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Abstract: Random Frequency and Pulse interval Agile (RFPA) radars can achieve high range resolution using a
synthesized wide bandwidth. However, Range Cell Migration (RCM) occurs for moving targets during long
coherent integration, and the inherent randomly fluctuating high sidelobes pose a significant challenge for
RFPA radars. To address these issues and enhance target detection and estimation performance, a Windowed
Iterative Adaptive Approach based on the Non-Uniform Keystone Transform (NUKT-WIAA) is proposed.
First, a NUKT is employed to correct the RCM caused by moving targets, effectively concentrating most of the
target energy. An TAA is then applied to the NUKT results within a rectangular processing window centered on
each range-Doppler cell to achieve fast sidelobe suppression of RFPA signals. A strong scatterer selection

strategy is implemented during iterations to enhance the computational efficiency of the covariance matrix,
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thereby reducing the overall computational complexity of the proposed algorithm. Simulation results reveal that

NUKT-WIAA can simultaneously achieve migration correction and sidelobe suppression for moving targets

across various scenarios, multiple point targets, range-spread targets, and environments with continuous strong

clutter while maintaining low computational complexity and memory usage.

Key words: Random Frequency and Pulse interval Agile (RFPA) signal; Range Cell Migration (RCM); Sidelobe
suppression; Iterative Adaptive Approach (IAA); Computational efficiency
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L —["cwMﬂ—kﬂ,k Lp—Net2—kn k" xp+N.s—1+krz,k}
(30)

¥R, AER, ANK(27)d, 1535 k%
RET 2 (p, @) A BE 5 - 22 35 ) 520 1 ST 8O R U o
=W

i dgq(p, q)(RZi) q)_lgm

‘%p7q = : — 1 (31)
dg’q (p, q) (R;a,q) dp,q(p7 q)

WEEENLE, RIS, RANUKT
Wb FR S I S5 RAE NG TR R, BI2Y =
YNUKT (P,Q)°
3.3 NUKT-WIAAZESTI]

AR P B SEIE  BAR ST s AT VAR 4
FESEHLE AR, 25 BRI W 7 ZE A0 M DRk T S AT
SICHIPRAE I E— 2 BRAR TR S T 2R

(1) W7 ZHRE R AP 5. i (28) AT 4,
2R FREIXIRU, = {(Lk) |l € [p— Ny + 1—
ki, p+ N — 1+ ko] k€ [0, K — 1]} AT -2
T EEUN 282 5itE. R, ZXIEN
A H AR R 25 - 2 3 ) e e R Tl R/ T X
U, WIS e, FEUTETH A 2R R B,
BN BERCR BB B8 - 2 W By s on ok 2 55, (E
AR PR (28) I A .

FU AR S I 368 0 15 3 2 1 R X 58 B R T
AT IE . BRN KRS HUTHER], HHE-2 8
B ITR I TAERIES, E XN

N = { @R 22T (). Wk e Uy} (32)

Hob, p21, @ R - BRI A
T WEE FE B Al 91 Ja T A i) 1) B o P R 7R DL
1 (5 S ME U (Bayesian Information Criterion,
BIC)Z: T 550 — 1R HsARSES R P A ot ) H A4
o, HAGTE RN

2

)

(33)
o, g=1,2,7 +1, Q) Exz A g4
RN E-Z P TR THRNES, y=
vec [Yukt], dp,q = vec[Dp ], [Dp,q]hk =ak (P q) -
2 (33) I 28 200 7 11 10
B, BRI, -2 58N &%
MerT HE B H AR BRI RAG T A, R, AR
FT PR OCGEAC 15 BN XIS 3 Th 28wt 9Bl
S R T AR, R

y- D

(r,9)€Q(n)

~i—1
xp,q dpwq

BIC! () = 2LK In (

+dnln (2LK)
4? = arg min {BICi (77)}
n
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M= UM)ﬂﬂ>w (Br) (k) €T, )
1 =3,4, - iter

i=1,2

(35)

Hrr, iter HARNUKT-WIAA B U ST 75 (154K

Bk o' RAREGN WHICRANEL W= (28)
WP T ZEF BT — 0 RR N

R;,q = Z

(L -k5) EN?

l‘? ;i ‘ di; (P, q )dz & (P:0)

- D} A (f);;’q)H (36)
L,

b:f?,q = [dl17k1(p’ Q) dlz,kz(pa Q)
A1 = diag (( i—1)* o) mi—l)

