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2. P EBEBEKE BFRASEE TG, JLET 100049;
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 OE: ETLE2RELTWIENTGBALETIE TomoSAR (Synthetic Aperture Radar Tomography) i #d FLRLRH G
it 5 22 R AL AU PR 2 LW, TE R FR I U = 4G L, M) Bt =4 R B8 1 T S AR
AR HELEA RO AT . RN, BB I ER A A 2 1R 25 23 5 | R 2 M35 ) BE B2 R 15 TRTAGORT , AT ™ o ) 249 ZR A
R SO RS B SRRE M. AL, BUA A R IEAEN A RN, AR AL R 28 th M A i i TR, PR
HESHENTEE, AURFMER R, TR MUK, A SCHR I T —Fh R T DB e B A A D B 3R AR
SFCOA (Subarea Fast Contrast Optimization Autofocus) A AL 1EJ7¥% o 1277 16 I /N RUBE PYAR AV 15 22 11 25 (AR AR
P, BT B BRI AR Dt DR PR XS B B R AR A, S35 AR T LA A b i 4R s[RI, {5
R~ DX T Y 25 i) 2 25 1 g A e ) B A SR, R MR s /0 iR AR B S Wi BB ] o T 8 UM 7 RO LA P iplz B
TomoSAR U4 T R S I UE , £ SR R W4 SFCOA Jr i AEARINHE Z AT AR BT i FT#E F . HOHARBeR B &5 T
BT ZAARITIALI) PDCO Jr ik, KR SN b BN ) iy /NI 20 S R A0 90 . 76 AR ARTE B 45 Ty il , 5 PSI,
PGA J¢ NC-PGA S5 )7 AR L, SFCOA FIT 152 A7 AR 45 R 10 55 K 7 SEARG DA K T 9 o S 7 2 A 8mhl , HL)Z2 47 2
RIS B E A . E TR R B, SFCOA MR T NC-PGA HUiS T L 25 5%, Hkw 2% (R?)
M 0.516 £ T+ % 0.609, 35 45 %] % 22 MAE (Mean Absolute Error) . “F- 348 XF 5 4 [ 3% 22 (Mean Absolute
Percentage Error, MAPE) 55X 751222 RMSE (Root Mean Square Error) 4391 0.509 m. 3.152%. 0.627 m[4 %
0.435 m. 2.820%. 0.526 m. J4&H I SFCOA J5 ik JE B T 8RR 2 2 (0] i L i-F- B BE 1, 4 TomoSAR S8
5 BE = DA Al T — s R TR 3
KIE: JEHTSAR(TomoSAR), AUMIRZEALIE, SAZMBL, TXEHE, ARE, FEHE, FRAE LA
FES%ES: TP701/P2
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1 5 7

A AT IAZHT TomoSAR  (Synthetic Aperture
Radar Tomography) 8% T 144 — 4k A% /) R R,
WG AL R R A, R H AR
(2 B A M TR AL T BRI ROR T B IR
T R A R A B 2 KA (R 2D R AR 7 04K I
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() 22 JL 2 Bt L R T A R A AR = 4R fLAR
MK 2 S8 bRy 1Y = 4 25 8] o3 R AR (Reigber Fl
Moreira, 2000). KIt, F1x%F fRpkas BAT 4 24 H
Y FRFIE R 5, TomoSAR AN Ky H P 3B 45 # 1
KA 2s 2 41t 7 OCHEH R 3%, BEAEMOARE
KRR RS AP I W bRl 9 8 25
EHLAERTT R, W BRI s S s
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B X (ZESCMESE, 20145 2254, 20165 ik
AR AR, 2022),

