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

I. INTRODUCTION22

MIMO radar requires the use of waveforms which are orthog-23

onal both at transmit and receive sides. As long as these24

orthogonal waveforms can be separated at the receive side,25

only then the angular diversity property related to MIMO26

radars can be implemented [1]. The orthogonality require-27

ment ensures minimum interference between transmitted28

waveforms, provided they can be separated in the receiver29

using appropriate signal processing. The separation of these30

The associate editor coordinating the review of this manuscript and
approving it for publication was Wei Quan.

orthogonal waveforms from NT transmitters require the sup- 31

pression of autocorrelation sidelobes for each specific wave- 32

form as well as the corresponding cross-correlation sidelobes 33

due to other NT − 1 waveforms. 34

The orthogonal waveforms for MIMO radars are 35

commonly generated with the following slow time 36

approaches: (1) Time Division Multiplexing (TDM) where 37

multiple transmitters are sequential / time staggered turned 38

ON for consecutive sweeps up to the number of transmitters 39

to achieve orthogonality (multiple transmitters are not turned 40

ON simultaneously), resulting in reduced SNR and (2) Code 41

Division Multiplexing (CDM) where multiple transmitters 42
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are turned ON simultaneously using outer phase coding43

(Hadamard matrix) across pulses to achieve orthogonality44

thereby, higher SNR is achieved. The detailed comparison45

of different orthogonal waveforms for a MIMO radar have46

been comprehensively covered in [2], [3], [4], and [5]. The47

authors in [3], [4], and [5] discuss the orthogonal waveforms48

for pulsed based MIMO radars where [3] provides more49

insights on the use of such waveforms for a specific appli-50

cation related to pulsed radars i.e. Ground Moving Target51

Indication (GMTI) while [4] discusses the general compar-52

ison between different techniques and their overall trade-offs53

but, [5] covers the general design criteria for the generation54

of optimum orthogonalMIMOwaveforms. The authors in [2]55

provide detailed insights towards different techniques related56

to FMCWbasedMIMO radars which are more relevant to the57

work in this paper.58

Stretch processing based radars are commonly employed59

in various fields of operation such as remote sensing (SAR /60

ISAR), automotive, missile seekers etc. due to the reason61

that it reduces the computational bandwidth on receive while62

providing the same advantage of wide bandwidth radars lim-63

ited only by the range interval associated with the reduced64

bandwidth of the receiver. For a stretch processing receiver,65

the matched filter is the Discrete Fourier Transform (DFT)66

of the received pulse as the range interval window is the67

associated set of beat frequencies within the intermediate68

frequency (IF) of the receiver. The target peaks after the Fast69

Fourier Transform (FFT - efficient implementation of DFT)70

are sinc patterned peaks which have high sidelobes (PSL at71

−13.2dB) associated with them and can result in masking of72

weaker targets.73

Traditionally, windowing techniques are usually employed74

to reduce these sidelobes but, at the cost of increased75

mainlobe width and loss in Signal-to-Noise-Ratio (SNR).76

Although, very good orthogonality can be achieved between77

MIMOwaveforms using either TDM or CDM, yet even small78

residual non-orthogonalities between waveforms caused due79

to slight mismatch result in improper decoding of the received80

pulses which subsequently increase the interference level81

associated with the sidelobes. The traditional windowing82

techniques are robust to a certain degree of mismatch caused83

due to doppler shifts but, as shown in this paper, they also give84

degraded performance for ST-PC MIMO radar under other85

phase distortions due to the spatial location of targets [5], [6].86

To address this, mismatch filter (MMF) design usually87

coupled with waveform design [7], [8], [9], [10], [11], [12],88

[13] is used to provide additional sidelobe suppression for89

MIMO waveforms separation at the receiver. In MMF, the90

received pulses are filtered using a modified matched fil-91

ter with optimum designed weights instead of the tradi-92

tional matched filter (unit weight vector) [14]. It is pertinent93

to highlight that this mismatched based filtering is not a94

substitute for phase history-based windowing rather these95

MMFs are employed to provide additional sidelobe mitiga-96

tion while applied in conjunction with traditional windowing97

techniques. In [7] and [9], the authors focused on combined98

optimization of transmit and receiver design for fast-time 99

phase coded MIMO radar. On the same lines, the authors 100

in [8] also focused on traditional convex optimization tech- 101

niques for joint transmit and receive optimization. In [10] 102

and [11], the authors considered the joint optimization prob- 103

lem for maximizing signal-to-interference-plus-noise ratio 104

(SINR). The work in [10] built upon a signal model consider- 105

ing both range and doppler sidelobes effect into a non-convex 106

optimization problem which supports the use of alternat- 107

ing direction method of multipliers (ADMM) whereas, the 108

work in [11] focused onMIMO-STAPwhere they formulated 109

alternating direction penalty method (ADPM) algorithm to 110

design transmit waveform and eigenvalue decomposition to 111

jointly design the receive filter. The authors in [12] utilized 112

sparse recovery based technique on the receive side to sub- 113

sequently optimize the waveform for the MIMO radar imag- 114

ing application. While on the other hand, the work in [13] 115

employed similar iterative joint optimization methodology 116

for grating and sidelobe suppression in a near-range MIMO 117

imaging array. Owing to increased computational efficiency 118

linked with such combined optimization based approaches, 119

the authors in [15], [16], [17], [18], and [19] focused on the 120

optimization of receiver filter design only. In [15], the authors 121

first selected a suitable orthogonal transmit waveform there- 122

after, they found optimal sidelobes reduction in both range as 123

well as doppler domains for MIMO and phased array radars. 124

Though, the authors in [16] followed a similar approach but 125

only focused on the range sidelobes reduction for a MIMO 126

radar. The authors in [17] utilized convex optimization based 127

approach to find optimal receive filter design for a ST-PC 128

MIMO radar. In [18], an Minimum Variance Distortionless 129

Response (MVDR) based receiver was designed for the sep- 130

aration of phase coded based MIMO radar waveforms at 131

the receiver. Similarly, sparse recovery based technique is 132

employed in [19] using an adaptive regularization parameter 133

update technique for sidelobes reduction in range as well as 134

doppler domains. All these works have attempted to achieve 135

sidelobes suppression in traditional pulsed based MIMO 136

radars where the effects of phase distortions due to spatial 137

location of targets are usually not considered.Moreover, these 138

techniques are only applicable for pulsed radars and do not 139

cater for the analysis of their proposed filters in a stretch 140

processing based MIMO radars which have been considered 141

for utilization in self driving cars in the mmWave frequency 142

spectrum. 143

The traditional mismatched filter design for correlation 144

receiver involves the use of a convolution matrix (designed 145

using the replica of reference waveform) for the phase coded 146

radar signals which is slightly different from the design 147

of mismatched filter for stretch processing receiver which 148

involves the use of DFT matrix (Matched filter bank) with 149

FM waveforms as the radar signals. The correlation-based 150

MIMO radar techniques usually design mismatched filter 151

formulations using optimization-based algorithms such as 152

convex optimization [20] without considering the doppler 153

shifts of the target. Similarly, [8], [9] proposed a convex 154
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optimization-based filter design for sidelobe reduction in155

