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#lte R MG EE T, 3R AR
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2017 5 7 R T 5GIEH I M 45 (5G Non-Ter-
restrial Networks, 5G-NTN) I 50, ¥ HAERN
5GH B @S ) 25 (B B B i . BEE AR “ A&
" (Starlink). P E “ERMN” NARKENLEE
HEAM RGP ke, AR IEAE PR N TR HEC
P AR, BG-NTNAHCH ARG T Z B 72 K.

5G-NTN [ ) 28 B0 F A 1) P 13035 4k A b T A%
HEME, EWFEBRE R BN LR
ST AR IR DO B, KR, 5G-NTN R
FEHTEE Y 5y 52 B R IAME S0 R . K ARSI 2 A 22
WS sl BT R H IR A 443 5 H (Ortho-
gonal Frequency Division Multiplexing, OFDM){&
T, 2 B ROR T R B BB R (Carrier Fre-
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quency Offset, SFO) <> it i)™ B [1) 5 213 8] T4
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(Inter-Carrier Interference, ICT)Pl, Bh4h, 2 i)
BN IE 2% 5] N - B (A S (Inter-Subcarrier Fre-
quency Offset, ISFO), H#f— BB ALERE
Klitk, CFO, SFOFISFOMlitHAIFME 42 miii
PUPERERRBERIAR, 2B T AR FF TR 2
Kk

SCHER[6) A B R EAL N R, b T 2 RN
X} 55 OFDMAR 5 HIFZI,  AL3E 238 E 2w |
Z g m Y R OFDMAT 5 B AL, e i
W7 HE ST RE RS, (RS R R
Grigst, WORIEHARIAERE L. SCER[T)WTIE T
2 B 2N Starlink FATAE 5520, f5 28
By R 3 B0 — A B AU B A T B R AR
e, I BT T HX T BPAEZ RO TR
HHEE R REEZ B AN EKSFOY
ISFOX#WUE 5 IR G 520 o STRR[8] LARE i & Air
RN FR R, 0 T 2 8N PR &
ZiOFDMAE 5 7 #HP 5 T m, 8L €N
BESHECN, &, K T HUR A I CFOZ (H ATk
3500 Hz, # ZM&i%ZE 544 7™ 50 E SRS

X CFOMSFOSEZH it in) &, = A 4h
R HWRHAT T T2 5. SCER[9,10] 8 FH P A
WU FIRT S, M T BT RO (Maximum-
Likelihood, ML) JCFOMSFOB:A S5 Ak, I
g5 T Ak THE S 7 22 (Mean Square Error, MSE) ]
v F %L F (Cramér-Rao Bound, CRB), {HILH AT
R TREHRITCFOMSFOR 4 % . Cmk[11]i /b
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T CFOMSFOMK & i KU T+, @ 715
TE AT e S0 S EUG TS BE RS, RS T Al
EHRHECRB, HAIFH S Z4E 48 ROk .
BR[12] 32 th — A B T 3L [ S HEHE M CFOMSFO
Bea it 77k, segdE NECKMCFO Hil H & 24
FERAR. HA2, SCHHRH Al T EE AN IE H
TR IEZE A4y 2 1k (Orthogonal Frequency Division
Multiple Access, OFDMA)FI5G-NTN & %5, CHik[13]
F0F CFOMSF O — 4 R AL Sy SFO ) —4E
MR, 7 KB R ERCFOMSFOR KL
AR, RERAC TR SR STR([14) 2
TREALEL BT Fedth 7 —Fp S & R, CFORM
SFORATER G A THI B & RE R TT %, (H 1%k
BETHHEE S, TEHEENAT5G-NTN &S .