\

i—1 ~1—1 Az 1 ~i—1
T - |: Tikr Lloko Zy iskyi ]

(37)
K (36)RAK(31), 7T AR 2155 i GEAES
(p, q) MR- 223 ) B8 () S U R B THE
i dyy 4 (P q) (R;,q> _1:‘;p,q
Tpq = 1 (38)
dg,q(p7Q)(R;,q) dy.q(p:q)

(2) WSkl eEN . R OERISFEH, NUKT-
WIA A G535 75 3 JJ5 BT A 0 6 25 - 2 38 ) Bt ok F
1T HU R BT %ﬁ,i%aﬁmﬁaﬁiﬁ
AT A T UOEAR R AT S R I, R4k
ﬁﬁ%ﬁ%ﬁ%ﬁﬁﬁﬁﬁolﬁ,ﬁT%%ﬁﬁ
SR T SIUAY, SR T Rl S U SHE, B
XT3 2 5% 1 101g (|25 7) < ¢ HBE S - 2 % )y
TG, TEJESE A A B LR HU R, H
EF’ G =09 —10lg (MT,B), oo NMINBEELIZE, I

S5 VIR AR I TE 25 5 T 1) P - %2 i M e A R
i, bk, E UNUKT-WIAA SR 4 Bk
PRAETI A

iter=min (4, I)

L-1K-1

st—  — B <G (39)

quO

o, G2 RS SR T A BRI AEL, AR SR [28] FT
B HBE N0, ORI R IEAIREL

K1) T W e, BEATERFE, e =(m' —1)T1,
m =1,2,- M, D‘Ufc(ll)_fumft(zlo)*%
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Alg. 1 Flowchart of the NUKT-WIAA algorithm

BT

R W9 E Iy , (p, @), Horb,
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TELRITH

B2 AR (L7) T Yaukr -
wigte: 429 o = yxukr (0, q)
q=0,1,- »Kfl

#EAR:

Fori=1,2,--- 1

H, p=0,1,,L—1,

If i = 1,2, then
APR2.2: MR (34) T
Else
HIR2.3: AR (33) T A
End If
Forp=0,1,-,L—1
HPR2.4: RRAER(35) W E AN
For ¢q=0,1,,K -1

. 2
1t 10lg ( & | ) <G then
WH25: &l =ap

Else
W26 R GTIE D, AT A2t
LT, KRR (36) iR«
LW2.8: HURA(38)HHE2, o
End If
End For
End For
I Zj 01 Z .4
?tauﬁﬁi IHMELE
Else
R 1AT
End If
End For

it 2, Hodv, iter ROREILIEFSIN IS FQREL

— &, .'| <2 then
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Fime SFELITHEIN B, EaBHEXQ7)IHHE
NUKTH % 458 Yaukr» H AR ISR R
WIGAAE, Bl 5 K G AN 77 XA P B - 2 3% )
BT E B RECHATA T, HENUKT-WIAA
SRS, B3 i RO R X s 4 S 1 I - 2
BT S RO R THE 2T, Hhp e [0,L - 1],
qe0,K—1].

3.4 NUKT-WIAAREMIHEERESHFHTK
vaXiil

AT NUKT-WIAA S 1+ 55 4% B
BT RIAT 0T BT ZHOMER TR S R i
T EHERE, i, ACEZEGFHITNUKT-WIAA
FOEAT R R BRI . BRI AT, NUKT-
WIA A BT 58 26 B R | 7R LR TS0 40
EPNUKT AL # 5 5r (GP3R2. 1) FE A 4 (P R2.7
B I2.8). AR S, NUKTHACHE TR
FhsinctdfE M (17) H AR REeV:, HItHE R
N O[M?N + (K +1)LM], HHN=L+N,—1.
BRI HE R EAER, Ml iHE, A
HHEEZEN IO 0 (k) T O[(kika)® + (kika)?+
2k.ka) o BRI, BB aGEAR AN BE - 223 W R T
i E I E N Ok, kg, @) 2 O(kika)® + (o 4+ 1)
(keka)® + 2keka] o 4E EFTIR, NUKT-WIAABELE
LA BT H R RN O{[M?N + (K + 1) LM+
Zz(LK — GOk, kg, )}

NUKT-WIAAFIEAAAE T R EZ R Harx (p, )
FRR R B A6 B, e A, Hdieo,L 1],
kelo,K—1], pe[0,L—1], ¢e[0,K —1], K,
AMYEENLK x LK o 4.4 005 Bh BAR b T

NUKT-WIAAR LR IHEENfEE, U5 HE
A Foh i A B VEMEF-TAARIMF-TAF R0} b 45 5.