fast-time phase codedMIMO radar where no phase mismatch156

due to doppler shift was considered. Whereas on the other157

hand, with slow-time coding, doppler shifts associated with158

moving targets cannot be ignored as even a small mismatch159

due to doppler results in increased sidelobes. In the same con-160

text, [17] considered the optimum filter design for nonzero161

doppler while using the convex optimization technique for162

ST-PC MIMO radar.163

Recently, the filter design techniques for stretch process-164

ing receivers have gained importance due to the availabil-165

ity of commercial stretch processing hardware for MIMO166

radars [21], [22]. In [21], a weight window designmethod for167

sidelobes reduction using the convex optimization approach168

for Fast-Time Phase Coded (FT-PC) FMCW MIMO radar169

was proposed. A new approach to address the sidelobes170

reduction problem was covered by [22] using an opti-171

mal Least Squares MMF which proposed the design of172

a compensated matrix in place of traditional DFT for a173

conventional stretch processing receiver. We consider the174

design of optimum filter weights for the received pulses175

to mitigate the interference associated with ST-PC FMCW176

MIMOwaveforms thereby, providing separation of the trans-177

mitted waveforms at the receiver with improved Signal-to-178

Interference-plus-Noise Ratio (SINR). We also consider the179

effect of doppler and other phase distortions caused due to180

improper decoding of the received pulses as, it is not possible181

to design waveforms which are orthogonal at all delays,182

dopplers and spatial angles [5]. To address this, this paper183

proposes an alternate adaptation of an baseline Adaptive184

Pulse Compression (APC) algorithm [23] and its different185

improved versions [24], [25]. This filter is based on Reiter-186

ative Minimum Mean Squared Error (RMMSE) filter design187

which iteratively reduced the sidelobes to the noise floor188

using only a single range samples snapshot. We consider189

designing the compensation matrix based on [22] and [26]190

for the ST-PC MIMO radar system where this compensa-191

tion matrix is used to design optimal adaptive mismatch192

filter weights using the proposed algorithm [23]. It is worth193

mentioning that the APC algorithm and its over the years194

improved versions only considered the sidelobes reduction195

for conventional radar. As evident from one of the recent196

works in [27] which achieves efficient sidelobes suppres-197

sion along range and doppler domains using similar itera-198

tive RMMSE based filter to the outputs of the 2D matched199

filter but the proposed filter is designed for single-input200

pulsed based radars only. To date, to the best knowledge of201

the author, no mismatch filter design including the baseline202

RMMSE APC and its improved versions have been proposed203

for autocorrelation and cross-correlation sidelobes reduction204

for subsequent waveform separation on a ST-PC FMCW205

MIMO radar.206

The baseline RMMSE APC algorithm [23] provides207

closed-form expression resembling the MVDR expression.208

MVDR is widely used in array signal processing related tech-209

niques such as beamforming where a MMSE cost function210

is constrained with unity gain along the direction of interest 211

while suppressing the interference in all other directions. 212

In this paper, the MVDR framework will be applied to obtain 213

an APC-like structure with unity gain (i.e. no mismatch loss) 214

for the range cell of interest. Unlike MVDR, it requires a sin- 215

gle snapshot to calculate the power estimates of the estimated 216

range profile in the previous iteration which is then used to 217

design the filter weights for the current iteration. Within 1-4 218

iterations, the filter weights are optimized such that all the 219

sidelobes other than the main lobe are suppressed to the noise 220

floor. However, it has been demonstrated in the past that slight 221

doppler mismatch along fast time samples can degrade the 222

performance of sidelobes suppression. It can be inferred and 223

later demonstrated in this paper, that any other phase distor- 224

tion such as the spatial location of targets, improperwaveform 225

decoding etc. would also degrade the performance of the 226

baseline RMMSE filter. We have derived the mathematical 227

expressions for the possible phase distortions that need to 228

be compensated for subsequent optimal implementation of 229

APC filter. Moreover, closed-form mathematical expression 230

has also been derived for the proposed APC algorithm for 231

MIMO radar. 232

The main contribution of this paper includes the detailed 233

derivation of the signal model of ST-PC FMCWbasedMIMO 234

radars which is then extended to be utilized for the formula- 235

tion of cost function for the minimization of range sidelobes 236

using APC based Reiterative Minimum Mean Square Error 237

filter design. To the best of our knowledge, this technique has 238

not been utilized for reduction of range sidelobes in a MIMO 239

radar signal model especially where orthogonalMIMOwave- 240

forms have been employed using Slow Time Phase Coding 241

technique. ST-PCFMCWMIMO radars require doppler com- 242

pensation for moving targets for proper decoding of received 243

phase coded pulses for subsequent accurate angle estimation 244

of targets [18], [28], [29], [30]. The use of the APC algorithm 245

on received pulses through traditional order of operations 246

always provide degraded performance as the received pulses 247

contain random phase and doppler contributions. Another 248

contribution of this paper is the achievement of optimal 249

range sidelobes reduction which has been previously found 250

to be limited in the presence of phase distortions such as 251

doppler [31]. To tackle such phase distortions including the 252

additional phase distortions due to spatial location of the 253

targets in a ST-PC radar, this paper proposes to re-adjust 254

the order of operations in a ST-PC FMCW MIMO radar 255

by implementing the proposed RMMSE APC algorithm on 256

coherently integrated angle-doppler range samples. Conse- 257

quently, greater reduction in sidelobes can be achieved due 258

to sidelobes decoherence as the doppler and angle processed 259

pulses are integrated while on the other hand, this also pro- 260

vides additional fidelity for target peaks. Finally, this paper 261

provides the validation and analysis of the proposed method- 262

ology through demonstration in a real-world scenario using a 263

commercial automotive radar kit with real road targets. 264

This paper is organized as follows. Section II covers the 265

signal model and its derivation for ST-PC FMCW MIMO 266
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radar waveforms. It also provides details related to the decod-267