=N AT S PNE 2 S IR P E A3 IV
FEIICFOMSFO, {HXFISFO 7™ A Fil s i Al 22
MR Z RGBS 0. 54, A CFO
MISFOWKE ZHfhi v 55 K 2 W — 4 al — 4E M %
MR, HREREES. Nk BRI, AR
Giort T 2 S B RNEEN, SRR T MRS 2
EHICFOMSFORBR & At th 5k . 1 E Tk R

(1)75 F& 2 Bk 22 X B0 280840, S AR 4R A0k
B BB R S 55 1) 236 CFOMISF O At
SO, A SCERE WOR PR o ML 45 8 h 22 Fh AR
RIE B SLEsEm, @57 78— BRI OFDMEE 5
R, FEHES T SFORISEF O XS A, 1 25 5 AH 47 11
At S e LB

(2)ZE T 5G-NTNFHE 5 o Aiitke v, 1R T
MM CFOMSFOIRE R B & S8t k. &
ELRIH B AR RO 32 0 N I SRR, g
R PR LIS T FIE2R A TN E H
R L& RA THEVE, 45 H T Fe il S50 iz el i
Bavy 8

2 RgiER

2.1 ZEHMNITOFDMIE S RIS
% By 20N FR R 32 i 5 S v (4 AH X A2 B 5
o BRBRIEE TN fo, ORI A% 7]
W N, WSS 238 28 80N f, =
Efe, Ho, 2RI c=v/c, cNH. FE
OFDMAE 5 M3 5 A i SR O ) DA EE A fp
B8k B A foo, WAk b1 225 8 5y
fa,=§(foti- fsc) = fo+i-Af (1)
Heby fo=¢&fpr Af =Efsce FILIEH, XTOFDM
&%, 2T O=ENE, FFT
g HU 18] B% 0 R 4 BB, BT R .

e, MEUE B, #UE 5 05 8 R E — 4 BE
T HWE T LM IR A f, A SCHH 2 R
ISFO. LIHUE®ELEC00 km . A5 E N
20 GHz[J5G-NTNARHL LA EE A H], 8L
85 K 22 3 Bl 1K 11480 kHZ! . 58 T3k 1A
B 4120 kHz, *FT & 2564 55 (Resource
Block, RB)WPUSCHAE1&, =iy 1 2% 8]
TISFO Z MR Ml Z(E 15 £)8.8 kHz. Hth,
OFDM{E 5 T HIEH BB AR, ISFORIFZ M A H]
BHE, HABATHBAME, S E R R

ZH RN TG ARIUE SRR R, &
25 S AER A REE B R 4galhifd, S350
5 AR AR R R (146 5, ST I9IANT
SFO. W 7518 FH 5 532 o AR [F) B SRR AR
DUt 5 ) ) SR AR, OF DM 54 32 v 25 BT 7] J& o4
Ro — B0 B FE B2 H I8 B T 4% (Cyclic Prefix,
CP), ¥ 5l &5 E & L (Inter-Symbol Interfer-
ence, ISI).
2.2 F51EE

FESG-NTNIRAL PG RS, BT 258
BN FEICFO, SFOFISFO, IR PR b 13 4 1) 22
R 9l ACFO, SFO, 2R, ZHARZ
[ AR 22 7 2 5l ACFO, 1 Ui #t (Digital-to-
Analog Converter, DAC) £ %% 4t (Analog-to-
Digital Converter, ADC)RAF I 2 (1) 5515 7 ¢ 22 5
ASFO. FfE TR, ACHSHFRPUSCHIEIE
ECFO, SFORMISFOI:[FIFZM T (145 S B4,

B BN AKX FF 5 m B OFDMAT 5,
HERFENETERN

N—-1
sm(t) = % 3" X (k) N Ty (¢ — Ty
k=0

(2)

HA, 0<m < Ny — 1o Ny NEBEAOFDM
P88t TRIFFTHE SRR, N&R
Rigu e
(fot2fs0) (14€)
(fot2fsc)
D+ SC. 1+C
() (hotfsc) (14€)
f Jo(149)

K 1 2PN S EISFO
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9 U N < Kk
i > DAC “‘
% EZ2 3L
- , . / (CFO, SFO,
SFO CFO ISFO)
4 I ! N\
ek
Kk
PRI | % j .
vl ADC .“ W

A

2 R TR E R

IFFT A% N, R -CPHKE, HEFsnE
T, = N,T; T RamHACPJEKIOFDMAT 5 K,

To=(N+N)T; 11EREU®) =ut) —ult—Ts) »
u(t) 2 BB ER R AL
T Ear R, v T RAE SRR, 1%%

BERAS TR BB PR FFIEE . N Tt

At 2 B RS X AN [ 7 3R R R Zfixhgjt%
RN AR A IR (8] FR) 002 22 57 45 5| N CF O A
ISFO, S RO AR Oy 32 i AU 1 2 b R 33 -
BRI, Bl AR (S 5 HHTE

