e GHIEISISLY
* FERBREOET

. 3 « SPERSISIRE (CSCD)
3 - SREREIO XSS SRR (CSTPCD)
« ShESFAREFRSCRHIER (CSAD)

Chinese Journal of Radio Science « RESSREIT (FEER) (CNK)

* FPEHE! Eﬁ?‘ﬁidﬁlﬁ?u

» ERBHEFAHRITRES

» FESUESSISIER (SCOPUS)
» BARIERATRAYEIER (JST)

HEF RIS E WA ESEE R R
M &, X 4h, A BR, AR 7, 3 OB, REM

Maximum likelihood estimation of irregularity parameters with spectrum fitting
CHEN Tao, LIU Dun, YU Xiao, HAO Yi, GUO Shan, and ZHU Qinglin

TEZE IR View online: https://doi.org/10.12265/.cjors.2022267

LT RE RSB HAN S R

Articles you may be interested in

FET 22 T BOLI A 78R 10328 L 85 J22 DN RN s B 157 TS

Response of ionospheric scintillation of Haikou station to geomagnetic storms based on multi—technique observations

L R4 47 . 2019, 34(3): 336-346
WGP AR A1 1) P B Me Murd ot X H 28 2 N RREE TTHRRIE A 6 L 43T

Statistical features of ionospheric scintillation over McMurdo, Antarctica during disturbed and quiet geomagnetic conditions: a

comparative analysis

HL I RR2A24R. 2017, 32(4): 369-376

HTF2007-20134F COSMICHE 22 25l A L B JZ R M DAL 5
A study of amplitude scintillation based on COSMIC occultation data during 2007-2013
HL IR AR 2019, 34(5): 655-662

— PG SRR AR FRIE A i B SR DN R i AR AR 2 AR A Y
A seasonal variation model of ionospheric scintillation occurrences with the equinoctial asymmetry

L R4 47 2019, 34(2): 180-185
e X3 ey R AN R A 8 R FE R B D 3k A A o

Perturbation power spectrum of dust plasma in the polar summer mesopause region
HL I RLF AR 2019, 34(2): 244-248

I HEGNSS IS5 5 IR 22 S RO I R DT

Retrieving method of multi ocean wave parameters based on GNSS—R technique

LR 2447 2019, 34(3): 315-321

ZHINELR


http://www.cjors.cn/cn/article/doi/10.12265/j.cjors.2022267
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2018091701
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2017062701
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2018102401
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2018012402
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2018081301
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2018101201

$38%K FH5H B O & ¥ ¥ i Vol. 38, No. 5
20234 10 A CHINESE JOURNAL OF RADIO SCIENCE October, 2023

Wi, XL, A, 5. LT ISR A A B S1A S B R BISR AT (7], BBl 22240, 2023, 38(5): 807-815. DOIL: 10.12265/j.cjors.2022267
CHEN T, LIU D, YU X, et al. Maximum likelihood estimation of irregularity parameters with spectrum fitting[J]. Chinese journal of radio science, 2023,
38(5): 807-815. (in Chinese). DOI: 10.12265/j.cjors.2022267

AT IR ST FS BB A SR

MRED x146Y ZAmR? AT R KRR
(1. HPE N RAFE 91198 FHEA, ALHE 5361005 2. H [ H IR ABFE ST T, 745 5 266107)

o B ORISR B ERE G RABRE T IR TR AR 69 2 ek, At KB & BB A S E UL Y
oL, 3B AR R IR g A7 %, il i s KM AR 4F 3T ( maximum likelihood estimation, MLE ) 384F % A~ 14 kR AR £
RH ) T AMAEH, 58] B Monte Carlo 7 i 314 A2 % MLE 4 R34 047, &R & 9. A B £ 35 HaEREA 5T vl 3543
LI TAR RAAE I, AF T 5L 90% FEAZEC B T K E A EAA; AR WG HGEAR A T AR AT A
ATy RAAE 3, 2 KA A5 i B 489 90% BEAZ BB TR E A SE; AEAG TR LR Y FERE
S AR M B AR Ty iR AT — IR, AR AR Rt o T R ST 0, BRAE T 3 iR 09 A AL
P 4 B A Ao M IR AT R R R R, i kT A T P EF BB INIRE 0L Ao ik A AR KB % 4
Yo 5 R TN A JRAL T B L IR AR