ing procedure and proposed radar signal processing chain to268

set the initial cost function for optimal range sidelobes min-269

imization. In Section-III, the APC based on RMMSE filter270

design for considered MIMO radar signal model is derived271

and modelled. Section-IV covers the simulated response for272

the APC based on MMSE filter design for MIMO radar273

which is followed by the recommendation of the best method-274

ology to achieve optimal sidelobe suppression for MIMO275

radars using APC. Section-V then discusses the optimal276

methodology for sidelobes reduction for MIMO radars while277

examining their effects both in simulated and real measured278

data. Finally, Section-VI concludes the paper.279

II. MIMO RADAR SIGNAL MODEL FOR STRETCH280

PROCESSING RECEIVER281

A. FMCW WAVEFORM MODEL282

The FMCW waveform generation over a single frame trans-283

mitted from each of the antennas is the train of FMCWwave-284

forms over which appropriate fast / slow time MIMO coding285

is carried out to achieve orthogonality. General form of single286

FMCW waveform, defined over the interval 0 ≤t ≤ Tp for287

chirp duration Tp is expressed as288

u(t) = exp
(
j
(
2π fct + πKt2

))
(1)289

s(t) =
∞∑

m=−∞

u
(
t − mTp

)
(2)290

where fc is the ramp starting frequency and K = B/Tp being291

the chirp rate. The returned signal y(t) after illumination from292

the range profile and reflected back from a moving target at293

a delay τ , doppler frequency fd and angle of arrival θ (with294

reference to transmit / receive array geometry center) in the295

presence of Additive White Gaussian Noise (AWGN) γ (t)296

is processed as a collection of Np pulses within a Coherent297

Pulse Interval (CPI) where each pulse is dechirped as it passes298

through the mixer stage subsequently followed by bandpass299

filtering and IQ demodulation at the each receiver. Conse-300

quently, the dechirped signal for mth pulse and nth receiver is301

the combination of sinusoidals at different frequencies (sum302

of beat and doppler frequency of target(s)). This dechirped303

signal can be expressed as304

ym,n(t) = α(t) exp
(
j2π

(
fBt + mfdTp +

udRn
λ

))
305

+γm,n(t) (3)306

where α(t) is the target scattering amplitude, fB is the target307

beat frequency related to target two way propagation delay τ308

and doppler frequency fd by fB = Kτ + fd , u is the target309

angle of arrival given by sin(θ ), λ is the radar wavelength,310

dR is the spacing between the receivers and γm,n(t) being311

the dechirped noise for mth pulse at the nth receiver. The312

dechirped signal is then converted to digital domain using313

Analog to Digital Converter (ADC) with sampling frequency314

fs = 1/Ts. By considering Nf = Tp/Ts samples per pulse per315

receiver for a total of Np pulses and Nr receivers in a single316

frame, the digital samples representation of dechirped signal 317

is as follows 318

y(q,m, n) = α(q) exp
(
j2π

(
f̂Bq+ f̂dm+ f̂θn

))
319

+γ (q,m, n) (4) 320

where the discretized versions along each dimension is given 321

by q = 0, · · · ,Nf − 1, m = 0, 1, · · · ,Np − 1, n = 322

0, 1, · · · ,Nr − 1. Consequently, the sampled version of 323

normalized beat, doppler and spatial frequency is given by 324

f̂B = fBTs, f̂d = fdTp and f̂θ =
udR
λ
, respectively. 325

Following the traditional sequence of operations, the bank 326

of matched filters tuned to different delays, doppler shifts, 327

and spatial frequencies along each dimension is typically 328

applied to obtain the range, doppler, and angle estimates 329

of the target(s). For a stretch processing receiver, Discrete 330

Fourier Transform (DFT - implemented using Fast Fourier 331

Transform (FFT)) is the matched filter and results in the 332

superposition of sinc peaks at the detected target beat fre- 333

quencies. Afterwards, an FFT along the slow time dimension 334

is used to detect the doppler shifts associated with moving 335

target(s). Beamforming is performed to estimate the angle 336

of arrival of the target(s) by applying FFT along the spatial 337

domain. 338

B. SLOW TIME PHASE CODED MIMO RADAR 339

SIGNAL MODEL 340

For the considered MIMO radar, let’s consider NT transmit- 341

ters and NR receivers. FMCW waveform defined in (2) is 342

employed as the commonwaveform s(t) from all transmitters. 343

To implement orthogonal waveforms in slow time domain, 344

the initial phase for each pulse is applied as per the outer 345

Hadamard coding matrix (5) for each transmitter. Keeping 346

in view the hardware implementation, only Binary Phase 347

Modulation is considered which can be easily implemented 348

on commercially available hardware. The outer Hadamard 349

matrix A of any order k is a k × k matrix populated with 350

1s and -1s while maintaining the property AAH = kIk where 351

Ik is k×k identity matrix. Any two rows of such a Hadamard 352

matrix are orthogonal to each other and the corresponding 353

Walsh-Hadamard codes of each row can be used to modulate 354

the repeating common waveform pulses such as FMCW from 355

different transmitters to achieve orthogonality in the slow 356

time domain. 357

A2 =
[
1 1
1 −1

]
(5) 358

Since the orthogonality is achieved by modulation of binary 359

phases on the basic FMCW waveform so the ambiguity 360

function properties of the FMCW signal are retained while 361

providing the additional benefits associated with the angular 362

diversity of MIMO radar. It is pertinent to mention that the 363

chirps are generated using a common reference source (single 364

ramp generator) which ensures phase coherence among mul- 365

tiple transmissions. Due to BPM, the signal model incorporat- 366

ing orthogonal FMCWwaveform transmission is remodelled 367
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using (5) and expressed as368