L Z Xm( e’ 2k (t— Tg—mTS)eiQ‘n(fo-HCAf)t

U (t—mT) 3)

g PEGELWGE, #IEm e E 5%

LT KA, I DAR B GG B 2 8 B i, OF-
DMAFF 5 m (1) 5n AN RAE SO LRI 219

t = (Ng+mNs+n)T' + 7 (4)

b, 7 RCR P A5 1 Il 22 (Symbol Timing

Offset, STO).
XBRCPJE, #UnfS R MOFDMF 5 m I

1 N-1
Tmn = Z X, (K)H (k

e (s

T)+nT'+7)
. el?ﬂ(fo+kAf)((Ng+mNS+")T/+T) + Wm,n (5)

Hrl s wp o NIENO T7 220 N v 3 1
L-1 .
Py FARN R H (k) =) e N,

JE {5 18 PP ¥ (Channel Impulse Response,
CIR)HIZB 1Mk, L2 fEiEH k2.

E XHA—SFO Ny = (T" — T) /T, H—4kCFO
HNeg = foNT, JH—ALISFONAe = AfNT, H—
WSTONF = /T (F3CH, HTFHEUH, CFO.
ISFO, SFO, STO%HEH—1zH%). &
n+Ae+Aenpr~n+ Ace, e9(l+1n) e, (1+Ae)T =
7, A(B)ATLAEE N

Z X,, (k)el & (Nmatn(ltn)+7)
Tmn = N

QJM«NMMMHMM) +w,,

N—-1
~ 7eJN€0<Nm+"+T > X (k)H (k)
k=0
. ej%(aNm+(l+a)n+7~') + Wi (6)

He, N, =N,+mN,, a=n+Acs

L FFT A B )G 15 258 85 W E 5 Y, =
(Y7 (0), Yin (1), -, Vi (K — 1), K My 5 FH 7 3R
B TR E EE Y. (k) iTUARR A

N—-1 .
2nkn
You(k) = > rmne N
n=0
_ 1 B Z X, o B (N, +7)
N
N-—

Z 2""(ao+(1+al k) +W ( )

_ %meXm(k)H(k)csm,kd) (c0 + ak)

+ I (k) + Win (k) (7)
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Hif, o, =l FeoMmtt5), Sk — o & (Nt DT 1)
Wi (k) 5 W, X BLETSIRAT 5 0 T (k) AT BB
k ERICI &, ATURIRA

1 N-1

T (k) = 7m 3 Xu()H@)SF @NntD)
1=0,i#k
.ej'rr(lfﬁ)((H»a)lfk)q& (co+(1+a)l—k)
(8)
A, () IRIEAN
_ _sin(rz)
¢ () = — (/N (9)

MY, (k) ERIE R T LA, B TICTr S AN
P AT R b A AR e R VR . L,
FER EH RS A 2 — B2 R OFDMAF 5 T 73k
W AT R 0, B Em . o MFHfIE; B
53 Bl B TS R AR R O, g, HS M,
aFIFHE -

SEbREAE SRR, Blom e R T B EE.
BERE AN 78R CFOBAT M, e F47 5
PRFAME . Rk, EPUSCH/S B A AEE B /N %
FCFO. {H&, Kikim—BoHE LA SFOMISFO
AT SERHETHAI TR, A FE BRSO AL B . 1R AL,
3 (6)-2N(8)F i, SFOMISFOIHIL LB e
TS 8oz, A TY KT SFOMEUEE
Hl. FEt, APKxTCFO, SFO, ISFORMG A
X B Beo, afifliit. HE, SFORMEEREY X

Ja, AEGUERANIRAG T 5Lk B 2 I R AL,
AR FUR R A FE S Hffi v ik

3 ETHBESEESHCFOMSFOKE M

TEE

FESG-NTNR G, RN IR A e & 2 A I
%% {5 5 (Demodulation Reference Signal,
DMRS)E NS BT 5 505 A M1FIM2 (1) R
ANDMRSH RS 58 Yan M Ya, B -S89
TEWI T BB 5 N {ko, ko + d, -+, ko + d(I — 1)} o
W, TN FIAE S o T ) 30 S ko T
TR B NT T, d R AH AR T A0 E] R
B, WEBFIR. R, BUE AR N CIR PR £
AAE,
3.1 Bl ZHRRGEITEX

