCW) MIMO radar. Initially, the performance degradation of RMMSE filter is analyzed for improperly
decoded received pulses. It is then shown mathematically that proper decoding of received pulses requires
phase compensation related to any phase distortions caused due to doppler and spatial locations of targets.
To cater for these phase distortions, it is proposed to re-adjust the traditional order of operations in radar signal
processing to doppler, angle and range. Additionally, it is also proposed to incorporate sidelobes decoherence
for further suppression of sidelobes. This is achieved by modification of the structured covariance matrix
of baseline single-input RMMSE mismatch filter. The modified structured covariance matrix is proposed
to include the range estimates corresponding to each transmitter. These proposed modifications provide
additional sidelobes suppression while it also provides additional fidelity for target peaks. The proposed
approach is demonstrated through simulations as well as field experiments. Superior performance in terms
of range sidelobes suppression is observed when compared with baseline RMMSE and traditional Hanning
windowed range response.

INDEX TERMS MIMO radar, reiterative minimum mean squared error (RMMSE), adaptive pulse compres-
sion (APC), FMCW.

I. INTRODUCTION orthogonal waveforms from N7 transmitters require the sup-

MIMO radar requires the use of waveforms which are orthog-
onal both at transmit and receive sides. As long as these
orthogonal waveforms can be separated at the receive side,
only then the angular diversity property related to MIMO
radars can be implemented [1]. The orthogonality require-
ment ensures minimum interference between transmitted
waveforms, provided they can be separated in the receiver
using appropriate signal processing. The separation of these
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pression of autocorrelation sidelobes for each specific wave-
form as well as the corresponding cross-correlation sidelobes
due to other Ny — 1 waveforms.

The orthogonal waveforms for MIMO radars are
commonly generated with the following slow time
approaches: (1) Time Division Multiplexing (TDM) where
multiple transmitters are sequential / time staggered turned
ON for consecutive sweeps up to the number of transmitters
to achieve orthogonality (multiple transmitters are not turned
ON simultaneously), resulting in reduced SNR and (2) Code
Division Multiplexing (CDM) where multiple transmitters
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are turned ON simultaneously using outer phase coding
(Hadamard matrix) across pulses to achieve orthogonality
thereby, higher SNR is achieved. The detailed comparison
of different orthogonal waveforms for a MIMO radar have
been comprehensively covered in [2], [3], [4], and [5]. The
authors in [3], [4], and [5] discuss the orthogonal waveforms
for pulsed based MIMO radars where [3] provides more
insights on the use of such waveforms for a specific appli-
cation related to pulsed radars i.e. Ground Moving Target
Indication (GMTI) while [4] discusses the general compar-
ison between different techniques and their overall trade-offs
but, [5] covers the general design criteria for the generation
of optimum orthogonal MIMO waveforms. The authors in [2]
provide detailed insights towards different techniques related
to FMCW based MIMO radars which are more relevant to the
work in this paper.

Stretch processing based radars are commonly employed
in various fields of operation such as remote sensing (SAR /
ISAR), automotive, missile seekers etc. due to the reason
that it reduces the computational bandwidth on receive while
providing the same advantage of wide bandwidth radars lim-
ited only by the range interval associated with the reduced
bandwidth of the receiver. For a stretch processing receiver,
the matched filter is the Discrete Fourier Transform (DFT)
of the received pulse as the range interval window is the
associated set of beat frequencies within the intermediate
frequency (IF) of the receiver. The target peaks after the Fast
Fourier Transform (FFT - efficient implementation of DFT)
are sinc patterned peaks which have high sidelobes (PSL at
—13.2dB) associated with them and can result in masking of
weaker targets.

Traditionally, windowing techniques are usually employed
to reduce these sidelobes but, at the cost of increased
mainlobe width and loss in Signal-to-Noise-Ratio (SNR).
Although, very good orthogonality can be achieved between
MIMO waveforms using either TDM or CDM, yet even small
residual non-orthogonalities between waveforms caused due
to slight mismatch result in improper decoding of the received
pulses which subsequently increase the interference level
associated with the sidelobes. The traditional windowing
techniques are robust to a certain degree of mismatch caused
due to doppler shifts but, as shown in this paper, they also give
degraded performance for ST-PC MIMO radar under other
phase distortions due to the spatial location of targets [5], [6].

To address this, mismatch filter (MMF) design usually
coupled with waveform design [7], [8], [9], [10], [11], [12],
[13] is used to provide additional sidelobe suppression for
MIMO waveforms separation at the receiver. In MMF, the
received pulses are filtered using a modified matched fil-
ter with optimum designed weights instead of the tradi-
tional matched filter (unit weight vector) [14]. It is pertinent
to highlight that this mismatched based filtering is not a
substitute for phase history-based windowing rather these
MMFs are employed to provide additional sidelobe mitiga-
tion while applied in conjunction with traditional windowing
techniques. In [7] and [9], the authors focused on combined
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optimization of transmit and receiver design for fast-time
phase coded MIMO radar. On the same lines, the authors
in [8] also focused on traditional convex optimization tech-
niques for joint transmit and receive optimization. In [10]
and [11], the authors considered the joint optimization prob-
lem for maximizing signal-to-interference-plus-noise ratio
(SINR). The work in [10] built upon a signal model consider-
ing both range and doppler sidelobes effect into a non-convex
optimization problem which supports the use of alternat-
ing direction method of multipliers (ADMM) whereas, the
work in [11] focused on MIMO-STAP where they formulated
alternating direction penalty method (ADPM) algorithm to
design transmit waveform and eigenvalue decomposition to
jointly design the receive filter. The authors in [12] utilized
sparse recovery based technique on the receive side to sub-
sequently optimize the waveform for the MIMO radar imag-
ing application. While on the other hand, the work in [13]
employed similar iterative joint optimization methodology
for grating and sidelobe suppression in a near-range MIMO
imaging array. Owing to increased computational efficiency
linked with such combined optimization based approaches,
the authors in [15], [16], [17], [18], and [19] focused on the
optimization of receiver filter design only. In [15], the authors
first selected a suitable orthogonal transmit waveform there-
after, they found optimal sidelobes reduction in both range as
well as doppler domains for MIMO and phased array radars.
Though, the authors in [16] followed a similar approach but
only focused on the range sidelobes reduction for a MIMO
radar. The authors in [17] utilized convex optimization based
approach to find optimal receive filter design for a ST-PC
MIMO radar. In [18], an Minimum Variance Distortionless
Response (MVDR) based receiver was designed for the sep-
aration of phase coded based MIMO radar waveforms at
the receiver. Similarly, sparse recovery based technique is
employed in [19] using an adaptive regularization parameter
update technique for sidelobes reduction in range as well as
doppler domains. All these works have attempted to achieve
sidelobes suppression in traditional pulsed based MIMO
radars where the effects of phase distortions due to spatial
location of targets are usually not considered. Moreover, these
techniques are only applicable for pulsed radars and do not
cater for the analysis of their proposed filters in a stretch
processing based MIMO radars which have been considered
for utilization in self driving cars in the mmWave frequency
spectrum.