s(t) =
Np−1∑
m=0

NT−1∑
i=0

u(t − mTp) exp(jφm(i)) (6)369

where φ(m, i) → (0, π) implemented according to the gen-370

erated hadamard matrix Ak of order k . Considering Z point371

scatterers, the discretized received signal can be expressed372

using (4) as follows373

y(q,m, n) =
Z∑
z=1

αz

NT−1∑
i=0

exp(j2π(f̂Bq+ f̂dm374

+
(i)dT + (n)dR

λ
uz)) exp(jφm(i))375

+γ (q,m, n) (7)376

where dT = NRλ/2 and dR = λ/2. If we assume doppler shift377

fd and angle of arrival θ of a single point scatterer to be zero378

i.e. static target at the center of array geometry at a certain379

range R related to delay τ by τ = 2R/c then (7) for received380

MIMO signal reduces to381

y(q,m, n)=α1
NT−1∑
i=0

exp(j(2π f̂Bq+ φm(i))+γ (q,m, n) (8)382

which is a complex sinusoid related to beat frequency (lying383

within the designed range interval - IF bandwidth) of target384

further scaled by the scatterer’s amplitude and phase. More-385

over, it also contains additional phase shifts due to simulta-386

neous orthogonal binary phase modulated target echoes from387

multiple transmitters.388

C. MATCHED FILTER BANK FORMULATION USING389

COMPENSATION MATRIX390

The normalized matched filter for the captured receive sam-391

ples of length Nf at the nth receiver for each respective delay392

i.e. l = 0, 1, · · · ,L − 1 within the designed range swath393

i.e. [Rnear Rfar ] can be discretized similar to [22] to form the394

compensation matrix F. The Nf × L compensation matrix F395

is used as a bank of matched filters in place of traditional396

DFT to design filter weights with adaptive pulse compression397

while providing enhanced range sidelobes suppression. Here398

it is assumed oversampling of range interval by a factor of399

K relative to 3 dB bandwidth of the FMCW waveform to400

provide additional fidelity subsequently required for adaptive401

mismatched filter formulation. This oversampling relation402

can be expressed as403

L = KNf404

Nf = Tp/Ts (9)405

The expression for F with oversampled range swath is as406

follows407

F = [w(Rnear ) w(Rnear + δR) · · ·w(Rnear + (L − 1)δR)]408

(10)409

where w(Rnear + l(δR)) is a Nf × 1 vector and is computed 410

for each delay l which subsequently forms the columns of F 411

using 412

w(Rnear + l(δR)) = exp(−j2π(fnear + l(δf ))t) (11) 413

where fnear corresponds to the beat frequency related to Rnear 414

by K (2R/c)), δf is the corresponding frequency sample spac- 415

ing and t is Nf × 1 vector given by 416

t = [τnear τnear + Ts · · · τnear + (Nf − 1)Ts] (12) 417

where τnear corresponds to beginning of range interval i.e. 418

Rnear . The resultant compensation matrix corresponding to 419

range interval (0 ∼ Rmax) can be derived as 420

F 421

=


W (0)(0) W (0)(1)

· · · W (0)(L−1)

W (1)(0) W (1)(1)
· · · W (1)(L−1)

...
...

. . .
...

W (Nf−1)(0) W (Nf−1)(1) · · · W (Nf−1)(L−1)

 422

(13) 423

W (q)(l)
424

=
1

‖w(l)‖2
w(q)(l) (14) 425

where W (q)(l) represents the compensated sample q at delay 426

l. For the received samples of mth pulse from Nt transmitters 427

at the nth receiver, the (8) can be modelled to incorporate the 428

compensation matched filter bank formulation by 429

ym,n =
NT−1∑
i=0

Fxi exp(jφm(i))+ γm,n (15) 430

where ym,n is Nf × 1 received vector, xi is the oversampled 431

length L complex scattering coefficients over range swath for 432

the ith transmitter. The received signal model for a single CPI 433

at the nth can then be expressed as 434

Yn
=

NT−1∑
i=0

[yn0 exp(jφ0(i)) yn1 exp(jφ1(i)) 435

· · · ynNp−1 exp(jφNp−1(i))] (16) 436

This received data matrix Yn is then processed to obtain 437

range-doppler data followed by decoding for transmitted 438

waveform separation to perform improved angle estimation 439

due to MIMOwaveforms. For a single moving target at delay 440

` with doppler frequency f̂d , (15) can be expressed as 441

ym,n(`, f̂d ) =
NT−1∑
i=0

Fxi exp(j(2π f̂d (m))+ φm(i)) 442

+γm,n(`) (17) 443

Like (16), this can be extended for collection of NP echoes 444

within a CPI yielding the following matrix 445

Yn(`, f̂d ) =
NT−1∑
i=0

[yn0(`) exp(jφ0(i)) 446
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yn1(`) exp(j(2π f̂d + φ1(i)))447

...448

ynNp−1(`) exp(j(2π f̂d (Np − 1)+ φNp−1(i)))]449

(18)450

D. DECODING OF SLOW-TIME CODED RECEIVED451

WAVEFORMS452

The additional superposition of phase shifts in (18) from453

all transmitters in a slow-time coded MIMO radar need454

to be decoded for accurate angular estimation with benefit455

of enhanced angular resolution. These phase shifts can be456

decoded by considering the captured number of pulses within457

the transmit block duration (δt = NT × TP) when the chirp458

duration is identical across all transmitters. As the code is459

repeated after each block duration, therefore, the maximum460

ambiguous doppler is subsequently reduced by NT times as461

compared to a SIMO radar [4].462

For a simple case of two transmitters with a single static463

target at delay ` and angle θ , the captured echoes within block464

duration consist of two consecutive pulses i.e. sA and sB.465

Based on hadamard coding matrix, it can be observed that466

each of these received pulses within first block duration has467

the following form at the nth receiver468

sAn(`) =
NT−1∑
i=0

yn0(`) exp(jφ0(i))469

= (s1 + s2 exp(j2π(
dT u1
λ

))) exp(j2π( ndRu1
λ

))470

sBn(`) =
NT−1∑
i=0

yn1(`) exp(jφ1(i))471

= (s1 − s2 exp(j2π(
dT u1
λ

))) exp(j2π( ndRu1
λ

)) (19)472

The transmissions from two transmitters i.e. s1 and s2 need473

to be separated to exploit the virtual array structure of MIMO474

radar. Through algebraic simplifications, these transmissions475

can be easily separated to give the following expressions476

s1 =
sAn(`)+ sBn(`)

2
477

s2 =
sAn(`)− sBn(`)