7E TomoSAR B ALY v, 38 0 MUY WL A
fd— MR EYHE, EAMUEE T RAL B
5 HRJUOC R B FARLRHE AR B, I8 A 1]
PG T H SR LI FR B I A & SR 22 0y i . HE
rh, R SRR AR F RIS AR S R v R I 2R
) CEERTHE (Aghababaee 45, 2018; T ARN%%,
2024) . TESPREUERIBGE R, ZBR T RAT S0
RGEMAERE . P B EARFAEALE YR ARiE 3
FRAMERE AR AR S8, 2548 SAR B
AR BEMRARMNI IR (ReigherZF, 2006;
Tebaldini %, 2016). WELRZE(EBAETWE &
R 2 (B AR A AR AL TR, AR, 2™
HOBALE TR R ERCR, IR EHE e &
RS EURBOR , BARER I 5K 4T &
WETE P e TE , AR NSRRI LS M Y 0] RE AR RS
OB SO A 1 SOORS BE R AR . Rt
XF 5% A AR A 158 22 HEATORE AR O S AIE L Rk
TomoSAR =4k LG AN AT Bl Y SRR Y

1Eid 2R AR, WFSE N B AT X TomoSAR
AR E bR AR T Z2 M5k o 2 07 2K
AHUEHAR PS  (Permanent Scatterers) AV 152 25 1
1IEFE AR (Tebaldini f1Rocca, 2009; IribeZs, 2010),
I U 5 AR L AR E B L H B R Al T AR A2
BRFE . IR, FEREHOSR X, ] ] PS S i
P55 AN FILIN 2 8] 73 A i) 249 1 0 T3 vk A 0N .
T RIS PS SRR, BE T e/ M HE DU Y 2R
I EW R L (Pardini 25, 2012). BN SCL
TR, (ORI 5 2k 109 2 AR A7 0 2 3 (LA UK
Sy GV HE B E B 5 TN 2 BT X I [R]
1, Aghababaee 5% (2018) #&H T —Fh & T 47
T80 25 o1 {4k PDCO  (Phase Derivative Constraint
Optimization) 177, T8 3o S B2 TR kT P
%, HHZGRREN, BRI, H
FLOR Y 3 55 T 8 00 0 XE DA Bl 52 B i T o Xu 4§
(2025) #ih T —MIE 2 WG kit A 3h %R
BRARRPILAOED:, HAEREMER TR b
HEFPE, Tebaldini 25 (2016) 42 T AHAL 0
XUE A PCDL (Phase Center Double Localization) J7
o HAZOHLIRIE  Bh AR A7 5 45 T B O MR S5
oA RO AR B R A s, K A X H
PRAERC R B AR, HETTSS G 23 T WA AL S )

BUB DR 2: 5 R AR RS R (HYEE T8
(] P A T e A T BRI, IS R Al TP RE
S B N2 . ZengWF (2024) XF PCDLAESE T
DIVRIL, FHE T B3GR T AR 5 B i 2 22
(B R B R RAE . IZ AL SR L Ge it T 1558
AR AL BEFE AT, DAY RCH 55 1 0 6 bR DX ™
PACHICS 2 R T 3 G2 0T AR 57 152 26 A5 1 3 B ) 70 T8 T
Yoo G BRI IS TR R, E X R
JE S R AR AR Sy, AnAe] RS A AR R R FE S R
PR T 5320 3 2 ) A B 01, AR TH 2 BELAG G52
PR TR HT B — T Bk %

T4 R 2 2= b 5o v E B T4 3k R R o s
T3 — S FE T AR A % 25 A3 A ARAURE P ) AR 62 86 22 A
EHE PGA (Phase Gradient Autofocus) i ARZZF| T
]z F (de Macedo %5, 2008; FengZ, 2019).
TEMEEA b, JFZe0E 508 PGA 5 W25 A AR ZE &
JENC-PGA J5 1%, #F— D4 Tt T AHALIR 22 AL E
M fdEdE (LusE, 2021). SR, Zrkma Rk
PO BT PS i, BRTEAL BRORYE i, it
RO R FE 2 B PS fUBCER IS N 2RISR . R
MO E A, Lu% (2022) #HH BBN-PGA J7
2 11 Jry B8 1 26 AR A AR T 4 Ry I 2 o BRAR IO T
AR m T RERCE, (A HAZ AT 2R i X s
WAFTE RSB /Y PS fio A, LB A R R 7
P 2% I 56 B 1~ DX I e BE A T o A S s 1) AR MROUL T
o, REUR 2 A T T2 PS A R IR AL, AR
XA L H AR 5 BT ARG AL T B S
AR ERE