KR B E AL R R AMARE T (MLE); 25 &ML E R4

FESES P352 XEkFRER A YEHS  1005-0388(2023)05-0807-09

DOI  10.12265/j.cjors.2022267

Maximum likelihood estimation of irregularity parameters with spectrum fitting

CHEN Tao' LIUDun®” YU Xiao> HAO Yi® GUO Shan’ ZHU Qinglin’
(1. Unit 91198 of the PLA , Beihai 536100, China; 2. China Research Institute of Radiowave
Propagation , Qingdao 266107, China)

Abstract Parameters on ionospheric irregularity are essential for scintillation modeling. As scintillation is
generally observed on a single site basis, it had been a hard work to retrieve various irregularity parameters. However,
development of scintillation theory model provides a possible solution to this difficulty. Here we present a new method
to estimate irregularity parameters with maximum likelihood estimation (MLE) based on scintillation spectrum fitting.
Quality of the method is verified with Monte Carlo simulation. It shows that an unbiased optimal estimation could be
achieved for single spectral index model with all results located within the 90% confidence interval, while a near
unbiased optimization could be reached for double spectral index model with most of results in the 90% confidence
interval. Statistic distribution of estimation results follows the theoretical one well, showing the viability of estimation.
Test is also conducted with real measurements and the result is promising. Two kind of data tests show the method
could work efficiently under modest and strong scintillation conditions. This would pave the way for scintillation
modeling with commonly observation on single site.

Keywords ionospheric scintillation; intensity spectrum; maximum likelihood estimation (MLE); GNSS

N PRIGE R ZR, Ok LR AT M 00 000 2 187 % DR A 552 Wil ) A
0 5 = AR it DR 52 T AN A5 3 DR AR ) /N IR JE WL )2
LB JZ NSRS GNSS N HW IR B s |] B AN SRR IR A ¢ (AR P ah o % | 48

s H EA: 2022-12-08
BB E XK= A9 KR (2020YFB0505603)
BIE{EE: X8l E-mail: dunl@163.com


https://doi.org/10.12265/j.cjors.2022267
https://doi.org/10.12265/j.cjors.2022267
https://doi.org/10.12265/j.cjors.2022267

808 W,

sk A

¥ %

F % 38 &

B AR, i85 1 A0 LT 5G4
TR P 45 235 B AN I KR F5 25 S, F 7 5 & (total
electron content, TEC) A8 £k, 3R #8 #X (rate of TEC index,
ROTTY) S5 7E47 R SR Pl A A, 25 (i AL 8 4552 % HL 131
DU R A BRE. BRI, A A DA R ASE AU 2 R R XA 3
YRR ST @R, Il A S R R AR AL AR AT Bk
BLAL (5 578 AL R AE . 4 WBMOD #5252 59 4
SREE AR TR S S RO AT R R R
JZ TN ik A5 AL (Global Ionospheric Scintillation Model,
GISM) il 2 Xif H, 285 88 AR 28 Ak A0, 38 40 A
LA R BB ™ LB N R A5 51,

R FH DR o LT 5 B0 Xof I Bl L e K AL
JE SN SR SR A T A A T g N7 DN R T A
RV FEA . 38 A BRAT S X IR AT I, Bl &
GNSS N FH & ', FIl ] GNSS 155 2547 f 25 )2 N Bk
W R A — BT B 6 R S AT AR
FEULIN I AR 538, 7T UARAS I BRAS 5 40 . B
BT B, 36 J00 DR R 1 8 J2 O 8 5 2 B3 R AE, 5
FEWC Y T TN IR AR 5 0 903 A iE B A AR OC M (A
W AT D Ao 0 B TN KR A 5 0% R A A R A S T
AT B EA B SRS E AT,

FFH 1S A5 J5 %) 23 [B] BR B8 S e A7 Al 2 AT
BRI MR X526 55 R SR BF O i — A
U0 AH GNSS 15 5 L 28 J2 IR DU 2 A0 T 53
(0 TR IR AR 5 Dh 3 AL, A Be AT PR 53
I FTA AT IN IR S HU T

