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CONTRIBUTIONS Frequency-Domain Representation [1X][.4,0 equals the optimal value of the following rank minimization problem:
O Purpose: Achieve gridless delay-Doppler estimation with sub-Nyquist The continuous-time Fourier transform of yn(?) is ulecrgl,luri ecw T eV
sampled radar echo signal. g = S ey T (uy) X
Y. (f) = apettel ey (F - | T)e~320 4T 4 M= { : } >0,
O Keyidea: (f) l;o kz::lpl K (f=1/T) s X2 T(ap)| 2
> Regard the sub-Nyquist sampling as a linear mapping which maps a low- The frequency-domain sampling vector of Y, (f) can be represented as where 7(u) denotes the Toeplitz matrix with u” as its first row.
rank matrix to the sampling vector; 5n = PG,W(r)BVT (v)e, With relaxation, the low-rank matrix recovery can be cast as:
» Use Atomic Norm Minimization (ANM) to recover the low-rank matrix > min trace(7 (uy)) + trace(7 (uz)),
» i . Gh(fLy) 0 - 0 u €CE,up€C,X
from the sub-Nyquist samples; P1-L, P2—L, -+ Pl4Ls (L1)
O Result: A two-staged processing is developed: P2—Ly  P2-Ly -+ P24Lp g Grlfizi4n) - 0 st. M= [T)((l}}) 7-()1(1 )} >0,
. . R . : : 8 ¢ & 2
» Stage 1: solve a computationally efficient ANM problem,; : : : : : . =
i imati it PM-L; PM+1-L; -+ PM+L 0 0 o Galfzy) § = BOG).
» Stage 2: implement the delay-Doppler estimation and pairing. 1 1,2 . 2
—j2nfLHm . . e .
¢ e i o i j;}T P 8 Delay-Doppler Estimation and Pairing Algorithm
SUB-NYQUIST RADAR _ 2e™"" s > Input: ul,ul, X*, K* — rank(M).
(') 0 ' g™ jom Fet e > Stepl: Perform Vandermonde decomposition 7 (u}) = W12, W and
Signal Model W(r) = [w(r/T), - ,w(rk/T)] with w(0) =[1,e/*™ ... e/?r(L=DET T(u3) = Vo3, V3!, acquire two sets of parameters {67, 63,--- , 0, } and
Th i ho signal is : o LR ) O L
= recelVed radar e ](\)rfllgl';{a i V(y) = [V(VlT)7 - ,V(I/KT)] with v(9) - [1’ 61271'97 a— ’eJZTr(N—l)O}T {1917 1927 ) K2} 2
() Z Za gn(t — T — 7 )d2menT » Step 2: Compute a K; X K, dimensional matrix O = EII/ZWIXV£22_1/2.
= kIn\t — — Tk = - . 0
e Let Oy = 74 /T —1/2,9x = —»T € (=1/2,1/2], the m-th element of ¥y, can > Step 3: Select the positions of the K* largest elements in the matrix O to
N : the number of transmitted pulses; 7': the pulse repetition interval be represented as i K . u determine the K* delay-Doppler pairs.
(PRI); gn(t) : the pulsed signal transmitted in the n-th PRI; {7, vk} is nlm] = Z Brmy,  w(0k)v" (Jk)en O Note: There exists a matrix O € CK1*52 gatisfying X = le}/ 2025/ oV
k=1
the unknown delay-Doppler parameter for the k-th target. - The matrix O determines the pairing relationship between the two sets of
O NOt}f:p Elere we don’t require that the radar transmits the same pulse in = Tr(e,m? , Z Biew (0x)vH (01)) parameters.
eac . k=1

. = X T e ), Simulation Results
Sub-Nyquist Sampling

where X = Z Bew (0x) v (9;) is a low-rank matrix.

) ) ) A LFM signal with bandwidth 20MHz and pulse-width 2us is transmitted. The
> The radar echo signal is sampled by an Anglog-to-lnformatlon Let 9 — [~75“:~1T L 5 T e Brocess of sub Nyauishsampling oan be receiver samples the radar echoes at 1/4 Nyquist rate, i.e., B.; = 5MHz. Other
Converter (AIC), e.g., random demodulator , Xampling, and so on. Y=WNo:Y1> " »¥n-1l > p Yq pling parameters are PRI=4us, N = 50. The performance of ANM-based method is
» Random demodulator is considered here: expressed as 5 = B(X) compared with Doppler focusing (in O. Bar-llan and Y. C. Eldar “Sub-Nyquist radar
z(t) Lowpass Low-rate I . . . _ via Doppler focusing,” IEEE T-SP, 2014) and Cramér-Rao bound (CRB).
= Filter ADC B(-) : the linear operator mapping the matrix X to y .
10° : : —%— ANM 10° . . —v— ANM
Delay-Doppler Low-Rank Matrix & : . | Doppleritousing] —+— Doppler focusing
R:;‘i‘;‘d“isgpe:ig:;?‘ Estimation Recovery ?i e . : - ,?i
» During the n-th PRI, the sub-Nyquist sample is | Method & Algorithm - : : : ; a
K (n+1)T -10 0 12NR(dB§o 30 40
nlm] = h Tos — T)gn(mTes — nT — 73, — 7)e32™"Tq " "
Yn[m] ;ak /,LT (T)p(mTes = 7)gn(m St b g Low-Rank Matrix Recovery via ANM @ 10° ; ; ; @
h(t) : the lowpass filter ; p(t) : the random spectrum-spreading signal; The set of atoms is defined as B A0 gy o g g g z
. & — i H(9y . & 5
T, :the sampling interval of the low-rate ADC. A% {A(6,¢) =e*w(O)v'(9):0,9 €T, ¢ €S}, 2 107} 5
o o
O Assumption 1: h(t) is an ideal lowpass filter with lgfndwith Bes . ‘;Vllllere T é (l—l/ 2, 1/'2] daffl‘d Sdé (0, 2m]. R gt—— =3 = 10t 1‘(§NR(dB§‘0 —
. . e 8 ; e atomic [y norm is defined as SNR(dB
O Assumption 2: p(t) is a T-periodic signal p(t) = Z pred™ T . K . iy B _ R
. ig 1. Two delay-Doppler pairs, i.e., K = 2. Fig 2. Four delay-Doppler pairs, i.e., K = 4.
oA ion 3: Tus = 1/Bes, B/Bes = M b 1X][.4,0 = inf {’C i X = ckA(Bk, br), k> 0} o .
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