b, HERRAAALRZE RGP A SRR
22 ¥ VS e SR A TTE SRR (A 7K S 60 BN O e R £
FREY BRI, Rl e Be (WP izB) SAR
RGeh, AR R 22 TE R T AT AL w A A TR
A5 (Feng %%, 2019; Luf¥, 2021). WEXZRH
23 (A A SRS E Y B AR IO4E A, A SR T —
b m R H RS ff 1Y) TomoSAR AN IR ZE RS IE ki e Bl
JEL B TR Al DX X L B DAk 2R £E SFCOA
(Subarea Fast Contrast Optimization Autofocus) H9JAH
PLRZERIEHELR, EeR B R EGRR 0 ha 1
DB, RS DB AR B BE Je R AR A 1A A7
w2 Lol A—FhEEwI iR ek ms , BRI
FRAR 5 X ol ) A 37 158 22 1) 25 [A) i 2k, Bl — 1
DI AG TR R G — - XA . IR g
AE .25 4 L R ok AR g W SsonS 1], A RO RO



EIerE G5 FET P 1 SRR 2L TR LR 2 M IE Ty i 931

AR, SRS —RIESERR
AL G I A L, SFCOA TEQRF7 3R 45 T i 1Y
BHE T, AE ST VA M 2 ME AR 037 15 25 1) 5 1] 5% A8 45
M, 76 P IEBIHLEL TomoSAR (1 £ bk b7 5% g FH o Jé
BLH AR

2 Afr il

TomoSAR G LT AN E 1 fiw, ik V&1
AN T BE AT A AT, A [ it =2 [
NS A B W 200 . R SAR RGETEL %
FHuE BT NS, Sl — e R AR ]
PIFR 2 NS AL H (Single Look Complex, SLC)

B, S, SH Y 28k MM IRZERIE
WAL FES  (Tebaldini, 2010; YuZ¥, 2025), 3
TRIEE B — I R R S EOWIAE S (Aghababaei
&5, 2020)

g(b,) = fAs'y(s) - exp(j4mb,s/Ar)ds (1

K, gb)n=1, 2, 3, «, N)ZHEE—IT
BZ W MIE , s &3 5 TR i 24T ) 47
B oy(s) AEUHARNT ZAT B s 10 2 U R 5L
I3A, As b BRRELEH A s B R, b, BT EHE M
2R AIELR, r R AR IR B H AR A Z (8] Y BE 2 K
B A

HA AR ZE
SAREHE HEAE

JZHTSAR

I SAR AR

K1 A AL 22 1 TomoSAR AR EE 1A

Fig. 1 Schematic diagram of TomoSAR reconstruction with phase error

FESEPRM S, REMEMITRIRZESGIA
A ZAR AR 2, 2 TomoSAR W% H A 1] Z
A E . B, fREX (1) BFESBR X}
W ZETUZE, HEBIERREE R H
(Tebaldini %5, 2016)

g(0,)= expGp(b,)) [ 7(s)+ exp(jdmb,o/Ar)ds 2)
A g(b,) AR I, o(b,) %
ML, 2UR2% 1T th A2 S B0 i
BHIE, HAesh

¢MQ=%§@maﬁﬁ—0%0ﬁL) 3)

o, 8Y, MI6Z, 73 |3 7s 5 n 2 Ul 9 R E AR
U7 MBS 1) T 5 B 1] )R 22, 6, R 2R n MR
BHRFBAS f o MEAREERE, MR ¢(b,)
TEREAS SLC [EIZR v 1 B 2s () AR e P o R 1) 2 24
iR 2E EE AP B SRR Y N R 1%
1 e 1 B (T N3 S M A U TR SO B
I, 7EABRAY RIS RTEE N, %R 22 A
14 25 ) A 56 P I 0] 3 B AR B2 O R (Gani 2%