The traditional mismatched filter design for correlation
receiver involves the use of a convolution matrix (designed
using the replica of reference waveform) for the phase coded
radar signals which is slightly different from the design
of mismatched filter for stretch processing receiver which
involves the use of DFT matrix (Matched filter bank) with
FM waveforms as the radar signals. The correlation-based
MIMO radar techniques usually design mismatched filter
formulations using optimization-based algorithms such as
convex optimization [20] without considering the doppler
shifts of the target. Similarly, [8], [9] proposed a convex
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optimization-based filter design for sidelobe reduction in
fast-time phase coded MIMO radar where no phase mismatch
due to doppler shift was considered. Whereas on the other
hand, with slow-time coding, doppler shifts associated with
moving targets cannot be ignored as even a small mismatch
due to doppler results in increased sidelobes. In the same con-
text, [17] considered the optimum filter design for nonzero
doppler while using the convex optimization technique for
ST-PC MIMO radar.

Recently, the filter design techniques for stretch process-
ing receivers have gained importance due to the availabil-
ity of commercial stretch processing hardware for MIMO
radars [21], [22]. In [21], a weight window design method for
sidelobes reduction using the convex optimization approach
for Fast-Time Phase Coded (FT-PC) FMCW MIMO radar
was proposed. A new approach to address the sidelobes
reduction problem was covered by [22] using an opti-
mal Least Squares MMF which proposed the design of
a compensated matrix in place of traditional DFT for a
conventional stretch processing receiver. We consider the
design of optimum filter weights for the received pulses
to mitigate the interference associated with ST-PC FMCW
MIMO waveforms thereby, providing separation of the trans-
mitted waveforms at the receiver with improved Signal-to-
Interference-plus-Noise Ratio (SINR). We also consider the
effect of doppler and other phase distortions caused due to
improper decoding of the received pulses as, it is not possible
to design waveforms which are orthogonal at all delays,
dopplers and spatial angles [5]. To address this, this paper
proposes an alternate adaptation of an baseline Adaptive
Pulse Compression (APC) algorithm [23] and its different
improved versions [24], [25]. This filter is based on Reiter-
ative Minimum Mean Squared Error (RMMSE) filter design
which iteratively reduced the sidelobes to the noise floor
using only a single range samples snapshot. We consider
designing the compensation matrix based on [22] and [26]
for the ST-PC MIMO radar system where this compensa-
tion matrix is used to design optimal adaptive mismatch
filter weights using the proposed algorithm [23]. It is worth
mentioning that the APC algorithm and its over the years
improved versions only considered the sidelobes reduction
for conventional radar. As evident from one of the recent
works in [27] which achieves efficient sidelobes suppres-
sion along range and doppler domains using similar itera-
tive RMMSE based filter to the outputs of the 2D matched
filter but the proposed filter is designed for single-input
pulsed based radars only. To date, to the best knowledge of
the author, no mismatch filter design including the baseline
RMMSE APC and its improved versions have been proposed
for autocorrelation and cross-correlation sidelobes reduction
for subsequent waveform separation on a ST-PC FMCW
MIMO radar.

The baseline RMMSE APC algorithm [23] provides
closed-form expression resembling the MVDR expression.
MVDR is widely used in array signal processing related tech-
niques such as beamforming where a MMSE cost function
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is constrained with unity gain along the direction of interest
while suppressing the interference in all other directions.
In this paper, the MVDR framework will be applied to obtain
an APC-like structure with unity gain (i.e. no mismatch loss)
for the range cell of interest. Unlike MVDR, it requires a sin-
gle snapshot to calculate the power estimates of the estimated
range profile in the previous iteration which is then used to
design the filter weights for the current iteration. Within 1-4
iterations, the filter weights are optimized such that all the
sidelobes other than the main lobe are suppressed to the noise
floor. However, it has been demonstrated in the past that slight
doppler mismatch along fast time samples can degrade the
performance of sidelobes suppression. It can be inferred and
later demonstrated in this paper, that any other phase distor-
tion such as the spatial location of targets, improper waveform
decoding etc. would also degrade the performance of the
baseline RMMSE filter. We have derived the mathematical
expressions for the possible phase distortions that need to
be compensated for subsequent optimal implementation of
APC filter. Moreover, closed-form mathematical expression
has also been derived for the proposed APC algorithm for
MIMO radar.

The main contribution of this paper includes the detailed
derivation of the signal model of ST-PC FMCW based MIMO
radars which is then extended to be utilized for the formula-
tion of cost function for the minimization of range sidelobes
using APC based Reiterative Minimum Mean Square Error
filter design. To the best of our knowledge, this technique has
not been utilized for reduction of range sidelobes in a MIMO
radar signal model especially where orthogonal MIMO wave-
forms have been employed using Slow Time Phase Coding
technique. ST-PC FMCW MIMO radars require doppler com-
pensation for moving targets for proper decoding of received
phase coded pulses for subsequent accurate angle estimation
of targets [18], [28], [29], [30]. The use of the APC algorithm
on received pulses through traditional order of operations
always provide degraded performance as the received pulses
contain random phase and doppler contributions. Another
contribution of this paper is the achievement of optimal
range sidelobes reduction which has been previously found
to be limited in the presence of phase distortions such as
doppler [31]. To tackle such phase distortions including the
additional phase distortions due to spatial location of the
targets in a ST-PC radar, this paper proposes to re-adjust
the order of operations in a ST-PC FMCW MIMO radar
by implementing the proposed RMMSE APC algorithm on
coherently integrated angle-doppler range samples. Conse-
quently, greater reduction in sidelobes can be achieved due
to sidelobes decoherence as the doppler and angle processed
pulses are integrated while on the other hand, this also pro-
vides additional fidelity for target peaks. Finally, this paper
provides the validation and analysis of the proposed method-
ology through demonstration in a real-world scenario using a
commercial automotive radar kit with real road targets.