2
(20)478

where ŝ2 = s2 exp(j2π(
dT u1
λ

)). For a moving target scenario,479

(19) contains an additional phase shift associated with the480

second captured pulse i.e. sB and the resultant expressions481

can be written as482

sAn(`, f̂d ) = s1 + s2 exp(j2π(
dT u1
λ

))483

sBn(`, f̂d ) = (s1 − s2 exp(j2π(
dT u1
λ

))) exp(j(2π f̂d )) (21)484

Now, the decoding for separation of transmissions can not be485

applied through algebraic simplifications and rather require486

the compensation of doppler shift associated with the second487

captured pulse. Only then, proper decoding can be imple-488

mented thereafter giving accurate angle estimation. To cater489

for this, traditional slow-time coded MIMO radars usually 490

employ separate 2D range-doppler processing with block 491

duration (δt) as the Pulse Repetition Interval (PRI) for each 492

repeating coded sequences (sA, sB) within a CPI at the 493

receiver. This is followed by an appropriate threshold detector 494

to extract the range and doppler bins of the detected target(s) 495

for subsequent doppler compensation. The general expres- 496

sion for doppler compensation for NT transmitters is follows 497

ψi(f̂d ) = −2π if̂d , i = 0, 1 · · ·NT − 1 (22) 498

where i corresponds to consecutive received pulses within 499

block duration (δt) i.e. 0→ A, 1→ B and so on. 500

E. ADJUSTMENT OF ORDER OF OPERATIONS AND PHASE 501

DISTORTIONS COMPENSATION FOR MISMATCH 502

FILTER FORMULATION 503

From literature, it is observed that adaptive pulse com- 504

pression using Minimum Squared Error structure gives 505

degraded performance in the presence of phase distortions i.e. 506

doppler [31]. Similarly forMIMO radars, the works in [5] and 507

[6] highlight the role of the spatial location of targets which 508

also adds to the additional phase distortion that also needs 509

compensation for proper decoding of the target returns. The 510

degradation due to spatial location of targets was analyzed 511

in [32], [33] where it was recommended to consider the 512

target angles for optimum suppression of range sidelobes in 513

MIMO radars. The combined effect of these phase distortions 514

considerably degrades the performance of the RMMSE filter 515

as shown in the next section. Therefore, implementing APC 516

based filter on (21) does not provide optimal range sidelobes 517

reduction. To address this, these phase distortions need to be 518

compensated before the implementation of APC based filter 519

for optimal range sidelobes reduction. Whereas, the phase 520

shift due to doppler and angle can only be compensated after 521

the application of DFT along the slow-time and receive array 522

dimensions. 523

To overcome this, this paper proposes to re-adjust the 524

traditional order of operations for carrying out 3D-FFT along 525

range, doppler, and angle domain where FFT being linear 526

operator can be re-adjusted while having no effect on the 527

traditional radar signal processing. This re-adjustment of 528

order of operations provide improved dynamic range where 529

additional sidelobes suppression is achieved due to side- 530

lobes decoherence effect. This sidelobes decoherence have 531

also been utilized previously in [34] for mitigation of range 532

sidelobes. Moreover, the additional fidelity due to coherent 533

integration of doppler processed pulses was previously uti- 534

lized in [25]. According to the proposed arrangement, the 535

raw received data within a CPI at the nth receiver is the first 536

doppler processed to get theNf ×NP pulse-doppler 2Dmatrix 537

where each column corresponds to the discretized doppler 538

shifts. The captured echoes sAn(`) and sBn(`) can be extended 539

to incorporate all the pulses within a CPI and expressed as 540

SAn(`, f̂d ) = [snA(`) snA(`) exp(j(2π f̂d (2))) 541

· · · snA(`) exp(j(2π f̂d2(Np − 1)))] 542
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SBn(`, f̂d ) = [snB(`) exp(j(2π f̂d )) snB(`) exp(j(2π f̂d (3)))543

· · · snB(`) exp(j(2π f̂d (2Np − 1)))] (23)544

The coherent received data vector after the implementation of545

DFT for the discretized doppler f̂d is expressed as546

SA(`, f̂d ) =
1
NP

SA(`, f̂d )
(
h� a

(
NT f̂d , λ

))
(24)547

where Np × 1 vector h represents the window across the548

doppler domain to reduce the corresponding doppler side-549

lobes, � represents the elementwise hadamard product and550

the Np× 1 vector a is the corresponding FFT for the doppler551

shift NT f̂d given by552

a(NT f̂d , λ) = [1 exp(−j2πNT f̂d )553

· · · exp(−j(NP − 1)2πNT f̂d )]T (25)554

The coherent received Nf × NP pulse-doppler matrix SAdop555

for the full discretized doppler domain can be obtained by556

implementing the corresponding bank of DFT filters for557

fdop = [−f̂d (max) · · · f̂d (max)]. Similar procedure is applied558

to obtain the other 2D pulse-doppler matrix (SBdop) during a559

single CPI.560

This is followed by threshold detection (e.g. Cell Aver-561

aging Constant False Alarm Rate) of the doppler processed562

2D matrix to find the doppler bins of the detected targets.563

Afterwards, corresponding doppler compensation is applied564

to each detected doppler bin on the 2D pulse doppler matrix565

(SBdop), so that, decoding may be applied afterwards using566

(20). As a result, the corresponding received doppler pro-567

cessed 2D pulse-doppler matrices for each transmitter i.e.568

S1,S2 are successfully separated.569

S1 =
SAdop + SBdop

2
570

S2 =
SAdop − SBdop

2
(26)571

Followed by doppler processing and subsequent phase com-572

pensation, angle processing can be performed by stacking the573

decoded received 2D pulse-doppler matrices corresponding574

to each transmitter resulting in a NNT×NR ×Nf ×NP 3D data575

cube. Traditional DFT based angle processing is performed576

followed by coherent integration across doppler and angu-577

lar domains. Finally, the 1D coherently summed fast-time578

samples are taken as input to the proposed RMMSE base579

adaptive pulse compression filter for robust mitigation of580

range sidelobes.581

III. MISMATCH FILTER FORMULATION FOR RANGE582

SIDELOBES REDUCTION IN MIMO RADARS583

The mismatch and slight distortions during phase compensa-584

tion and decoding may result in imperfect waveform separa-585

tion at the receiver which results in increased range sidelobes.586

To cater for this, Minimum Mean Squared Error (MMSE)587

based filter was modified to incorporate these mismatches588

induced due to transmissions from other MIMO waveforms.589

Consequently, the modified RMMSE based APC filter for590

MIMO radar waveforms was derived based on the proposed 591

order of operation in the previous section. 592

The mismatched filter formulation employed for MIMO 593

radar in this paper is based on gain constrained Minimum 594

Mean Squared Error (MMSE) optimization approach [24]. 595

The Reiterative MMSE (RMMSE) approach was modelled 596

to incorporate the slow-time coded MIMO radar. RMMSE 597

filter uses a single snapshot of range samples to reduce 598

the cross-correlation and autocorrelation sidelobes to noise 599

floor in an iterative manner thereby implementing the pulse 600

compression adaptively. As discussed in previous section, the 601

coherently integrated decoded range samples obtained after 602

doppler and angle processing defined in (26) would be used 603

as the initial cost function for MMSE filter optimization for 604

a ST-PC MIMO radar. 605

A. DERIVATION OF RMMSE FILTER FOR MIMO RADAR 606

The matched filter outputs, for each decoded transmission 607

si (within block duration δt) separated from received pulses 608

within a CPI across all the receivers, after the coherent inte- 609

gration of angle-doppler processed response is obtained by 610

x̂i,MF = FH si, i = 0, 1 · · ·NT − 1 (27) 611

Thematched filter response obtained above is simply an over- 612

sampled estimate of complex scattering coefficients for the 613

defined range swath in comparison to the response obtained 614

through FFT implementation with (•)H being the Hermi- 615

tian (complex-conjugate) operator. An adaptive MMSE filter 616

bank [35] can be obtained for the signal model in (27) by 617

using Reiterative Super Resolution Algorithm (RISR) [36]. 618

The cost function based on gain-constrained MMSE can be 619

derived as 620

minimize
F∗

E
[∣∣∣x− FH si

∣∣∣2] 621

subject to fMIMO,i(`)H f(`) = 1, ` = 0, 1 · · · L − 1 (28) 622

The cost function with the unity gain constraint can be 623

expressed as 624

J = E
[∣∣∣x−FH si∣∣∣2]+ Re {3(fMIMO,i(`)Hf(`)− 1)