932 National Remote Sensing Bulletin i & 54k 2026, 30(4)

2011; Feng%§, 2019). &1, 78 HARLR &
R, TR R T ) AR i — 2D A 2 i R 1) AR AR
PLSCEL H AR s RS SRS R . e s, H
o 1) 15 R AN B 2 T SO A S T ) o B s A o R )
TR, ETFZBBIUM LR, ZF Z AR
MR XS R E R

z=s-sinf 4)
Krp, 0FIRJIA S . T B aRZs (A LAT we s
KF, AN RA A SRR AR (2) P TR E
¥, SRS A SRR AT X

g(0.)= exp(Jelb,)) [ (2)- exp(jdmb,/Arsin0)ds

(%)
K, y(z) R AU SRR 10 A o 2 A 2 HU &R
B, Az HAREC A 2 5
WEN PR, T B A DR 25 19 SLC BIHER S i
FEAS i) e AR T, 4 H B B A RE RS R
B, HARRICN SR TS, i E e
SESBR MU HERYE . I, WAZRURE AR A R 2% E
TRIE, VRBUCRE RIS BRI, HRES
BOREMREE . WA BE, 234 SARHL
P AR T v AR 1 X 3 B A S A T AR B AT B L
RAEMEE R Pk, ETIAMST e T, 0]

W% B s i RGO R AN (Li%E, 2016):
g=Ay+e (6)
Rof, g =[g(b) glby), -, glby)] ENAEM

W, AR—"DNx MR EHEE (4,,=
exp(jdmb,z,/Arsinf)) , ’y=|:’y(z| ), y(zy), e, ')/(zw,):lT
VA R M xRS RS AR B
(v, =v(z.))-
3 E:T SFCOA Jr ik AR AIAL IE

FAAL 122 AR IE T 3o e il T H A AL R 22 ] i @ =
[e(b)y s @(b,)]', BERIHILATHE ¢ % SLC A
BT B IR E ARSI . AR &,
ARSCHE T DX PR E R L f A A 5 £ SFCOA
(Subarea Fast Contrast Optimization Autofocus) J7
o ITIEMPATIRARIN T« H G, KB IE SAR
FEHRAE S 0] BRI N T EARE R 1 X 4k
M, ERDFXA, LU TBU A RS T
FER KA UEN, AlTE— A AR 2, JF AR
THAOC R B EAE , R A /s — 3fe 1245

G R PAG T RLA % T X LA A IR 25 B 4L
2, KA AR R 25 1 28 (R G AR P, St i =X )
RALIRNS , BIKE Ak T DX A A 45 SR AE R AH 4B
RALHLF XA OLALRIE T4 DL R 98 Bl A A 2
R, WRMAZOME T 2RI S, R
Woow T BRI RAENE . B2 RBR T AR
TomoSAR =4t @it fE, 1M Uri H 1Y SFCOA Jrik
AR SO

( e BT,
LIS ARK E%é? f%%fmﬁ;gﬁ%

[
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Fig. 2 Flowchart of the TomoSAR 3D reconstruction with the
proposed SFCOA

31 FREBSE

St A AR DR 22 7 T DX Y 25 ) AR 1
DAARASE X6 5457 1] -5 A 8 1) F) — o A J3E S ik JHE Sy o0
AR, TR 2E (8Y, 6Z) SUT AGTFf 677 I
A LTSGR, AR o B2 4 S5 1 AR 62 56 T 07 oz 1)
5 1 1) ) Al 5

_ ¢ _ 4w (d5Y . 967
k,,= Pyl sin 6 %a cosO| (7)
op 4
k,,=——=—(8YcosOcoth + 8Zcosf) (8)
o ar Ar

HI LR L, 5 Ao 1) o R R T L TE R 22 A
S R B T 5 B AR SE AR o B e A B ) A2 47 T L
DR 22 RS AR AL R . ik, S
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PR DX AR A 19 25 RIS M, 06201 FR ol JHL B K AR
e R FFAE R e, AT GGlH R 0.25 rad) (de
Macedo %5, 2008; Du%, 2021; WangZ§, 2025),

F IR N RN il
N, < Do ©)
| ke
N, < € max (10)
|,

75 P P BEALEL TomoSAR REGE T, AHA IR 238
WHA S Z AN R BEARERE T X
N T A OB AEon, Rl 2 A8 47 3 1)
AR A BT, FRATDRE R R B o oy
THARSN T X OREWE3), a1
XN BE BT AT ot 3t ol — dUA AR 25 240