4 HEHESHH

N T B AENUKT-WIA A S35 (1) 55 9 40 ]
b, ARTEAREERZ B s R A5 Rt
PR E AT HBAE, AR5 2 M 48 S 500 ir
REEMEREM M, &4 M TR AR S H Ak
VR AEAT it 75 SR R0 T S R FE T M LG . A
HEXMAMEESHMEIFR, SR THHES
b ¥ B %5 A 10lg (MT,B) = 53.11 dB, % i A
FEUZEE— G IR KN -53.11 dB. {E
KIZHT, RFPATHEMBEIRIER XN
¢/ (2B) = 0.38 m. 55> HFRHTA R FTRCM$ 6 A
Ay = TTSAL v 20 A B bR
' | To/Ar] v, <07 T Al
i, [JR])aHERF BRI FTREEHE., £i%
M DX SR P, BT E s 3 sk i R B A B
RKECE NG T VPN S S0 00 55 0 ) 14 R
JE S iR IE A I35 77 1% 22 (Mean-Square Error,
M S E) N MSE' = || X' — X|2/(LK) , 3 i,
||| RARHEFE I Frobeniusia 5, XA X 40 HI R
FERMAGTHE S Bl

4.1 ERZBIFARANMEIE

AT HIIENUKT-WIAA S EAEE R L Hir
s A R s 3N R E Y R H
FR(R1—R3)f1104 2 B bs(T1—T10), HIxSHX
B2 ME3FR. Hb, RIEE8/NHAEKL
A R2FIR3APNHATROE M BE S5 e H #5,
AL AN AR A HBUR R A B R
A5 FEPY, 104 AU H bR Bl A 153 s Ay
& BFRIIT . MP-IAFAINUKT-WIAA S SELEFE 55
YR 2 E Y AR KISk, = kg = 9, MF-TAA
HEME ST K VR =3. Ed4(a)—KE4(f)

*2 BBV REBFEH

Tab. 2 Parameters of range-spread targets

HArZsl # AR5 EE(m) EE(m/s) SNR (dB) RCMHJT

Hir&g3l BU AR5 B (m) #E(m/s) SNR (dB) RCM#IT

S1 1505.81 43.95 -6 3
S2 1505.63 43.95 0 3
S3 1505.44 43.95 30 3
RI S4 1505.25 43.95 3 3
S5 1505.06 43.95 -10 3
S6 1504.88 43.95 15 3
S7 1504.69 43.95 1 3
S8 1504.50 43.95 17 3

9 150450  64.09 0 4
S10 1504.69  64.09 25 4
e S11 1504.88  64.09 3 4
S12 1505.06  64.09 -5 4
S13 150488 69.58 -35 4
- S14 1505.06  69.58 5 4
S15 1505.25  69.58 1 4
S16 150544  69.58 7 4




10 B IE AR (R L)

H15%

* 3 “EREY

Tab. 3 Parameters of point targets

H#r&5  H#Em) #E(m/s) SNR (dB) RCM#HJG
T1 1504.69 56.76 27 4
T2 1504.88 78.74 30 4
T3 1505.44 75.07 -10 5
T4 1505.06 58.59 -17 4
T5 1505.63 36.62 0 2
T6 1504.88 38.45 -7 3
T7 1505.81 49.44 -35 3
T8 1501.50 106.20 20 6
T9 1506.88 1.83 -7 1

T10 1511.06 87.89 15 5

Sl T BRI E-EH ER . R -2 )
(Range-Doppler, RD)4b¥E, NUKTAb# 25 R LK
MF-TAA, MF-TAFFINUKT-WIAA A28 ik 147k0%
RGBS B A T R . ANE4 () AT BLFE 3],
S RDCHE, HIrftEY MR BN ER- 2%
Fin. ME4(c)h T EUE R, sRiEEY R HAR(RL)
AsE s H AR (T1, T2) K955 M 7 HALE 89 &