}
(29) 625

where f(`) is the `th column of Nf × L matrix F, 3 is the 626

Lagrange multiplier, Re(•) is the real operator and E(•) is 627

the expectation. The general solution with minimized cost 628

function is given by 629

FMIMO,i =

(
E
{
sisiH

})−1
E
{
sixH −

3

2
F
}

(30) 630

where each decoded transmission si can be approximately 631

represented as 632

si = Fxi + γ (31) 633

where γ is the Nf × 1 noise vector. The substitution of 634

(31) in (30) under the assumption of statistically uncorrelated 635

scatterers provides the following solution to the expectations 636
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which subsequently results in a Minimum Power Distortion637

Response closed-form solution638

E
[
six∗i

]
= E

[
|xi|2

]
F = |xi|2 F (32)639

E
[
xix∗j

]
=

{
E
[
|xi|2

]
for i = j, {i, j} = 0, 1 . . .NT − 1

0 otherwise
640

(33)641

fMIMO,i(`) =

(
FPiFH + R

)−1 f`
fH`
(
FPiFH + R

)−1 f` (34)642

where643

R = F
(
E
[
xi,k−1xHi,k−1

])
FH + E

[
uuH

]
644

= FPi,k−1FH + σ 2
γ INf×Nf (35)645

and646

Pi = E
[
xixHi

]
(36)647

where σ 2
γ is the noise power. If we include the covariance648

matrix estimates corresponding to the matched filter esti-649

mates of other transmitters, this would provide additional650

fidelity for the target peaks while also providing side-651

lobes decoherence effect which provide addtional sidelobes652

suppression [25], [34]. Themodified covariancematrix incor-653

porating the power estimates from other transmitters is given654

by655

R = F
(
E
[
xi,k−1xHi,k−1

])
FH + E

[
uuH

]
656

+

NT−1∑
j=0,i6=j

F
(
E
[
xj,MFxHj,MF

])
FH657

= FPi,k−1FH + σ 2
γ INf×Nf +

NT−1∑
j=0,i6=j

FPjFH (37)658

The range profile is not known a-priori and it can be esti-659

mated through iterative estimation technique given as660

P̂i,k =
(
x̂MIMO,k−1x̂HMIMO,k−1

)
� IL×L (38)661

where P̂i,k is the k th estimate of received range profile esti-662

mate related to ith transmitter while x̂MIMO,k−1 is the previous663

range profile estimate. The initial estimate i.e. k = 0 is664

critical in reducing the number of iterations in achieving the665

desired mean squared error criteria. Here, like [22], [23],666

the initial estimate is set to the matched filter range profile667

estimate obtained using (27) for each decoded transmission.668

Finally, the adaptive estimation of k th iteration for a certain669

received range samples snapshot is given by670

x̃MIMO,k,i(`) = fHMIMO,i(`)si =
(
FPiFH+R

)−1f`
fH` (FPiF

H+R)
−1f`

(39)671

Here x̃MIMO,k,i(`) is the RMMSE based adaptive estimate of672

coherently averaged angle-doppler processed range profile673

for ith transmitter si at delay `. When extended to include674

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.

all delays (l = 0, 1, 2 · · · L − 1), it provides APC filter for 675

complete range swath. Fig. 1 illustrates the adaptive reitera- 676

tive process for the derived stretch processing ST-PC based 677

MIMO radar. 678

IV. SIMULATION RESULTS 679

A. SIMULATION PARAMETERS 680

For simulation, MIMO radar with simple case of two trans- 681

mitters with four receivers is considered. To achieve wave- 682

form orthogonality, slow-time phase coding over FMCW 683

waveform has been considered where outer hadamard matrix 684

of order 2 from (5) is utilized to implement the slow-time 685

phase coding. The FMCWwaveform parameters are listed in 686

Table 1. The basic FMCW waveform parameters are config- 687

ured to set themaximum range of 130meters with a range res- 688

olution of 62.5 cm. The target scenario is assumed to consists 689

of two targets where first target with RCS of -62 dBsm, is set 690

at 45 meters while the second target with RCS of 20 dBsm, 691

is set at 10 meters. The radar itself is static while mounted 692

at a height of 2 meters from the ground. The frequency of 693

operation is set in the W-band as various hardware devices 694

supporting ST-PC FMCW based MIMO radars are commer- 695

cially available in this band facilitating the verification of 696

results through field experiments in the next section. The RCS 697

of second target is kept low to demonstrate the robustness of 698

proposed technique for different target scenarios. 699
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FIGURE 2. Static targets at radar boresight.

B. SIMULATION CASES FOR COMPARISON700

The comparison has been shown for three cases where the701

first case consists of targets at zero velocity while placed at702

boresight of radar whereas, the second case takes into consid-703

eration the effect of targets’ doppler at boresight and finally,704

the third case demonstrates the robustness of proposed tech-705

nique for moving targets scenario at random azimuth angles.706

For each case, three pulse compressed outputs were com-707

pared. The first plot (blue) shows the traditional windowed708

(using Hanning window) matched filter output whereas, the709

second plot (green) shows the adaptive pulse compression710

output and finally, the third plot (red) shows the proposed711

technique with adaptive pulse compression on windowed712

fast-time samples after the application of doppler and angle713

processing. The input to these range compressed results is the714

decoded pulses as given in (20). No doppler compensation is715

implemented in these results to show the robustness of the716

proposed technique to doppler mismatch.717

1) CASE 1: TWO STATIC TARGETS AT RADAR BORESIGHT718

It can be observed from Fig. 2 that all compared techniques719

provide significant range sidelobes reduction which subse-720

quently reiterates that MIMO waveforms have been properly721

decoded with minimal residual phase distortions. Moreover,722

the baseline APC algorithm and the proposed APC algorithm723

provide approximately similar and improved Signal-to-724

Interference-plus-Noise-Ratio (SINR) as compared to the tra-725

ditional Hanning windowed range response.726

2) CASE 2: TWO MOVING TARGETS AT RADAR BORESIGHT727

The two targets are assumed to be moving at -20 m/s728

(Target 1) and 30 m/s (Target 2), respectively while spatially729

located at zero degree azimuth (boresight of radar antenna).730

From the results in Fig. 3, it can be observed that the731

range response of the baseline APC method has degraded732

largely due to the doppler phase distortion associated with733

doppler phase shift which subsequently does not provide734

proper decoding of received pulses. Additionally, the weaker735

FIGURE 3. Moving targets at radar boresight.