™ | o™ o™
Porr | P (”a,,,p
o oo o A
ann ar anr, (awg
PIO) oW oW
(oarrl (o”r’z ¢”2"‘Q
HM)
e
o ) oM
Perri| Canrs| = |Pars

K3 7 X R A

Fig. 3 Schematic diagram of subareas segmentation

Shy B AR A3 15 22 1 A6 ) 5 1 e A AR Ak R
P, AR I T AR T TS . B
SLEGHCE S L P B RIA RS, FEEERN
3250 m, ASFTAIEE R 51°—57°, fiE 5] AW
FRAY PR 22 MUl (O 7 1)) — 2k i 82978
W, HREFEHIRTE T
ZAERES, WELEREN [-03, 03] m,
HAARIE 305 H 52 ®AT BT 2R G0 0L 3 9 1A
SR ERHER R —3, B4 (a) JB/R THI IR
P2 7S )43 A, AT EOWE H A 5 07 5 1 B 1)
P A R AR RAE . Rk — A AT,
K4 (b) 5K 4 (c) 430 TR 2ZETE T
] 5 0 5 ) R B A . A SRREE, WA T A
Ao B AR R AN, DRI IR 278 IL 2% . &8
[ Sk A, A i 2 0 R A A T

BT LA AR, kA SCEEAR Ak ad
P R T 8P GG ARG BT — T X E 8L
(O RE A 1285 SR AE AR AR 7 X AR M, 5
DA Ry B L RS A48 2%, DAGE BC 7 X[ A 4 i 22
5o IR MG R KA TS AR B, ™
& A - DX PN AR N AR E B RIS, A RORIH T
- DX () AR ASE 0 - B S, DA I 2 AT SR A
JRR AR T, BT R 2E AL I AR ROR

§ .
_ 35210 _ 13310
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Fig. 4 Distribution of phase error and its gradient

3.2 XttbEmMAK

O WA v R ) SR AR B, AR SCR X EE
JEAE 0 R B e . BRAERE IR (JCAH AR 2E)
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BN MR SFK . HAFTEMINIIRZERT, BEHE
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HEFHR, BT S Rz, i
W A E AT, 7 2E N, BE
FAXIARSE , XFHLEEREZ Bk . L, T RDRE Bk
AHAL IR ZE A TR AR g xof FE FE AT A (X 55,
2025):

Q= arg;nax(](p(z,go)) (11)
L, CORMRMEE, o=[eb ) o). -,
o(by)] AR MBI ZE T, p(z, @)1 <<
L) R A HAAL R i @ HEATAL IE SR JE AT 23386 v 2,
b T ARAE o i 2 d AR R A R X L R
TTAT DAOG AR AR AL 5% 22 1), DA 442 e PRI AR 10 2R 4
it o Ok HEBEAE O [R5 B A BE AR, HE S
jnT:

Clplap) = i)l

mean{p(z,(p)}

£, mean{p(z, (p)}ﬂ]std{p(z, go)}ﬁgﬁﬂﬁ‘
i h

mean{p(z,go)} = ZEP(Z,‘P)

I=1

—_

(13)

1 L

Md{p(z¢)}=//1122(p(4¢)-nwan{p(A¢)N
T RS (12) BFRAZEYE, BIY
¢, =@, ta- bnﬁﬂ‘, @)ﬂ(plﬂlgoz, Az?ﬁéEXd‘HﬁEK
THEN, B TEELME, USSR Y
B SRR . N T I A R, 2 R R
T 53 18 T A A ] i 158 25 A0 A7 1Y — B 5 AR
M, FHARARZEMMGE I FHETE.
T —IE SAREMER I ZHHNT (e(b,)=0),
AT LA X B @ (b, ) PR ER S35 2R SR At 1Y ¢

%30 (Aghababaee %5, 2018):
[erw)an, = et,)

>¢'(b,)=0
A, @"(b,) B ' (b,) 73 MR (b,) W) B T %K
Fl— B Sk 3w FRATTAS 20 (% U0 I S Ay 3 S A
T ) B BORBEAE . AR 12 22 PR Y — B S5 400R —

i SO 25 70 T BRI LR A

@' (b,)=(e(b,) = @b, ))/(b,-b,,) (15)