U /AR, 5 ) R ) R L, T
SHHFIMREIURE AR E . LT, Ed(e)
A 4(f) FHAMFP-IAF FINUK T-WIA A 5752 R
R s B AR S SR B AR5

N T RS R HARE B AN T I, R4
55 BT B R H AR AN s H AR TR Ak
iRz, Had, IhEAMNIFIRZE € X N error; =
10lg (22 /22), & Mo 53 5 7R 55 U AU S
B RBUETHE MBS . NEAMESh AT LLE F),
HTMF-TAARZEAR N B RCMHTIRIE, HI)
RAGTR Z K. BhAh, BT 855 RO sS4 (B
PEES YR H AR AIS5R1S13), NUKT-WIAASZ:
Xof AU 5 I Th R A T HR 2 AT T0 dB, 1
MF-TAF R DhZa Al TR 22 WG K TNUK T-WIAA
Hik.
4.2 ZYRIHSEBMIELIIE

AFBAENUKT-WIAA 878 Je 3 37 e
A 3. TRz s, R AL TE 238 Bh4E iR
B AT, EERRMEZE No, = 6 m/s?, ZRPThR
N30 dB. TEZPMHLAAELI0ON M B, BIRSH

HAR(R2FIR3). HHE4(d)ATHI, MFP-TAARVELEL BWEIMECHT R, KE5(a)—K5(d) R4 H T HEE-
SEAIE BARIS5 I, G2 T ZROCMEN, MF- 288 R0 B LK ME-TAA, MF-TAFAINUKT-
IAARER SRR S AL R AERE, HHEM WIAA 3MEERM LR, K, MF-TAFAI
B dB dB
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) q B | \E/ OBI f)gg e
— 1505.44 10 7 1505.44 1) 0 ~10 =7 1505.44 fit L8 oo S T00: =i -10
" . 20 % -0 & 94 A5 Nt || 20
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Fig. 4 Range-velocity image estimation results of each algorithm in multi-target scenarios
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Tab. 4 Power estimation errors of range-spread target (dB)
HirZR5  #AAR5  MF-IAA  MF-IAF  NUKT-WIAA HirRs  ®OF8&R5]  MFIAA  MF-IAF  NUKT-WIAA
S1 1.12 -0.25 -0.05 S9 17.81 0.03 0.01
S2 —6.93 0.13 0.18 S10 -1.57 0 0
S3 -3.65 0.03 -0.03 e S11 5.79 0.06 0.05
R1 S4 14.07 0.36 0.17 S12 1.16 -0.01 —-0.03
S5 29.30 0.81 0.51 S13 36.34 0.88 -0.61
S6 7.04 0.08 0.13 S14 2.71 0.05 0.03
S7 18.98 0.66 0 o S15 1.20 0.01 -0.01
S8 147 -0.01 0.01 S16 1.07 0 0.05
%5 RERBRMRMITIRE(B) &6 BIRsH
Tab. 5 Power estimation errors of point targets (dB) Tab. 6 Target parameters
HirZ 5l MF-TAA MF-IAF NUKT-WIAA HARZS  HE@m) #E(m/s) SNR (dB) RCMMHit
T1 —2.74 0 0 T1 1504.88 —45.78 0 -3
T2 -3.26 0 0 T2 1507.31 -9.16 -10 -1
T3 1.59 -0.02 0.06 T3 1505.81 —20.14 10 -2
T4 1.64 0.04 0 T4 1503.94 —16.48 2 -1
T5 -0.05 0 0 T5 1503.94 -9.16 6 -1
T6 1.41 0 -0.01 T6 1507.31 9.16 -5 1
T7 2.49 -0.11 0.04 T7 1506.56 9.16 7 1
T8 —-0.08 0 0 T8 1505.44 21.97 4 2
T9 0.07 0.02 0.01 T9 1504.50 16.48 -13 1
T10 0.08 0 0 T10 1509.56 43.95 -35 3

NUKT-WIA A F 57 B 25 4k R0 22 85 8 2 (1) b 22
KAk, = 23 kg = 49, MF-TAABVE K E B 4
WELE K Nk = 15. WES(D)Fiw, MF-IAAKE
15 HbrJE BAIAEES IR , AR T4.110, BT
Z3 5 R H bRiE FEARXTRAR, Rk H bR ) 55 5k
AR RES. M2 F, MF-IAF 5NUKT-WIAA
SRR REA AN A i 55, HLATA H bR 383 i ]
W, wmE5(e) ML (d)Fw. sAh, N T iE— P
I EIE IS I RE 11, 8 TG HARRC 44 %
X B M ST Jy MSE, = 3 [&:/N, 3o,
N RoRTC B PRAITE A XA B 85- 2 o 2
MF-TAA, MF-IAFAINUKT-WIA A &2 85 i)
K23 9 9-44.10 dB, —52.87 dBHI1-52.89 dB,
S NS SR B o 1AWk . 1TIRAITIR . BT
MF-TA AFIMEF-TAF 53535 5% B M X 35 Py 4 35 B
H-2E 8 RrS 57 ZHEMET R, iz Rl
13V 7 R R SR 5] N Jeik 55 I Bl H A 55 IS
TR, 1S 7 ZH MRS THR ZE RO, 2
SEEE A SOE F RS . MINUKT-WIAAR K
FH SR e Gige S, AR F AR T ) H AR R AE 5%