target has gone undetected as the interference due to doppler 736

phase distortion has masked the weaker target. Whereas, the 737

range sidelobes response of traditional Hanning windowed 738

as well as the proposed technique is unaffected. Thereby, it is 739

noted that the application of the Hanning window mitigates 740

the effect of phase distortion associated with doppler shifts 741

of targets. Moreover, it can be observed that the sidelobes 742

suppression using the proposed technique is much better as 743

compared to the traditional windowing method while also 744

providing improved SINR for the targets. In addition to this, 745

the inherent advantage of narrower mainlobe associated with 746

the baseline APC method is also visible in the proposed 747

technique. 748

3) CASE 3: TWO MOVING TARGETS AT RADAR 749

AZIMUTH ANGLES 750

For the final simulated case shown in Fig. 4, the moving 751

targets from the previous case are now spatially located at -5 752

and -10 degrees azimuth, respectively to assess the effect of 753

phase distortion associated with the spatial location of targets 754

in a ST-PC MIMO radar. This phase distortion is due to the 755

extra path length covered by transmissions other than the first 756

transmitter as mentioned in (7). The effect of combined phase 757

distortions due to target velocities and spatial location can 758

be observed in all the techniques. Again, the baseline APC 759

method is unable to detect the weaker target while the SINR 760

of the stronger target has also been reduced. In this case, even 761

the traditional windowed technique is unable to detect the 762

weaker target due to additional interference from phase dis- 763

tortions associated with the spatial location of targets thereby, 764

causing an increase in its noise floor. Finally, the proposed 765

technique can detect the weaker target though with a slight 766

reduction in SINR whereas, the SINR of the strongest target 767

stays approximately the same. Thereby, outperforming the 768

other techniques in this scenario. 769

V. HARDWARE IMPLEMENTATION 770

The proposed methodology and RMMSE filter design tech- 771

nique is demonstrated using an FMCW MIMO radar in 772
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FIGURE 4. Moving targets at random spatial angles.

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

the automotive frequency band i.e. W Band (77 GHz).773

The MIMO radar system consists of two transmitters and774

four receivers with the basic FMCW waveform slope of775

29.982MHz/µs. The waveform has a sweep duration of 60µs776

while operating from 77GHz to 78.792GHz. The radar and777

waveform specifications used for the hardware implementa-778

tion of the proposed algorithm are listed in Table 2with binary779

phase modulation (BPM) carried out on consecutive pulses to780

achieve MIMO waveform orthogonality through slow-time781

phase coding. A data capture device was used to capture the782

received pulses using the automotive MIMO RF front-end as783

shown in Fig. 5, for subsequent post-processing on the raw784

data.785

A. TARGET SCENARIO786

To show the robustness of the proposed algorithm, multiple787

targets were considered as shown in Fig. 6. As illustrated in788

Fig. 7, two targets i.e. corner reflector and bicycle were kept789

static at approximately 21 degrees and 42 degrees, respec-790

tively while the third target i.e. motorbike was made to follow791

a trajectory with increasing velocity while moving towards792

the radar. The bicycle and motorbike (at certain time instants)793

act as extended targets giving multiple range peaks as demon-794

strated later as well. As the bicycle is stationary, it provides795

a fixed extended range response with varying power levels796

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 797

captured to process the received returns from the target sce- 798

nario whereas, the algorithm results were demonstrated for 799

frame 25 captured returns (the corresponding range-doppler 800

plot is shown in Fig. 8). A simple background subtraction 801

technique was used to remove the static clutter other than 802

the targets. Similar to the simulation scenarios, the proposed 803

order of operations (II-E) has been implemented for our pro- 804

posed algorithm (red) which were compared with the baseline 805

APC algorithm (green) being implemented on received pulses 806

using the traditional order of operations. For comparison 807

with traditional sidelobes reduction technique, Hanning win- 808

dowed range response (blue) on received pulses were also be 809

compared. 810

B. RESULTS AND DISCUSSIONS 811

With the captured data of frame 25, the results obtained after 812

the application of the proposed methodology are shown in 813

Fig.9. Although background subtraction technique has been 814
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FIGURE 7. Target scenario with two static targets and one moving target
approaching the radar with increasing velocity.

FIGURE 8. Range-doppler response for frame 25 of captured returns
showing two static targets (corner reflector and bicycle) and one moving
target (motorbike).

FIGURE 9. Range response of frame 25 of captured returns.

implemented to remove the static clutter but, still some peaks815

due to trees, plants etc. are still observable across the captured816

range response shown in Fig.9. It can be observed that the817

baseline APC algorithm (green) provides good target detec- 818

tion with considerable sidelobes reduction while providing 819

narrower mainlobe width when applied to static targets i.e. 820

corner reflector and bicycle. However, it is unable to detect 821

the complete range response associated with bicycle and 822

only provides peaks between 2.2 and 3 meters. Moreover, 823

the baseline APC algorithm is also unable to detect the 824

moving target (motorbike moving at 0.5 m/s) while posi- 825

tioned at approximately 15 degrees azimuth angle. The results 826

obtained for the baseline APC algorithm are in line with the 827

simulated response where it was likewise shown in Fig.4 that 828

APC algorithm when applied directly to improperly decoded 829

returns i.e. without doppler compensation, gives the degraded 830

response. 831

The Hanning windowed (blue) like the baseline APC algo- 832

rithm also provides detections of static targets while provid- 833

ing much better SINR related to these peaks. It is also unable 834

to detect the extended range response for the bicycle due to 835

increased spatial phase distortion associated with the front 836

wheel of the bicycle. However, it is also unable to detect 837

the moving target (motorbike) which also contains an addi- 838

tional spatial phase distortion as it is placed at approximately 839

15 degrees for the captured time instant. Keeping in view the 840

results of the captured frame, it is observed that these results 841

verify the observations carried out for the simulated response 842

shown in Fig. 4 where weaker targets in improperly decoded 843

returns with spatial phase shifts were undetected using the 844

Hanning windowed range response. 845

On the other hand, the proposed algorithm (red) for the 846

captured returns of frame 25 can detect all three targets 847

(static and moving) without the application of any phase 848

compensation associated with the arbitrary phase distortions 849

which subsequently results in improper decoding of received 850

returns. Moreover, it provides greater reduction in sidelobes 851

level ranging from 10 to 32 dB thereby, providingmuch better 852

SINR for the detected targets. As a result, the moving target, 853

which is otherwise undetected using the baseline APC algo- 854

rithm and traditional windowing method, has been success- 855

fully detected while providing extended peak range response 856

between 5.5 to 7 meters. In addition to this, the two peaks for 857

the extended target (bicycle) are clearly observable giving an 858

accurate length of the target starting from 1.2 to 3 meters, 859

therefore, any detection algorithm such as Cell-Averaging 860

Constant False Alarm Rate (CA-CFAR) will be able to detect 861

the peaks associated with all the targets. 862

The proposed algorithm as demonstrated through results 863

(Fig. 9) from captured returns, provide robust performance in 864

the presence of phase distortions due to doppler and spatial 865

location of targets. Although doppler compensation may be 866

applied at a later stage for accurate angle estimation by 867

applying for doppler compensation on the detected range and 868

doppler bins of the detected targets. Henceforth, the proposed 869

algorithm can detect the masked targets even with improper 870

decoding of received returns in the presence of doppler and 871

spatial phase shifts by iterative minimization of interference 872
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associated with autocorrelation and cross-correlation range873