This paper is organized as follows. Section II covers the
signal model and its derivation for ST-PC FMCW MIMO
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radar waveforms. It also provides details related to the decod-
ing procedure and proposed radar signal processing chain to
set the initial cost function for optimal range sidelobes min-
imization. In Section-III, the APC based on RMMSE filter
design for considered MIMO radar signal model is derived
and modelled. Section-IV covers the simulated response for
the APC based on MMSE filter design for MIMO radar
which is followed by the recommendation of the best method-
ology to achieve optimal sidelobe suppression for MIMO
radars using APC. Section-V then discusses the optimal
methodology for sidelobes reduction for MIMO radars while
examining their effects both in simulated and real measured
data. Finally, Section-VI concludes the paper.

Il. MIMO RADAR SIGNAL MODEL FOR STRETCH
PROCESSING RECEIVER

A. FMCW WAVEFORM MODEL

The FMCW waveform generation over a single frame trans-
mitted from each of the antennas is the train of FMCW wave-
forms over which appropriate fast / slow time MIMO coding
is carried out to achieve orthogonality. General form of single
FMCW waveform, defined over the interval 0 <t < T, for
chirp duration 7, is expressed as

() = exp (j (27rfct n nKtz)) (1
s(t) = i u (t — mTp) )

where f; is the ramp starting frequency and K = B/T,, being
the chirp rate. The returned signal y(¢) after illumination from
the range profile and reflected back from a moving target at
a delay t, doppler frequency f; and angle of arrival 6§ (with
reference to transmit / receive array geometry center) in the
presence of Additive White Gaussian Noise (AWGN) y (1)
is processed as a collection of N, pulses within a Coherent
Pulse Interval (CPI) where each pulse is dechirped as it passes
through the mixer stage subsequently followed by bandpass
filtering and IQ demodulation at the each receiver. Conse-
quently, the dechirped signal for m"” pulse and n'” receiver is
the combination of sinusoidals at different frequencies (sum
of beat and doppler frequency of target(s)). This dechirped
signal can be expressed as

Y™(E) = a(t) exp <j27r <f3t + mfaTp + Mci;en))
+y™M1)  (3)

where «(t) is the target scattering amplitude, fp is the target
beat frequency related to target two way propagation delay t
and doppler frequency f; by fp = Kt + fg, u is the target
angle of arrival given by sin(0), A is the radar wavelength,
dg is the spacing between the receivers and y"™"(¢) being
the dechirped noise for m™ pulse at the n™ receiver. The
dechirped signal is then converted to digital domain using
Analog to Digital Converter (ADC) with sampling frequency
fs = 1/T;. By considering Ny = T, /T, samples per pulse per
receiver for a total of N, pulses and N, receivers in a single
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frame, the digital samples representation of dechirped signal
is as follows

¥(g, m, n) = a(g)exp (2 (faq +Jam +fom) )
+yig.mn) @)

where the discretized versions along each dimension is given
byqg = 0,---,Ny -1, m = 0,1,--- ,N, — I, n =
0,1,---,N, — 1. Consequently, the sampled version of
normalized beat, doppler and spatial frequency is given by
fB = fpTs, fd = faTp and fg = %, respectively.

Following the traditional sequence of operations, the bank
of matched filters tuned to different delays, doppler shifts,
and spatial frequencies along each dimension is typically
applied to obtain the range, doppler, and angle estimates
of the target(s). For a stretch processing receiver, Discrete
Fourier Transform (DFT - implemented using Fast Fourier
Transform (FFT)) is the matched filter and results in the
superposition of sinc peaks at the detected target beat fre-
quencies. Afterwards, an FFT along the slow time dimension
is used to detect the doppler shifts associated with moving
target(s). Beamforming is performed to estimate the angle
of arrival of the target(s) by applying FFT along the spatial
domain.

B. SLOW TIME PHASE CODED MIMO RADAR

SIGNAL MODEL

For the considered MIMO radar, let’s consider N7 transmit-
ters and Ng receivers. FMCW waveform defined in (2) is
employed as the common waveform s(¢) from all transmitters.
To implement orthogonal waveforms in slow time domain,
the initial phase for each pulse is applied as per the outer
Hadamard coding matrix (5) for each transmitter. Keeping
in view the hardware implementation, only Binary Phase
Modulation is considered which can be easily implemented
on commercially available hardware. The outer Hadamard
matrix A of any order k is a k x k matrix populated with
Is and -1s while maintaining the property AA? = kI; where
I is k x k identity matrix. Any two rows of such a Hadamard
matrix are orthogonal to each other and the corresponding
Walsh-Hadamard codes of each row can be used to modulate
the repeating common waveform pulses such as FMCW from
different transmitters to achieve orthogonality in the slow

time domain.
1 1
Ay = [ 1 1 ] %)

Since the orthogonality is achieved by modulation of binary
phases on the basic FMCW waveform so the ambiguity
function properties of the FMCW signal are retained while
providing the additional benefits associated with the angular
diversity of MIMO radar. It is pertinent to mention that the
chirps are generated using a common reference source (single
ramp generator) which ensures phase coherence among mul-
tiple transmissions. Due to BPM, the signal model incorporat-
ing orthogonal FMCW waveform transmission is remodelled
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using (5) and expressed as

Np—1Np—1

sy =Y Y ult —mIp) exp(jm(i)) 6)

m=0 i=0

where ¢(m, i) — (0, 7) implemented according to the gen-
erated hadamard matrix Ay of order k. Considering Z point
scatterers, the discretized received signal can be expressed
using (4) as follows

V4 Nr—1
y(‘], m9 n) = Zaz Z eXp(jZTr(fgq +fdm
z=1 i=0
d d
+Wum exp(ichm ()
+y(g, m, n) 7

where dr = NgXA/2 and dg = A/2.If we assume doppler shift
f4 and angle of arrival 6 of a single point scatterer to be zero
i.e. static target at the center of array geometry at a certain
range R related to delay T by T = 2R/c then (7) for received
MIMO signal reduces to

Nr—1

Yg.m.my=ay Y exp(iQnfpq + dm@D)+y(q. m.n) (8
i=0

which is a complex sinusoid related to beat frequency (lying
within the designed range interval - IF bandwidth) of target
further scaled by the scatterer’s amplitude and phase. More-
over, it also contains additional phase shifts due to simulta-
neous orthogonal binary phase modulated target echoes from
multiple transmitters.