A AN IETCTAI & 0 1 e A5 52, DU ] A Ay 40
A B Yan 72 Yan BIAHALIE RS . BRIk, Bie BT B
10 A AL TR 52 A BR AR A e e R sg e o BB
H G = diag{e % o701 ... e=301-1} X} Yy #EAT #H AL
AL, 153

Yir = GYan (10)

H, 0, = (ko+id)pB, p=2rNy(M2—-M1)/N ,
B RRYEZHa B EUE G € AR AME S 3.

Xof ] 2t Yage FH Yany HO6F I 76 26 30 47 L 5 A0 3¢,
TR Yo HORE B T 3R ABAE )~ 7 4T 13— AL Ab 2,
T2 R(S) = [Ro(8), Ru(B), - Rr-1(B8)] >

DMRS

DMRS

DMRS

A
ky+d(I1-1) DMRS
-
julind
fliy
\
&
i |
kytd DMRS ‘
k) DMRS
I~ — = T 1
| | |
| | |
M1

OFDMAfF 575 m

P 3 DMRSAE 5 £ IR AU G 70 A
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Yara (i) (Yars (4))"

R; j(peo+kop(a—p)) npd(a—pB)i
)= |Yar (i) - ‘
(11)
AR (11), & X
2 2
— |e(Peotkop(a— Zemd(a
_ (sin(pdI(a — B)/2)
- Chbi—57 ) (12)

HTpdla—B)/2 <1, ERATLLERLN

F(B) = I*(sinc (pdI (a — B) /2))? (13)
HIZC(13) AT A1, BRHf(B) R L 2 Bllsine bR )
P, FEZANEERS, FWNE A R
KAE, Hf(B)TEEMHN N RIEREH B = o HLH]

ME—f 4 Rif K8 . Rk, BLF(B)1EN HAREREL,
ZHa A THEN
Eizzargrgng(B) (14)

BExtaQ(14) MR, At T A ERE
2%, WABORA N EE . B, BES o]
AE HUAE VG N [~ omax, Qax] « - W R pd T ooy > 27,
WU T BR K f(8) B E TV B, BRI i S AT LA
it BE S B THEaw, FFR AR R
RN RIUGRHEE AT, R B3 B M 22 1 38 1) 1 o R 01
WA . 2R, TGRS ME 34T N IR0
R, BEASHMFEIHEa. &5, HaffAE
HXFAER(E), REICFORMliHEE,.

SRS BN SRR -

Kld(a) Bos 1B RDH G THS BT a6 3 HE R
R, HL A [ 0 L A A AA AR B SRE2 1 o A 4 2R
B, T RHAE R R xS H b e B K R, B
VI FEAE s i o A(D) Bon T kGl THI 98 2L
P, BRI R T R A A 20 0 (AT RE A TP
AN RS RLET H AR R EE . JERE R BE BRI mAE N

2.5 T T
| ,f\ ERANEEA
20 | /J | FHAR R
MR, |
1.5 f
D
=10
0.5
0 e >y ) ¥ e
2 -1 0 1 2 3 4
(pdIB) /2w

(a) HIERITE

TGRS, ERERR A RIS T
DB, ZAMREERSOEEIERE T, LR
JE BRI IR
3.2 k2. ETUWNEBHEXAEITEE

fE B ARG, SEAS TR R
S RIRBAFE R Nk, i S — it
Jiik, SRS EE R R FRE, eAE
BICIM @M A A, 2 XA & E(a) =
[Eo(@), Ex (@), Bra ()],

B 1 ZoBRETEE

MN: Yan, Yas p» kos ds I, omaxs Ny

1: if pdloamax > 27 then

2:  WEHIERIRE: Neo =2 X [pdlomax/(2m)], HKE
Z = [2(1),2(2),, Z(Neo)] "

3: forl=1,2,--, N do

4: FIHAE R A B =211 — (Neo +1)/2)/(pdI);

5: B (10)- ROAEKHE Y, RB)FF(B)