AR AT 7 ZHE MR . AT MFEF-TAAFIMEF-
IAFH 2, NUKT-WIAASEEEGEAH il )
7 RS B 5 R R AR ZE TR /N, At
PR S SOE k. 4 Bk, MF-TAFMI
NUKT-WTA A S35 35 A] K 55 040 i) 22 25 10 e g By
i, HNUKT-WIAAS U SGHE B febk .
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AT AT A5 AR 7 RS NUK T-WIAA
HyEvERE IR o R H AR 7R W X 35 P Bl AL 23
i, MG A AL FTSNR 4 5 3 51 4 A 78 [—n, ©] A
[-35 dB, 30 dB]JEEIN . K64 H T A HirEiE
FNUKT-WIAAF LIS FIMSERE 4 BE i ] ~f
AL 2k . BEI6nT N, FEEACEE &R SFRIIE R,
NUKT-WIAA S 55 M0 P GE B i v, JF
H b B R KT H AR BR 3 £k 0, MSEfZR
AU S E RS RS BTG . EIT4A T 4 H
FRELN, = 100, REALPE R ~F FNUKT-WIAA
L IMSERIE AR ARtk . W AT LG
o AR FRE RSP X NUKT-WIA A S 1k S0 &
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Fig. 5 Range-velocity image estimation results of each algorithm in clutter scenarios
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AT AMNUKT-WIAAS ., MF-TAA% DL
J MF-TAF 5 A7t & A B B3k AT X e #r e
MF-IAA 5NUKT-WIAA S LA 7 R T8k H
BRAERE A, MMF-TAF 575 A7 75 R sk B 3
LHMEAMSHEWIY . BT S, MF-IAA, MF-
TAF DL NUKT-WIAA BT 75 B4l 1 25 2 bl
PR MNML x LK, LK x LKPOFILK x LK,
MF-TAF 5% Al 75 BA7 il 10 2 25 I FE 4 B N LI %
MNP R T3P EERIA TR, TG
i, B TMF-IAF&E %, NUKT-WIAAS AL
ALK x MN 456 FEIA7 a5 . NUKT-WIAA
SEAIME-TA A BV 47 7 >R 5 ik £ Mol 2 3%

xR T FEFERIEE

Tab. 7 Storage memory comparison

AVR AR R
MF-TAA MI?’K
MF-TIAF L?2K? + LKMN

NUKT-WIAA L2K?

KFIH T 3MEIEMTHE B R, H
Mk RAMF-TAABE B E R, bk KR
MF-TAFAINUKT-WIAAB LB E R~ N T
HHNE W R o RNUKT-WIAA S AR5 E 4
HHHEH, FKIFIH THALINERZ Hirgs T
S ARV Ak B ST BT 75 B 13 AR IR RN 8 4T I
. HIZE9RI A1, NUKT-WIAAZS AL 38 i 8] 1t

B TCE KA BUE AT K /NFMF-TAARIMF-TAF 7%
% 8 IHHEERENL
Tab. 8 Computational complexity comparison
Bk THAL B 43 ERE S
MF-IAA O[LMN] o {(iter x LK) [(Mk1)3 + (LK + 1) (Mk)? + 2Mk1] }
MF-IAF O[LKMN] 16) {(iter x LK) [(k,kd)3 + (LK +1) (kekq)? + 2k,»kd} }
NUKT-WIAA O [M2N + (K +1) LM)] O[S (LK~ G) C (kr, ka,a')]

* 9 EBITHHEREE

Tab. 9 Time cost comparison

ik AU AT (5)
MF-IAA 14 29037.76
MF-IAF 13 1037.46

NUKT-WIAA 7 12.59

VE: AN EERE. ¥E/RCPU I19-10850K, AbHH 3 4HZ ~3.60
GHz, WAEN16 GB, B4 AMATLAB profiler 2019a.
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