(14)

Fi
¢"(b,)=(¢'(b,..)=¢'(b))/(b,-b,_,) (16)
BRI (15) R (16), AlfREAIR,

(14) B#k, Mm-S — N s N-1 D
N-1DRINE LN E RS

@"(by)=(¢'(bs) = ¢'(b,))/(by - b))

¢©"(by) = (¢'(by) = ¢ (b)) /(b = b,)

) (17)
@"(by-\)= (QD,(bN) - QD,(b/v—l))/(bw—l - bw—z)
0= Ye'(h,)
W HE U I A
¢
{OJ_-U¢ (18)

A, @ NMEREREIN-14E50 M &, o MiFRI N-2
eylme, UK (N-1) x (N-1) 4. X
(18) ATLABLE Al @ = We", HH A4 Wi U R
MIHT N-2 5 1o P, o SR A A 00 Ak Tn) A mT e
A

¢' = argmax C{p(z¢")} (19)

MR " W, AT AT LI ¢ =
W' 118 T B A T AL IE AL R 2Z R, X T
A (19) PRl @g — 28 il KT #,
BT AR RSCR, AT LU T AR BR T R T %
ZAEERIBRAIZ AT EHRIE
(Aghababaee 55, 2018).

P13 A A B SR A I R A e v AR M Ak
A T RIR AR E . L, FEAH AL HE o #2 rh
P A A bR AL S ms BRSO A R 2
W5 E R UE T T — A A AR XA R 221
SFCOA J7 1 ) FEAH @~ DX 385 [ AH 57 1) 3% 22 14 FiAH
KM, AR A A7 15 22 15 S8 78 AH 208 DX 8l 1) 1) 4% 46 o
KW T A B AL Ge X Lo BE e Ak T VR R
AR 152 25 N BEAT 2 BT LA T 350 1) AR bR e B 454 I
WA . RIS, JEF 7 X b BE 7 3T T 3%
A R W SO FE SRR, T — R Sk
FHE SR A AR R 22 MR R T 56 o
33 REmNENZSEE

WH, AT XN ATREAL S 2R T U
ARG T XN L AR 22 SR, 5 e A
A AT RS R BRI, FRE A /s —3fe vk
XA THEE RIEAT RS o SE T, PR R X R
25 KU IR 22 Z Y R B I T B

b=Cp+e (20)
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. Go] QAT LA K
1, -, 1]Tjj§\§y

X, d=[¢n ¢ -
A AL 35 25 i, € =1,
] 4
@ =(C"WC) ' C'Wé Q1)

Kb, WRHEGEXH MR, HOTER A T8
PRI AE DG R B 25 TR AR I ) 25 A k55 40 T i
PRS2, Tt DR AL R 22 Al T Ra g
3.4 TomoSAR 1%

SEMAAGI R 2E R EZ S, FIH] Capon J5 1255 B
J2 BT AR AR I AR FR A e R ) 1 O B R
(Kumar%§, 2017). X F—MREERER, %
SRR R AT LUE 1 MRS .

D 1< H
=— 22
R=3 2.8 (22)

A, (MERARIHEE, g, 0T LGRS DR R N
HL BT D345 . SRS Capon D3 B4l 114
IRER
) 1
P (z)=——F—— (23)
a"(z)R'a(z)

o, a(z)=[exp(j41Tblz/)\rsin0), oo, exp(jdmbyz/
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(a) SAR intensity images

Arsin®)] S G ISt MG R G
AT A I S P, (2) B EAES

4 SAREUEHEAR AN SL B0 45

4.1 SLIGHIE

A% SR AL ER P I Bt TomoSAR U4k 45 I J& 7
VEA RS IE , B0 ok PR T rb ] 2E 5 AR X A4 A
ZIIFIRE (LuE, 2021). CHLFAEEEL N
80 m/s, i B 7E 3500—3750 m, HAKRGSHL
Rl SEMH TZX S S IR SAR K, K5 (a)
R T — SRR R

F1 HEHPIKESARFIERERE
Table 1 Configuration of the airborne P-band SAR

Acquisitions
240 Bl
L A% 450 MHz
b A A 60°
Wb =X HHAIVV
SLC/3#EE (axr) 1.45 mx1.5 m