INFRER S B, 859 UM 5 00T BREAE 5 R AL
T T Ty 38 1A v A v 2R R R T B RAE. C Rino
FET A5 B, L TS5 WU AR A AF 5 AR
AL 45 I B RAF S A R IA K, 48 A M A7 A
FRIEEMT ./ fr P T8 1 Hz A B RR AL 3% 0 J5
pRIBHRELY. T LAY — 2z S 3 X GPS T
B TN RR AR 5 D 3833 i A0 — 2 A3 T R N 1933 R
PEATHAA, S X 15 5 3 RN 3 8 B Al 1+ (R %
J5 WA S B g v 32 B0AR 22 BRI A ORUEAR 5 )%
T e A i A I R AR AR AL AR, AT — i iR
FE R INMRAG5, IF 20285 BB B AL 1 0 631 [l 5K
PRI B, TR AF 5 TN KR Eh 345 7E — 5 38 B2 A R
T B R R, TEAF T v A AR X B )
it P R AR AR (RIS, N 1875 (R A T A
b, TR H &1z g, DL WL e R 52 e, kLA
B o€ — > [ 5E 19 480 53 B AT S DL O it
C.S.Carrano 2 A\ U519 g — 2 F| ] C.Rino @37 AYTRIL
BT INBRT 5 DR AT AT B LA, XTI o
| BEHR S S BT AU T O B R
P fe /N AT Z FNHZWSCAIL v A0 D0 e 7 22 ] — B AR

X Aff o A3 S BB EA T LA, v TS LA HE T 2
BT TR, AR5 s i 2 A T 25 R G B
PEMY. S5 T AT AT L Y, WA AR BE A I S
G TH S5 AT B R oA, AT S 30 25 1 A5
MAt . AR K CRino 48 A BEXT GNSS p 42 ) T
RUFE KON PR A5 AR, 30 2o BO(E R A A0 2 B, AU
B AR AT LB OR[N RR R 0L T 1915 5 DR
ARPRFAELS 53— 25 SO XU B AR R 2R S
TEEDEAT T 40 Hr, Bl TR A R

EL A A S0 DR A O T 5040 3 Ay B sl 0 ) T
EAEAERE, I GPS 155 | {5 DA S, HitAk
SO FH AR T 23R 538 480 D 2 6F TR R A D S 800 T i
At T, IR 05 B S 8Os X% 2k B
REVEAT AT PEAL, et Bl R W T RS A
Ji BAG T IN RSB0 A 55
1 HEEENEEE

C. Rino &5 A4 4 A XUHS B30 r 285 )2 DN R i A 78
J7Z N FHE] GNSS [RMRSE IR 43 M7 Hp 202100
A g SCTT AN AN B A A AT 5% % 32 R AR A 1),

la”. as<a 3

g "l g>qo
s € R S 3R EE s g R 28 (LB g0 P BB A
PR p, 53 ) R AR 43 s A 35 43 (0 A 7 35 3 . %L
A Y 3 3k 5 | A v BT ORI R S e A, R
T IR 307 04 R 06 V. 4 A3 i A5 2 R, XUE
B AR A R AR S B Y AR B0 2, B T U
HOAT BT B A AN T ELA S PR L

FIF AR IR 48 okt 25 (8] P B0k 4703 —fk b 2,
A DAARAS T A G5 — AR o7 i 2 B T 20

Dy (q) = C},{

U™, p<p,
P(u) = { 2)
®0) U™, >y
Kb 5B ESHCN
U =Cpi', Uy=Cgqy"pr" 3

P AT B B S B0 L U, = U™ 1 = goe I —14k
W o = quoe i H — Ak H W7 I 85 JE TR R AR
pr = NIk, Z 0155 DR B ST R HA A 57 A5 4 2 32 0hL
AIREES, kR [ R 2 ) 5.

FI VA — Ak 0 R 7 33 2% B R, H 0BUA 5 o B
(TSR ] L e Ry U718

160 =2 [ exp(-y(.p)cos(mdy (4

Kb n = rfp AR FHARVR R A% o X 23 [ 1] F - 224 T
A — ARG LR y A S B PR AR, RE SO



% 54

MRk, 3 R T IR0 R ¥ R A ROR KM R A3 809

1o . . d
y () = 16f Uy "'sin’ (yn/2)sin’ (yu/2) - +
0 21
* 2 . d
16 f U, ™sin’ (yn/2) sin’ (v /2) —X,
o 2n