¥ (BN Z (1) s
6: end
7. HWREBBNZPEIMENTD nax, TR THE
Amid = 2% (lmax — (Neo +1)/2)/(pdl) 5
8: else
9: MM G = 0;
10: end

11: EREE RV Ry = Qs KB A =/ (pdI ) ;
12: for n =1,2,, N; do

13: if f(v+ A) > f(y — A) then

14: WEEAEAREEE v =4 A, A= A/2

15:  else

16: TEHAE S AGHE: v =7 — A, A=A/2;

17:  end

18: end
19: ﬁ'ﬁ%ﬁﬁ’%iﬁlﬁﬁlﬂﬁ =",
g0 = arctan(z a))/p;

fith: @, =o

2.5
F bR B % %‘y‘\fﬁ&/\?@%
2.0 o FHRE A | FEAXRI R
1.5 [
s "5ﬁmw§
10 -
0.5
0

—27 ;1 0 1 2 3 V 74
(pdIp) /2w
(b) LR

4 SR RARER



44

FERGIESE: 5G-NTNARBL T 5 b BB ARAE S i (R A FEBR S A T 5% 1683

Yae(i) e
E; = — ol(peotkopa) Spdai 15
)= Y@ =° ‘ (19)

M (15)FTUE R E(a) PR TR KA
LA E T, Hb: (peo + kop) WAILTL, AT
EEWIGEAGL, 10 pdod W2 BEHE T 8P 5 2 ZE
A BRIIMAL. APTRFR, FERRRPAE T, B
B 2 e 25 I 1) R AR A AR e . PRI, S
pda A DASEEE T BRSO AT R
M5 Z R TH

VB9 BB 5 AR AG TR I — AN B2
M, BT EH RS T TE) I N TR K
55 B RAL T, AFEL&RAE (Luise and Reg-
giannini). L&WH % (Lovell and Williamson).
M&MHZ:(Mengali and Morelli)s Fitz5%(M.P. Fitz)
S LA S B A TH T, YRR BRI b
TR EIECRBIIMERE . b, LE&RFEEIN
P T AN, BTSRRI AR R R
S8 pda LR PUETEE BN, X BRI LERF L
BATSEAG T ERTH R AR E (o) AR T

I-1
D(m) = Z Ei()E;_,(a) (16)

Heb, moe [1, Lo, Lo SEEXERL Ly = 1/2)s
AT ARG THE

Lo

a= pd(ijLl)arg{Z D(m)} (17)

m=1

7 B B A o, L& R A4
ARSI 1/ Ly . 2N, 5 8o fh i
HN[=2n/(pdLo), 2w/ (pdLo)] » FE W7 i 5G-NTNAK
LT 0 S B i

R, A5 RN AR KR, )
WAt 20 = arctan(Y" | Ru(@)/p,
SEBH it
4 ERERIFENM

4.1 ERESH

AT ESCR AT R A b, I
5 OA 4 R MLV (FIFR2D-MLA L) ORI —4E
R ML (RIFR1D-MLEE) BT HL

ST, AT R, IR R A
PETIAME T B TR R, TF 5 B O n) & 75 2
20 IR AT VE AT IR LK vd:, Kk #f(B) 75 %
TIREEONE. 3T MR, SRR M
PLTRAME 5 2T IR L HR S, T H A O ) i 7
AT IR BRI IE 2L RS H RV, SRR f(B) 2
QTR BHINE . T, X T N, UL IE R A NG UK

W, LT EHAT 2I(Ne, + 3Ng) IR 2 Har ik .
I(Nyo + 2N ) IRSEHERIE. I(Neo + 2Ng)IRE N,

T EE2, THARE() FEIRER G
B, FWT 2 IREHERIEM IR R . THH
AT D(m) F5E (312 — 21) /8 E ¥R, &5,
HEamEI /2R EEINE. kM. Hik, 3t
BT (317 + 461) /S IR B B3R L . 3T IR L H ke
e 12 IREEINERTCRA A

2D-MLAVEF, R R T B 20 IR G HERE .
TR RN, R T CFO&IE X
AN, 5 SFO#IE X [R5 N, IR AN, L% BT
2IN.N, KK INN, KEZHN%. 1D-ML
VAR R T E R SRS 1IREHOni%,
HRRBIR T SFOFKIEX M N, , HFHEHT
2IN, IR E K. IN, I ENi%.