B S2 i [-90, -60, -30, 0, 30, 60, 90, 120] m

- 25 m
i
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40}
60 15m
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i
JE 80
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120 | Sm
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T T 0
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(b) P& (a) P20 XI5 LiD AR 56 J22 A K 2]

(b) Zoomed—in LiDAR canopy data of the red region in (a)

5 RS XIRAY SAR 53 P 5 St 17 Y LiDAR 568 J2 38040
Fig.5 SAR intensity images of the study area and the corresponding LIDAR canopy values

by S P BN L SR EEA S, ASHIESE L v
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Fig. 6 Tomographic profiles of HH and VV polarizations with different phase error calibration methods
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Fig. 7 The relationship between the forest height measured by TomoSAR and LiDAR data under different power loss
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Abstract: Synthetic Aperture Radar Tomography (TomoSAR), which is based on multi-baseline interferometry, utilizes repeat-pass

monostatic or single-pass multistatic data to synthesize an aperture in the elevation direction. This technique enables 3D imaging and the

high-resolution reconstruction of forest structures. However, residual phase errors between tracks frequently lead to spectral energy

dispersion and image blurring, significantly compromising the accuracy and stability of forest height retrieval. Moreover, existing phase
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error calibration methods require a high computational load for the tomographic imaging of large-scale forest scenarios.

To address the aforementioned issues, this study proposes a novel phase error calibration method, called Subarea Fast Contrast
Optimization Autofocusing (SFCOA), which enhances the efficiency and accuracy of TomoSAR imaging. This method leverages the spatial
invariance of phase errors within local subareas to reduce the dimensionality of the optimization problem. By transforming traditional pixel-
by-pixel optimization into an efficient contrast maximization task that is performed over a limited number of subareas, the method
significantly lowers computational complexity. In addition, a chain initialization strategy based on spatial continuity between adjacent
subareas minimizes the required iterations and substantially accelerates convergence.

The proposed SFCOA method is validated using airborne P-band TomoSAR data acquired over Saihanba Forest in Northern China.
SFCOA is then compared with several representative phase calibration methods, including Phase Derivative Constrained Optimization
(PDCO), Phase-Shifting Interferometry (PSI), Phase Gradient Autofocus (PGA), and Network Construction (NC)-PGA. After phase error
calibration, tomograms are generated using a Capon beamformer, and the resulting vertical profiles are evaluated against LiDAR
measurements. The qualitative analysis of representative azimuth lines demonstrates that SFCOA achieves the narrowest main lobes, the
lowest side lobes, and smooth vertical continuity in the reconstructed tomograms. By contrast, PDCO results exhibit vertical discontinuities.
PSI only partially suppresses interference, with residual side lobes indicating incomplete phase error calibration. PGA achieves reasonable
focus but suffers from contrast degradation near segment transitions, blurring the separation between canopy and ground reflections.
Although NC-PGA reconstructs a continuous forest vertical structure, it remains inferior to SFCOA in terms of tomographic sharpness and
peak localization accuracy.

Quantitative evaluations confirm the computational efficiency of SFCOA, which requires only 12.36 s to process the study area on a
2.5 GHz Intel CPU with 16 GB RAM, compared with 16.7 h for PDCO, 388.97 s for PSI, 28.25 s for PGA, and 45.39 s for NC-PGA. In
forest height estimation, SFCOA also achieves superior accuracy, improving R* from 0.516 to 0.609, mean absolute error from 0.509 m to
0.435 m, mean absolute percentage error from 3.152% to 2.820%, and root mean square error from 0.627 m to 0.526 m relative to NC-PGA.

In summary, SFCOA provides an accurate and computationally efficient phase error calibration solution for TomoSAR in forested
environments. By combining subarea processing, derivative-constrained contrast optimization, and chain initialization, it achieves an
effective balance between processing speed and reconstruction quality. The method exhibits strong potential for supporting high-precision
3D forest mapping and sustainable forest management.

Key words: SAR Tomography (TomoSAR), phase error calibration, space-invariant assumption, subarea segmentation, autofocus,
tomogram, forest vertical structure
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