C. MATCHED FILTER BANK FORMULATION USING
COMPENSATION MATRIX

The normalized matched filter for the captured receive sam-
ples of length Ny at the n' receiver for each respective delay
ie.l = 0,1,---,L — 1 within the designed range swath
i.e. [Ryear Ryar] can be discretized similar to [22] to form the
compensation matrix F. The Ny x L compensation matrix F
is used as a bank of matched filters in place of traditional
DFT to design filter weights with adaptive pulse compression
while providing enhanced range sidelobes suppression. Here
it is assumed oversampling of range interval by a factor of
K relative to 3 dB bandwidth of the FMCW waveform to
provide additional fidelity subsequently required for adaptive
mismatched filter formulation. This oversampling relation
can be expressed as

L = KNy
Ny =T,/T; )

The expression for F with oversampled range swath is as
follows

F = [W(Ryear) W(Rjear +0R) -+ - W(Rpeqr + (L — 1)6R)]
(10)
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where W(Ryeqr + [(8R)) is a Ny x 1 vector and is computed
for each delay / which subsequently forms the columns of F
using

W(Rnear - 1(6R)) = exp(—=j27 (fnear +1G3f N (11)

where f;,qr corresponds to the beat frequency related to Req
by K(2R/c)), éf is the corresponding frequency sample spac-
ing and tis Ny x 1 vector given by

t = [Thear Tnear + T Thear + (Nf - DT;] (12)

where T,q, corresponds to beginning of range interval i.e.
Ryeqr. The resultant compensation matrix corresponding to
range interval (0 ~ Ry,,,) can be derived as

F
) WO WOL-1
WO W WOL-1
WM=DO) O =) W —DL-1)
(13)
W@
— 1 W@ (14)
Iw(Dll2

where W@® represents the compensated sample g at delay
1. For the received samples of m™ pulse from N; transmitters
at the n'" receiver, the (8) can be modelled to incorporate the
compensation matched filter bank formulation by

Nr—1
Y=Y Fxiexp(ipn(i) + ™" (15)
i=0
where y"™" is Ny x 1 received vector, X; is the oversampled
length L complex scattering coefficients over range swath for
the i transmitter. The received signal model for a single CPI
at the n'”* can then be expressed as
Nr—1
Y' =) [ygexp(igo(i) Y} exp(jpi(i))
i=0
©+ - ¥y, —1 eXpGign, 1] (16)
This received data matrix Y" is then processed to obtain
range-doppler data followed by decoding for transmitted
waveform separation to perform improved angle estimation
due to MIMO waveforms. For a single moving target at delay
¢ with doppler frequency fy, (15) can be expressed as
Nr—1
Y f) = ) Fx;exp(mfa(m)) + pm(i)
i=0
+y™"Me) A7)

Like (16), this can be extended for collection of Np echoes
within a CPI yielding the following matrix
Nr—1

YU fo) = D [yp©) exp(igo(i)
i=0
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Y0 exp(j2fy + d1()))

Yi,—1 (0 exp(Qrfa(Ny — 1) + ¢y, -1())]
(18)

D. DECODING OF SLOW-TIME CODED RECEIVED
WAVEFORMS

The additional superposition of phase shifts in (18) from
all transmitters in a slow-time coded MIMO radar need
to be decoded for accurate angular estimation with benefit
of enhanced angular resolution. These phase shifts can be
decoded by considering the captured number of pulses within
the transmit block duration (§¢ = N7 x Tp) when the chirp
duration is identical across all transmitters. As the code is
repeated after each block duration, therefore, the maximum
ambiguous doppler is subsequently reduced by N7 times as
compared to a SIMO radar [4].

For a simple case of two transmitters with a single static
target at delay ¢ and angle 0, the captured echoes within block
duration consist of two consecutive pulses i.e. s, and sg.
Based on hadamard coding matrix, it can be observed that
each of these received pulses within first block duration has
the following form at the n™ receiver

Nr—1
sa"(0) = ) ¥p(0) exp(ibo (i)
=0
= (s1 + s2 exp(j27 (LL1))) exp(j2r (2464 ))
Nr—1
s8"(0) = ) Y{(©) exp(j1 ()
=0

= (s1 — s2 exp(j2m (L)) exp(j2m (“E1)) - (19)

The transmissions from two transmitters i.e. s; and s; need
to be separated to exploit the virtual array structure of MIMO
radar. Through algebraic simplifications, these transmissions
can be easily separated to give the following expressions

_sA"(0) +sB"(6)
S1 = -
Sy = w (20)

where $3 = s3 exp(ijr(dT%)). For a moving target scenario,
(19) contains an additional phase shift associated with the
second captured pulse i.e. sg and the resultant expressions
can be written as

A . dru
A" (0. f1) = s1 + 2 expozmTTl»

n o A o dru A
sg"(£,fa) = (s1 — $2 eXP(J27T(T))) exp(j(2rfq)) (21)

Now, the decoding for separation of transmissions can not be
applied through algebraic simplifications and rather require
the compensation of doppler shift associated with the second
captured pulse. Only then, proper decoding can be imple-
mented thereafter giving accurate angle estimation. To cater
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for this, traditional slow-time coded MIMO radars usually
employ separate 2D range-doppler processing with block
duration (6¢) as the Pulse Repetition Interval (PRI) for each
repeating coded sequences (s, sp) within a CPI at the
receiver. This is followed by an appropriate threshold detector
to extract the range and doppler bins of the detected target(s)
for subsequent doppler compensation. The general expres-
sion for doppler compensation for Ny transmitters is follows

where i corresponds to consecutive received pulses within
block duration (§¢) i.e. 0 — A, 1 — B and so on.

E. ADJUSTMENT OF ORDER OF OPERATIONS AND PHASE
DISTORTIONS COMPENSATION FOR MISMATCH

FILTER FORMULATION

From literature, it is observed that adaptive pulse com-
pression using Minimum Squared Error structure gives
degraded performance in the presence of phase distortions i.e.
doppler [31]. Similarly for MIMO radars, the works in [5] and
[6] highlight the role of the spatial location of targets which
also adds to the additional phase distortion that also needs
compensation for proper decoding of the target returns. The
degradation due to spatial location of targets was analyzed
in [32], [33] where it was recommended to consider the
target angles for optimum suppression of range sidelobes in
MIMO radars. The combined effect of these phase distortions
considerably degrades the performance of the RMMSE filter
as shown in the next section. Therefore, implementing APC
based filter on (21) does not provide optimal range sidelobes
reduction. To address this, these phase distortions need to be
compensated before the implementation of APC based filter
for optimal range sidelobes reduction. Whereas, the phase
shift due to doppler and angle can only be compensated after
the application of DFT along the slow-time and receive array
dimensions.