sidelobes.874

Based on the achieved results, the proposed filter pro-875

vides superior performance when compared with traditional876

Hanning window as well as baseline APC based RMMSE877

filter. The proposed filter achieves this superior performance878

by adopting two novel improvements in traditional and879

baseline approaches. These novel contributions include the880

adjusting of traditional order of operations in radar signal881

processing where it has been demonstrated that baseline APC882

based RMMSE algorithm provided relatively degraded per-883

formance (in the presence of phase distortions like doppler884

and spatial location) as compared to the proposed filter which885

was applied after the proposed rearrangement of order of886

operations. Finally, another novel contribution that added887

to such superior performance in terms of range sidelobes888

reduction is the remodelling of baseline APC based RMMSE889

algorithm for usewith ST-PC stretch processing basedMIMO890

radars. In the proposed filter, the traditional covariancematrix891

is modified to incorporate the ST-PC MIMO model which892

resulted in additional matched filter power spectrum con-893

tributions of other transmitters as well. Consequently, these894

additional contributions has been demonstrated to provide895

extra fidelity for the target peaks while iteratively reduc-896

ing the sidelobes noise due to decoherence from other897

transmitters.898

C. QUANTITATIVE ANALYSIS899

In this section, detailed performance comparison of proposed900

filter is presented against other discussed filters in terms of901

weighted amplitude differential and moving average statis-902

tics. First, we consider the amplitude (X ) of captured returns903

subject to particular filter as a random variable. The raw904

amplitude differentials between proposed filtered received905

signal and other filtered responses (δ|xp,xf= Xp − Xf ) are906

also random variables which have positive value at target907

locations, owing to processing gain of Post-APC technique.908

Whereas, negative values of these differentials can be associ-909

ated to noise suppression attribute of proposed filter in com-910

parison to other filters. However, raw amplitude differential is911

prone to be affected by the nominal value of received signal as912

we can observe large amplitude variation in any of the filtered913

signal in Fig. 9.914

Therefore, a weighted amplitude differential (1|xp,xf ) is915

introduced which is subjected to a factor of distance of ampli-916

tude of proposed filtered signal from its mean (µp) in terms917

of standard deviation (σp) as given below.918

1|xp,xf=

∣∣∣∣∣∣
√
x2p − µ2

p

σp

∣∣∣∣∣∣ ∗ δ|xp,xf (40)919

The effectiveness of proposed filter can be better920

visualized in Fig. 10 as weight amplitude differential921

provide realistic performance analysis in comparison to922

matched, Hann and conventional RMMSE filter responses923

(1|xp,xm ,1|xp,xh &1|xp,xr ), especially at target locations.924

FIGURE 10. Weighted amplitude differential of proposed filter with other
filters.

TABLE 3. Quantitative analysis of weighted amplitude differential.

Table 3 shows the quantitative analysis of mean values of 925

weighted amplitude differential at target and non-target loca- 926

tions. It can be clearly noticed that at target locations, the 927

proposed filter provides considerable processing gain at these 928

instances, maximizing it in comparison to RMMSE filter. 929

At other non-target locations, the proposed filter provide 930

significant noise suppression. 931

Moving statistics can provide deep insight of filter 932

responses on small variations of range. These statistics can 933

be considered as measure of how effectively targets are dis- 934

tinguished from clutter and noise is suppressed where targets 935

are not present. For these calculations, range bins of size 936

0.325 meters (1r) have been regarded as window size for 937

moving statistics of capture returns. Mean values of these 938

moving metrics have been compared. In case of discrete 939

sampled measurements, k (5 samples) returns are observed 940

within distance 1r and have moving average x̄n represented 941

as: 942

x̄n =
1
k

n∑
i=n−k+1

xi (41a) 943

µx̄ =
1
kN

N∑
n=1

n∑
i=n−k+1

xi (41b) 944

The mean of this moving average (µx̄) in (41b) shows the 945

nominal amplitude levels while focusing on effects of filter 946
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TABLE 4. Quantitative analysis of moving average over 0.325m range
bins.

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

performance on small range bins. Larger values for target947

locations means that this filter has distinguishes targets more948

than other discussed filters. While, lower mean value at949

non-target locations for proposed filter relates to overall noise950

suppression over complete radial range in comparison to951

other filters.952

The measure of variation in successive captured returns953

over small range bin is given by moving standard954

deviation σ̄n:955

σ̄n =

√√√√1
k

n∑
i=n−k+1

(xi − x̄n)2 (42a)956

µσ̄ =
1
√
kN

N∑
n=1

√√√√ n∑
i=n−k+1

(xi − x̄n)2 (42b)957

The mean of this standard deviation (µσ̄ ) in (42b)958

encompasses filter response to targets considering the small959

variations over individual range bins. Larger deviation repre-960

sents that proposed filter is more responsive to target captured961

returns and immediately suppresses noise levels around target962

peaks. Amplitude deviation is irrelevant at locations where963

targets are not present as the range response varies randomly.964

VI. CONCLUSION965

Mismatched filters based on Adaptive Pulse Compression966

(APC) can be used for suppression of autocorrelation as well967

as cross-correlation sidelobes associated with MIMO wave-968

forms. We proposed a methodology with re-adjusted order of969

operations due to the use of slow-time phase coding to achieve970

orthogonal waveforms for FMCW based MIMO radar. For971

proper decoding, doppler processing was performed first to972

identify the doppler bins of the detected targets for phase973

compensation. Angle processing is then implemented which,974

combined with doppler processing, enhances the dynamic975

range of the received pulses thereby, providing greater side- 976

lobes reduction. We then formulated the baseline RMMSE 977

based APC algorithm originally designed for Single-Input 978

(SI) radar systems to incorporate Multi waveform capability. 979

The derived cost function related to MIMO radar wave- 980

forms was then used to find the closed-form expression sim- 981

ilar to the one derived for SI Multi-static Adaptive Pulse 982

Compression (MAPC) filter. 983

The proposed approach was then tested using MATLAB 984

simulations where it was shown that the proposed methodol- 985

ogy provides better performance in terms of range sidelobes 986

suppression in comparison to the baseline APC algorithm 987

and traditional windowed range response. The performance 988

was shown to be robust in the presence of various phase 989

distortions due to doppler and spatial locations of targets 990

while providing the detection capability of otherwise masked 991

weaker target with target parameters closely matching a prac- 992

tical scenario. Field experiments were then performed to 993

demonstrate the robustness of the proposed algorithm. Sim- 994

ilar to simulations, it also provided superior performance in 995

an open-air experiment while providing improved SINR for 996

the detected targets while providing detections of otherwise 997

weaker masked targets. 998
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