T PA—AN g A s ek S s AT Akt
¥ 5 256 RBIUPUSCHIG E, SHis &
I =1536. ESFON30 ppm(parts per million).
ISFON24 ppm, HZ&RE MG ICFOAN+0.05.
NT A REL, B TERCFO, SFOfliHiz
ZE4r ¥ #1300.01, 1.00 ppm AN o« X1 m) @
ST, FERIHREOHE R M6OEE %, 2D-ML
HETRE2TOWRAE R, 1D-MLEEF Er4 8 &,
HHEENRIFUR,

MRS AT AR, BRI E AR,
T B BRIV IR A M T 2D-MLE VL1
4% HE208% . 1D-MLEEK44% . Bk, &
otk Eans s, HHAH TR SET L
fig, WA BT A R AR .

4.2 HESH

R 58I BT AR BV A U, A S T 5G-
NTN#(E RG AT TR B #r, JELAHLE &
FE 600 km KL TR B 22 38 h 4 M 1E 0 1 5%
PR, BAR B RGBS HK B R 2R .

K545 H T S8t MSE, K645 H T35
soflitH BT R ZE MR . S8 Ma MG iR 2
4% 9 7€ XN MSE(g) 2 E{(eo — 20)°} ,MSE(a) £
E{(a—@)’}, HHE{}RRZWEMG. AEATUE
H, Yk HE K = 3072 HAS M L (Signal-to-

®1 BREREHRE

AP RS SR SHm
AL 73728 36864 36864
ASCEE2 893568 4608 768
2D-MLH % 1658880 0 829440
1D-MLE 165888 0 82944
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2 % 548 %

*2 TERGSH

SR ZHUE
FRPHE(K) 768(64RB), 3072(256RB)
FARF BRI AR (d) 2
DMRS{E5 /75 M1=2, M2=6
SFO(7) 30 ppm
CFO(eo) 0.02
ISFO(Ae) 24 ppm
fFiE 2R AWGN
REFE SISO

Noise Ratio, SNR)f&T5 dBFf, 1D-MLAZEMERE
BEPL T HAR LR SR . Ha2, IRSNRARA: T 38 ik
FIBPSK, QPSKZKH i 77 3, BRI B 5 K i)
CFO, SFO. [Ht, X SEhri A A B S )
SNR, AFMEIEMSEUG TR A —FL.

T T A7 FCAS [R] - B K s AN 2w i R i 7 =X
(Modulation and Coding Scheme, MCS) T iz
# (Block Error Rate, BLER), HEISFOARKME.
K AN [F CFORISF OB & il v Sk 2R AT AH AL 32
IR . DO R, JRHL 7 AR SR 12K
HHEFMMCSA A

7T LR, 4T K =3072, MCS25, #
ISFORMEAT#Mz2, W58t R FIBLERA SR B2
100%; KA CFOMSFOBEA i v Bkt AT AL £k
)5, M THEEMBAMNRE, ARSEIEER
BIE0.8 dBA A, Bk EERICIGI . X
T HABSF FEH BB EAMCSH S, L& EF A
fhTFERAT AR, AR RIAEE /N, A
SER UL . P R K HR B U
ISFO£ A il 240 f 1 1t RE A S B IR 25
5 ZERIE

BT X 5G-NTNAK L T 85 v 224 8N 52
A SCHTISFO 7= AR HLEE R g2 i 34T T B 43 #7
TR TR SEI A TR, §ETCFO,
SFO, ISFOSEE S5, @7 7 s 5 5B,
5 HSFO, ISFOXOFDM/E St i (1 A A7 5 i 24
MW LS, AT KT SEMSFOREL
HYEE . Hk, FIHBEADMRSH I E X H bR
B, AR 30 P R REE, R AR
RSREPR IS, B, ¥ HSFO, ISFOR/EE 11
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Abstract:
Objective