To overcome this, this paper proposes to re-adjust the
traditional order of operations for carrying out 3D-FFT along
range, doppler, and angle domain where FFT being linear
operator can be re-adjusted while having no effect on the
traditional radar signal processing. This re-adjustment of
order of operations provide improved dynamic range where
additional sidelobes suppression is achieved due to side-
lobes decoherence effect. This sidelobes decoherence have
also been utilized previously in [34] for mitigation of range
sidelobes. Moreover, the additional fidelity due to coherent
integration of doppler processed pulses was previously uti-
lized in [25]. According to the proposed arrangement, the
raw received data within a CPI at the n”” receiver is the first
doppler processed to get the Ny x Np pulse-doppler 2D matrix
where each column corresponds to the discretized doppler
shifts. The captured echoes sp"(£) and sg” (£) can be extended
to incorporate all the pulses within a CPI and expressed as

SA™ (L. fa) = 15(0)  s(0) exp(i(2mfu(2)))
-+ $3(0) exp(j27fa2(N, — D))]
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SB"(€, f1) = [sL(0)exp(i2mf))  si() exp(fi(3))
- SIL(0) exp(i2fa (2N, — 1)))] (23)

The coherent received data vector after the implementation of
DFT for the discretized doppler f; is expressed as

Sactf) = y-Satti (hoa (Vifi.2)) @9

where N, x 1 vector h represents the window across the
doppler domain to reduce the corresponding doppler side-
lobes, © represents the elementwise hadamard product and
the N, x 1 vector a is the corresponding FFT for the doppler
shift Nt f:i given by

a(Nrfa, 1) = [1  exp(—2mNrfy)

- -exp(—ji(Np — D27 Nrfi)lT (25)

The coherent received Ny x Np pulse-doppler matrix Szdop
for the full discretized doppler domain can be obtained by
implementing the corresponding bank of DFT filters for
faop = [—le (max) - - - ﬁl(max)]. Similar procedure is applied
to obtain the other 2D pulse-doppler matrix (Sgaop) during a
single CPL

This is followed by threshold detection (e.g. Cell Aver-
aging Constant False Alarm Rate) of the doppler processed
2D matrix to find the doppler bins of the detected targets.
Afterwards, corresponding doppler compensation is applied
to each detected doppler bin on the 2D pulse doppler matrix
(SBdop), so that, decoding may be applied afterwards using
(20). As a result, the corresponding received doppler pro-
cessed 2D pulse-doppler matrices for each transmitter i.e.
S1, Sz are successfully separated.

SAdop + SBdop
2
SAdop - SBdop

Sr=——>—— (26)

Followed by doppler processing and subsequent phase com-
pensation, angle processing can be performed by stacking the
decoded received 2D pulse-doppler matrices corresponding
to each transmitter resulting in a Ny, xn, X Ny x Np 3D data
cube. Traditional DFT based angle processing is performed
followed by coherent integration across doppler and angu-
lar domains. Finally, the 1D coherently summed fast-time
samples are taken as input to the proposed RMMSE base
adaptive pulse compression filter for robust mitigation of
range sidelobes.

S1 =

lll. MISMATCH FILTER FORMULATION FOR RANGE
SIDELOBES REDUCTION IN MIMO RADARS

The mismatch and slight distortions during phase compensa-
tion and decoding may result in imperfect waveform separa-
tion at the receiver which results in increased range sidelobes.
To cater for this, Minimum Mean Squared Error (MMSE)
based filter was modified to incorporate these mismatches
induced due to transmissions from other MIMO waveforms.
Consequently, the modified RMMSE based APC filter for
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MIMO radar waveforms was derived based on the proposed
order of operation in the previous section.

The mismatched filter formulation employed for MIMO
radar in this paper is based on gain constrained Minimum
Mean Squared Error (MMSE) optimization approach [24].
The Reiterative MMSE (RMMSE) approach was modelled
to incorporate the slow-time coded MIMO radar. RMMSE
filter uses a single snapshot of range samples to reduce
the cross-correlation and autocorrelation sidelobes to noise
floor in an iterative manner thereby implementing the pulse
compression adaptively. As discussed in previous section, the
coherently integrated decoded range samples obtained after
doppler and angle processing defined in (26) would be used
as the initial cost function for MMSE filter optimization for
a ST-PC MIMO radar.

A. DERIVATION OF RMMSE FILTER FOR MIMO RADAR
The matched filter outputs, for each decoded transmission
s; (within block duration §7) separated from received pulses
within a CPI across all the receivers, after the coherent inte-
gration of angle-doppler processed response is obtained by

xiur =Fs;, i=0,1---Np —1 (27)
The matched filter response obtained above is simply an over-
sampled estimate of complex scattering coefficients for the
defined range swath in comparison to the response obtained
through FFT implementation with (e)” being the Hermi-
tian (complex-conjugate) operator. An adaptive MMSE filter
bank [35] can be obtained for the signal model in (27) by
using Reiterative Super Resolution Algorithm (RISR) [36].
The cost function based on gain-constrained MMSE can be
derived as
]

subject to fyvo () f(€) =1, £=0,1---L —1 (28)

minimize E [‘x — FHsi
F*

The cost function with the unity gain constraint can be
expressed as

J=E [}x—FHsi 2} + Re | Ao D) ~ ] 29)

where f(¢) is the £ column of Ny x L matrix F, A is the
Lagrange multiplier, Re(e) is the real operator and E(e) is
the expectation. The general solution with minimized cost
function is given by

Fyivo,i = (E iSiSiH}>_1 E {SiXH — %F} 30)

where each decoded transmission s; can be approximately
represented as

si=Fx;+y (€2))

where y is the Ny x 1 noise vector. The substitution of
(31) in (30) under the assumption of statistically uncorrelated
scatterers provides the following solution to the expectations
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which subsequently results in a Minimum Power Distortion
Response closed-form solution

E[sx] = E [|x,~|2] F = |x;°F (32)
E[xix*f] _ E[Ixil] fori:'j, (i,j}=0,1...Np — 1
J 0 otherwise
(33)
FPF? +R) 1,
fumno,i(6) = H( : ) - (34)
fl (FP,‘FH + R) f,
where
R =F (£ [xixixl_, ]) F + E [uu]
= FPi 1 F7 + 0]y, (35)
and