The Doppler effect is a major impairment in Low Earth Orbit (LEO) satellite communications

within 5G Non-Terrestrial Networks (5G-NTN). It introduces Carrier Frequency Offset (CFO), Sampling
Frequency Offset (SFO), and Inter-Subcarrier Frequency Offset (ISFO) across subcarriers. Although existing
estimation algorithms focus mainly on CFO and SFO, the effect of ISFO is insufficiently addressed. ISFO

becomes highly detrimental to receiver performance when Orthogonal Frequency-Division Multiplexing

(OFDM) systems use a large number of subcarriers and high-order modulation. Moreover, under joint CFO and

SFO conditions, conventional Maximum Likelihood Estimation (MLE) methods often require one- or two-

dimensional grid searches. This results in high computational cost. To reduce this cost, two joint estimation
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algorithms for CFO and SFO are proposed.

Methods  The influence of non-ideal factors at the transmitter, receiver, and channel, such as local oscillator
offset, SFO in Digital-to-Analog Converters (DACs) and Analog-to-Digital Converters (ADCs), and the
Doppler effect, is analyzed. A mathematical model for the received OFDM signal is developed, and the
mechanism through which SFO and ISFO distort the phase of frequency-domain subcarriers is derived.
Leveraging the pilot structure of 5G-NTN, two joint CFO and SFO estimation algorithms are proposed. (1)
Algorithm 1 uses the sequence correlation between the received frequency-domain Demodulation Reference
Signal (DMRS) vectors. After phase pre-compensation is applied, the normalized cross-correlation vector is
computed. An objective function is constructed from this vector, and its unimodal behavior in the main lobe is
used to estimate the parameters through a bisection search. (2) Algorithm 2 treats the estimation parameter as
analogous to a CFO in single-carrier systems and adopts an L&R-based autocorrelation method to derive
approximate closed-form expressions.

Results and Discussions A computational complexity analysis compares the proposed algorithms with one-
dimensional (1D-ML) and two-dimensional (2D-ML) grid-search MLE methods. Numerical results show that
Algorithm 1 reduces complexity substantially. The number of complex multiplications, which represent the
main computational cost, is 4% of that of the 2D-ML method, 8% of that of Algorithm 2, and 44% of that of
the 1D-ML method. Although Algorithm 2 is more computationally demanding, it yields a closed-form
estimation expression. The performance of each algorithm is evaluated through the Mean Square Error (MSE)
of the estimated parameters. Simulations show that for a subcarrier number of 3072, the 1D-ML algorithm
performs slightly better than the others at Signal-to-Noise Ratios (SNRs) below 5 dB. However, because robust
modulation schemes such as BPSK and QPSK typically used at low SNRs tolerate larger offsets, the medium-
to-high SNR range is of greater practical relevance. In this range, all four algorithms demonstrate comparable
estimation performance.

Conclusions This study addresses the effect of Doppler in 5G-NTN LEO satellite communications by
analyzing the mechanism and influence of ISFO and by proposing two joint estimation algorithms for CFO and
SFO. First, a mathematical model of the received signal is established considering non-ideal factors such as
CFO, SFO, and ISFO. The combined effect of SFO and ISFO on OFDM signals is derived to be equivalent to
their linear superposition, which expands the range of the equivalent SFO. Second, the objective function is
defined using the cross-correlation vector of two DMRS sequences. By using its unimodal behavior within the
main lobe, a binary search enables fast convergence. Subsequently, the parameter determined by SFO and
ISFO is then treated as analogous to the CFO in single-carrier systems, allowing an approximate closed-form
estimation solution to be obtained through the L&R method. Finally, complexity analysis and performance
simulations show that the proposed algorithms provide significant computational savings and strong estimation
performance. These results can support the development of 5G-NTN LEO satellite payloads and terminal
products.

Key words: 5G Non-Terrestrial Networks (5G-NTN); Low Earth Orbit (LEO) satellite communications;
Doppler effect; Inter-Subcarrier Frequency Offset (ISFO)



	1 引言
	2 系统模型
	2.1 多普勒效应对OFDM信号的影响
	2.2 信号模型

	3 基于解调参考信号的CFO和SFO联合估计算法
	3.1 算法1：二分搜索估计算法
	3.2 算法2：基于观测量自相关的估计算法

	4 复杂度和仿真分析
	4.1 复杂度分析
	4.2 仿真分析

	5 结束语
	参考文献