P,—E [xixfl ] (36)
where crf is the noise power. If we include the covariance

matrix estimates corresponding to the matched filter esti-
mates of other transmitters, this would provide additional
fidelity for the target peaks while also providing side-
lobes decoherence effect which provide addtional sidelobes
suppression [25], [34]. The modified covariance matrix incor-
porating the power estimates from other transmitters is given
by

R=F (E [x,-’k_lek_l]) ¥ +E [uuH]

Nr—1
+ Z F (E I:Xj,MFX]I':IMF]) FH

J=0,ij
Nr—1
=FP, \F" + oIy, v, + > FPF?  (37)
J=0.ij

The range profile is not known a-priori and it can be esti-
mated through iterative estimation technique given as

A

Py = (ﬁMlMO,kflﬁf\-I/HMo’k_J Olrx (38)

where lA’,',k is the k™ estimate of received range profile esti-
mate related to i transmitter while XMIMO.k—1 18 the previous
range profile estimate. The initial estimate i.e. k = 0 is
critical in reducing the number of iterations in achieving the
desired mean squared error criteria. Here, like [22], [23],
the initial estimate is set to the matched filter range profile
estimate obtained using (27) for each decoded transmission.
Finally, the adaptive estimation of k™ iteration for a certain
received range samples snapshot is given by

(FP;FH +R) 't

———— (39
£/ (FP,FH +R) 'f; (39)

MmO .i(6) = o i (Osi =

Here Xmmvo «.i(€) is the RMMSE based adaptive estimate of
coherently averaged angle-doppler processed range profile
for i/ transmitter s; at delay £. When extended to include
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FIGURE 1. Block diagram of remodelled APC based RMMSE filter for
ST-PC stretch processing based MIMO radar using re-adjusted order of
operations.

TABLE 1. Radar and waveform design parameters for simulation.

Parameter Variable Value
Number of Transmitters Nt 2
Number of Receivers Npr 4
Start Frequency fe 77 GHz
Waveform Bandwidth B 240 MHz
Sweep Time Tp 2.67 ps
Chirp Rate K 90 MHz/1s
ADC Sampling Frequency fs 80 MHz
Number of Chirps in CPI Np 32
Near Range Rnear 0

Far Range Ryar 133 m
Oversampling factor k 3

all delays (! = 0,1,2---L — 1), it provides APC filter for
complete range swath. Fig. 1 illustrates the adaptive reitera-
tive process for the derived stretch processing ST-PC based
MIMO radar.

IV. SIMULATION RESULTS

A. SIMULATION PARAMETERS

For simulation, MIMO radar with simple case of two trans-
mitters with four receivers is considered. To achieve wave-
form orthogonality, slow-time phase coding over FMCW
waveform has been considered where outer hadamard matrix
of order 2 from (5) is utilized to implement the slow-time
phase coding. The FMCW waveform parameters are listed in
Table 1. The basic FMCW waveform parameters are config-
ured to set the maximum range of 130 meters with a range res-
olution of 62.5 cm. The target scenario is assumed to consists
of two targets where first target with RCS of -62 dBy,,, is set
at 45 meters while the second target with RCS of 20 dBg,,,
is set at 10 meters. The radar itself is static while mounted
at a height of 2 meters from the ground. The frequency of
operation is set in the W-band as various hardware devices
supporting ST-PC FMCW based MIMO radars are commer-
cially available in this band facilitating the verification of
results through field experiments in the next section. The RCS
of second target is kept low to demonstrate the robustness of
proposed technique for different target scenarios.
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FIGURE 2. Static targets at radar boresight.

B. SIMULATION CASES FOR COMPARISON

The comparison has been shown for three cases where the
first case consists of targets at zero velocity while placed at
boresight of radar whereas, the second case takes into consid-
eration the effect of targets’ doppler at boresight and finally,
the third case demonstrates the robustness of proposed tech-
nique for moving targets scenario at random azimuth angles.
For each case, three pulse compressed outputs were com-
pared. The first plot (blue) shows the traditional windowed
(using Hanning window) matched filter output whereas, the
second plot (green) shows the adaptive pulse compression
output and finally, the third plot (red) shows the proposed
technique with adaptive pulse compression on windowed
fast-time samples after the application of doppler and angle
processing. The input to these range compressed results is the
decoded pulses as given in (20). No doppler compensation is
implemented in these results to show the robustness of the
proposed technique to doppler mismatch.

1) CASE 1: TWO STATIC TARGETS AT RADAR BORESIGHT

It can be observed from Fig. 2 that all compared techniques
provide significant range sidelobes reduction which subse-
quently reiterates that MIMO waveforms have been properly
decoded with minimal residual phase distortions. Moreover,
the baseline APC algorithm and the proposed APC algorithm
provide approximately similar and improved Signal-to-
Interference-plus-Noise-Ratio (SINR) as compared to the tra-
ditional Hanning windowed range response.

2) CASE 2: TWO MOVING TARGETS AT RADAR BORESIGHT

The two targets are assumed to be moving at -20 m/s
(Target 1) and 30 m/s (Target 2), respectively while spatially
located at zero degree azimuth (boresight of radar antenna).
From the results in Fig. 3, it can be observed that the
range response of the baseline APC method has degraded
largely due to the doppler phase distortion associated with
doppler phase shift which subsequently does not provide
proper decoding of received pulses. Additionally, the weaker
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FIGURE 3. Moving targets at radar boresight.

target has gone undetected as the interference due to doppler
phase distortion has masked the weaker target. Whereas, the
range sidelobes response of traditional Hanning windowed
as well as the proposed technique is unaffected. Thereby, it is
noted that the application of the Hanning window mitigates
the effect of phase distortion associated with doppler shifts
of targets. Moreover, it can be observed that the sidelobes
suppression using the proposed technique is much better as
compared to the traditional windowing method while also
providing improved SINR for the targets. In addition to this,
the inherent advantage of narrower mainlobe associated with
the baseline APC method is also visible in the proposed
technique.

3) CASE 3: TWO MOVING TARGETS AT RADAR

AZIMUTH ANGLES

For the final simulated case shown in Fig. 4, the moving
targets from the previous case are now spatially located at -5
and -10 degrees azimuth, respectively to assess the effect of
phase distortion associated with the spatial location of targets
in a ST-PC MIMO radar. This phase distortion is due to the
extra path length covered by transmissions other than the first
transmitter as mentioned in (7). The effect of combined phase
distortions due to target velocities and spatial location can
be observed in all the techniques. Again, the baseline APC
method is unable to detect the weaker target while the SINR
of the stronger target has also been reduced. In this case, even
the traditional windowed technique is unable to detect the
weaker target due to additional interference from phase dis-
tortions associated with the spatial location of targets thereby,
causing an increase in its noise floor. Finally, the proposed
technique can detect the weaker target though with a slight
reduction in SINR whereas, the SINR of the strongest target
stays approximately the same. Thereby, outperforming the
other techniques in this scenario.

V. HARDWARE IMPLEMENTATION
The proposed methodology and RMMSE filter design tech-
nique is demonstrated using an FMCW MIMO radar in
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FIGURE 4. Moving targets at random spatial angles.

TABLE 2. Radar and waveform design parameters for hardware
implementation.

Parameter Variable Value
Number of Transmitters Nr 2
Number of Receivers Npr 4

Start Frequency fe 77 GHz
Waveform Bandwidth B 1798.92 MHz
Sweep Time Tp 60us
Chirp Rate K 29.982 MHz/us
ADC Sampling Frequency fs 10 MHz
Number of Chirps in CPI Ny 128
Near Range Rnear 0

Far Range Riqr 25.6 m
Oversampling factor k 3

the automotive frequency band i.e. W Band (77 GHz).
The MIMO radar system consists of two transmitters and
four receivers with the basic FMCW waveform slope of
29.982MHz/u1s. The waveform has a sweep duration of 60us
while operating from 77GHz to 78.792GHz. The radar and
waveform specifications used for the hardware implementa-
tion of the proposed algorithm are listed in Table 2 with binary
phase modulation (BPM) carried out on consecutive pulses to
achieve MIMO waveform orthogonality through slow-time
phase coding. A data capture device was used to capture the
received pulses using the automotive MIMO RF front-end as
shown in Fig. 5, for subsequent post-processing on the raw
data.

A. TARGET SCENARIO

To show the robustness of the proposed algorithm, multiple
targets were considered as shown in Fig. 6. As illustrated in
Fig. 7, two targets i.e. corner reflector and bicycle were kept
static at approximately 21 degrees and 42 degrees, respec-
tively while the third target i.e. motorbike was made to follow
a trajectory with increasing velocity while moving towards
the radar. The bicycle and motorbike (at certain time instants)
act as extended targets giving multiple range peaks as demon-
strated later as well. As the bicycle is stationary, it provides
a fixed extended range response with varying power levels
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FIGURE 5. Automotive RF front-end installed with data capture device for
post-processing.

FIGURE 6. Field experiment setup.

starting from 1.1 to 3 meters. A total of 50 frames were
captured to process the received returns from the target sce-
nario whereas, the algorithm results were demonstrated for
frame 25 captured returns (the corresponding range-doppler
plot is shown in Fig. 8). A simple background subtraction
technique was used to remove the static clutter other than
the targets. Similar to the simulation scenarios, the proposed
order of operations (II-E) has been implemented for our pro-
posed algorithm (red) which were compared with the baseline
APC algorithm (green) being implemented on received pulses
using the traditional order of operations. For comparison
with traditional sidelobes reduction technique, Hanning win-
dowed range response (blue) on received pulses were also be
compared.

B. RESULTS AND DISCUSSIONS

With the captured data of frame 25, the results obtained after
the application of the proposed methodology are shown in
Fig.9. Although background subtraction technique has been
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FIGURE 9. Range response of frame 25 of captured returns.

implemented to remove the static clutter but, still some peaks
due to trees, plants etc. are still observable across the captured
range response shown in Fig.9. It can be observed that the
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baseline APC algorithm (green) provides good target detec-
tion with considerable sidelobes reduction while providing
narrower mainlobe width when applied to static targets i.e.
corner reflector and bicycle. However, it is unable to detect
the complete range response associated with bicycle and
only provides peaks between 2.2 and 3 meters. Moreover,
the baseline APC algorithm is also unable to detect the
moving target (motorbike moving at 0.5 m/s) while posi-
tioned at approximately 15 degrees azimuth angle. The results
obtained for the baseline APC algorithm are in line with the
simulated response where it was likewise shown in Fig.4 that
APC algorithm when applied directly to improperly decoded
returns i.e. without doppler compensation, gives the degraded
response.

The Hanning windowed (blue) like the baseline APC algo-
rithm also provides detections of static targets while provid-
ing much better SINR related to these peaks. It is also unable
to detect the extended range response for the bicycle due to
increased spatial phase distortion associated with the front
wheel of the bicycle. However, it is also unable to detect
the moving target (motorbike) which also contains an addi-
tional spatial phase distortion as it is placed at approximately
15 degrees for the captured time instant. Keeping in view the
results of the captured frame, it is observed that these results
verify the observations carried out for the simulated response
shown in Fig. 4 where weaker targets in improperly decoded
returns with spatial phase shifts were undetected using the
Hanning windowed range response.

On the other hand, the proposed algorithm (red) for the
captured returns of frame 25 can detect all three targets
(static and moving) without the application of any phase
compensation associated with the arbitrary phase distortions
which subsequently results in improper decoding of received
returns. Moreover, it provides greater reduction in sidelobes
level ranging from 10 to 32 dB thereby, providing much better
SINR for the detected targets. As a result, the moving target,
which is otherwise undetected using the baseline APC algo-
rithm and traditional windowing method, has been success-
fully detected while providing extended peak range response
between 5.5 to 7 meters. In addition to this, the two peaks for
the extended target (bicycle) are clearly observable giving an
accurate length of the target starting from 1.2 to 3 meters,
therefore, any detection algorithm such as Cell-Averaging
Constant False Alarm Rate (CA-CFAR) will be able to detect
the peaks associated with all the targets.

The proposed algorithm as demonstrated through results
(Fig. 9) from captured returns, provide robust performance in
the presence of phase distortions due to doppler and spatial
location of targets. Although doppler compensation may be
applied at a later stage for accurate angle estimation by
applying for doppler compensation on the detected range and
doppler bins of the detected targets. Henceforth, the proposed
algorithm can detect the masked targets even with improper
decoding of received returns in the presence of doppler and
spatial phase shifts by iterative minimization of interference
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associated with autocorrelation and cross-correlation range
sidelobes.

Based on the achieved results, the proposed filter pro-
vides superior performance when compared with traditional
Hanning window as well as baseline APC based RMMSE
filter. The proposed filter achieves this superior performance
by adopting two novel improvements in traditional and
baseline approaches. These novel contributions include the
adjusting of traditional order of operations in radar signal
processing where it has been demonstrated that baseline APC
based RMMSE algorithm provided relatively degraded per-
formance (in the presence of phase distortions like doppler
and spatial location) as compared to the proposed filter which
was applied after the proposed rearrangement of order of
operations. Finally, another novel contribution that added
to such superior performance in terms of range sidelobes
reduction is the remodelling of baseline APC based RMMSE
algorithm for use with ST-PC stretch processing based MIMO
radars. In the proposed filter, the traditional covariance matrix
is modified to incorporate the ST-PC MIMO model which
resulted in additional matched filter power spectrum con-
tributions of other transmitters as well. Consequently, these
additional contributions has been demonstrated to provide
extra fidelity for the target peaks while iteratively reduc-
ing the sidelobes noise due to decoherence from other
transmitters.

C. QUANTITATIVE ANALYSIS

In this section, detailed performance comparison of proposed
filter is presented against other discussed filters in terms of
weighted amplitude differential and moving average statis-
tics. First, we consider the amplitude (X) of captured returns
subject to particular filter as a random variable. The raw
amplitude differentials between proposed filtered received
signal and other filtered responses (8|xp,x,.= X, — Xyr) are
also random variables which have positive value at target
locations, owing to processing gain of Post-APC technique.
Whereas, negative values of these differentials can be associ-
ated to noise suppression attribute of proposed filter in com-
parison to other filters. However, raw amplitude differential is
prone to be affected by the nominal value of received signal as
we can observe large amplitude variation in any of the filtered
signal in Fig. 9.

Therefore, a weighted amplitude differential (Aly, ) is
introduced which is subjected to a factor of distance of ampli-
tude of proposed filtered signal from its mean (u,) in terms
of standard deviation (0,) as given below.

2 2
X2 —
p p
Alyy = | * 8l (40)
P

The effectiveness of proposed filter can be better
visualized in Fig. 10 as weight amplitude differential
provide realistic performance analysis in comparison to
matched, Hann and conventional RMMSE filter responses
(A|x,,,x,,,a A|x,),xh&A|x,,,xr)7 especially at target locations.
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FIGURE 10. Weighted amplitude differential of proposed filter with other
filters.

TABLE 3. Quantitative analysis of weighted amplitude differential.

[ Weighted Amplitude Differential |

Parameter Proposed- Proposed- Proposed-
Matched Hann RMMS
Har (dBm 11.93 29.48 33.89
Targets)
Hpr (dBm -20.77 -22.69 -15.80
Other
locations)

Table 3 shows the quantitative analysis of mean values of
weighted amplitude differential at target and non-target loca-
tions. It can be clearly noticed that at target locations, the
proposed filter provides considerable processing gain at these
instances, maximizing it in comparison to RMMSE filter.
At other non-target locations, the proposed filter provide
significant noise suppression.

Moving statistics can provide deep insight of filter
responses on small variations of range. These statistics can
be considered as measure of how effectively targets are dis-
tinguished from clutter and noise is suppressed where targets
are not present. For these calculations, range bins of size
0.325 meters (Ar) have been regarded as window size for
moving statistics of capture returns. Mean values of these
moving metrics have been compared. In case of discrete
sampled measurements, k (5 samples) returns are observed
within distance Ar and have moving average X, represented
as:

I
Xy = % Z Xi (41a)
i=n—k+1
1 N n
i = WZ' > (41b)
n=1 i=n—k+1

The mean of this moving average (uz) in (41b) shows the
nominal amplitude levels while focusing on effects of filter
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TABLE 4. Quantitative analysis of moving average over 0.325m range
bins.

[ Moving Average Statistics |

Parameter | Proposed Matched Hann RMMS
1z (dBm -17.34 -18.42 -23.82 -27.31
Targets)
pz (dBm -45.17 -37.22 -36.22 -39.75

Other
locations)

TABLE 5. Quantitative analysis of moving standard deviation over 0.325m
range bins.

[ Moving Standard Deviation Statistics |

Parameter | Proposed Matched Hann RMMS
e (dBm) 5.36 5.15 3.25 4.57
N 10.09 8.22 7.36 8.10
(Targets)
I 4.87 5.08 2.72 4.30
(Other
locations)

performance on small range bins. Larger values for target
locations means that this filter has distinguishes targets more
than other discussed filters. While, lower mean value at
non-target locations for proposed filter relates to overall noise
suppression over complete radial range in comparison to
other filters.

The measure of variation in successive captured returns
over small range bin is given by moving standard
deviation o;,:

Gy= |+ > - x)? (42a)
k i=n—k+1
1 N n
5= —F7 i — Xn)? 42b
Mo = o Yol D> @—m)? (“2b)

n=1 i=n—k+1

The mean of this standard deviation (us) in (42b)
encompasses filter response to targets considering the small
variations over individual range bins. Larger deviation repre-
sents that proposed filter is more responsive to target captured
returns and immediately suppresses noise levels around target
peaks. Amplitude deviation is irrelevant at locations where
targets are not present as the range response varies randomly.

VI. CONCLUSION

Mismatched filters based on Adaptive Pulse Compression
(APC) can be used for suppression of autocorrelation as well
as cross-correlation sidelobes associated with MIMO wave-
forms. We proposed a methodology with re-adjusted order of
operations due to the use of slow-time phase coding to achieve
orthogonal waveforms for FMCW based MIMO radar. For
proper decoding, doppler processing was performed first to
identify the doppler bins of the detected targets for phase
compensation. Angle processing is then implemented which,
combined with doppler processing, enhances the dynamic

VOLUME 10, 2022

range of the received pulses thereby, providing greater side-
lobes reduction. We then formulated the baseline RMMSE
based APC algorithm originally designed for Single-Input
(ST) radar systems to incorporate Multi waveform capability.
The derived cost function related to MIMO radar wave-
forms was then used to find the closed-form expression sim-
ilar to the one derived for SI Multi-static Adaptive Pulse
Compression (MAPC) filter.

The proposed approach was then tested using MATLAB
simulations where it was shown that the proposed methodol-
ogy provides better performance in terms of range sidelobes
suppression in comparison to the baseline APC algorithm
and traditional windowed range response. The performance
was shown to be robust in the presence of various phase
distortions due to doppler and spatial locations of targets
while providing the detection capability of otherwise masked
weaker target with target parameters closely matching a prac-
tical scenario. Field experiments were then performed to
demonstrate the robustness of the proposed algorithm. Sim-
ilar to simulations, it also provided superior performance in
an open-air experiment while providing improved SINR for
the detected targets while providing detections of otherwise
weaker masked targets.
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