X HBUS AL

SRR Hh AT B4 2 TN RS e AR SR AR R 1l
F1RY R 5] P 5, T IR ) PP 51 A2 Ay TR A 5 i e
SRR SRR AR 12 S5 RS, R, I S50 4
JE v AT LAHEAT 25 $ul 33 0 B B335 2 502 [ 1) B 4, D
p=2nf/ fo, R AETR IR [, = veof i FETHBRAT A
FRSZIE) A 5 0 A i I 50 )

L(f3U, pyi, pas o, f) =

2 f: eXp (‘7 (77, 2}%)) cos(27;{ i )dn (5)
R B2 N, G55 98 90 ¢
PN, A7 N ke &2 058,

.o Lo _
Si= 5 Ll(p)dp 1 (6

2 INERIE S B SRR AG TH (MLE)

I TN RR 52 0 T 0945 5 58 5 I g A8 8, R Y
o/ Z I Al i R R RLSR AL T (maximum likelihood
estimation, MLE) X SC{UA5 59 B i E A 7 U512, 52
P E = o B S B A FOR Y SRS B Al 1. 2
AUE SR GO0, I MLE 7T L3RI X5 5
S T AL 1T

WE X0 = (U, pi, psu o, i) WG Z IR EETE S50
XoF B Ss 0 1 o () 5 AR A i, s ST A
IS BT 45 RO I = 17 (f), 15 5 5 B 1AL 280 1% 0]
GERNL=1(£:0), W F W AER = 1"(f) 1 (f;0)H
—ANBEMLAE . TS B B AT, A AR e R
— S R AL B ARG A3 A AT A IR A B
15 5 5 B T B AR M A, WIR A 43 A1 H R ~ X2/ d,
HhZ8d = 2M, Mo I ()R B 53 Be g
X AT AR e, dRAT G H B EE R d B -RJ7 50 A, B
dR, ~ 21224

XTI AR RS | DR S, 4 D AR AR
RIS IR I DL T, SEBR A5 5 T 38338 I 4 43 o (1) 4%

I

d .
i) ~ S (d~
piin~ a7 ) )

I8 D1 38 45 4 4 J5k 1 i IR Sy
F. 72 40 52 D AR T 435 SR, S0 £ 5 2 R
T £ 2 E R B

oy o [T (2
puquizn@f) (8)

i=1

P, A5 5 9 2 15 2 B n R AR ek B Lol =
pI"1@)). 3 (8) AT HE — 2 7R Sy Xk B AR ek BOE
e

~d (I
1n(L)~Zin(d?) (9

TS AR X B SR R B e AR AS X 1S S R
AL TTHES, B A 1% S50 MLE.

Giit e iE— A KB, 7E £ A MLE 45 1015
T, [ A S E O T AT 53 S BGHEATAR T, X
BORURAN T R BN 2 (AS = In(L(0) - In (L (9) )75 4
H BRI R 75010, S50 R R S50,
FFHAZE BT AT o HEAS SR 45 R 0 8 5 R
153 Hr.

3 PiES 5K LEE

Monte Carlo J5 ¥ J& —Fh Gt i+l 46 Jr i, dE 44
T RN R e Mk R LU A AR TR, X R G 1) B ML i
VAT GE 43720 T o | R A0S S50
S L 3 S5 B UL AR A5 i 0, JE vk X LA e iR
1T 45 R AT A, B SE A Monte Carlo 7 15 X%
Z 80 MLE J5 i M RE HE AT 20 . 2 B G M S 8K
(CELHE TSR | e 20 V5% B R rh DB A %), R
55 2 T P RS B A, AR A B vk mT DAk
PSS AU W OR ERE R T i X v = Rl I KT NE R
15 0 INRR A 5 HEA T3 3 AT, A5 21 DR 5 X6 DR 0 i 2
TT8LA L I FIH MLE 3545 %3 I8 KR 3% 2 500 e Ak
Ths X R AR AT 2 RSB (R 3 100 1K); X £
X MLE &5 5 5 [N MR S 8Osl (FE S e {E) iF
TTHER, bt o ik p b e,

B bon] xF g R R R i BT 2 e =
(U, prs pas oy fo) AT AR 1. PR T LS B 0T AR FH £
Sl 2L ) S B, PR L AR VR IR AR £ ] LAAR 25 5 4k
A5 GT RS B AG T AT R S R s Bk 25 508
I, X A R B U RS HE B p,, po Al THEE R A3
PESEAT AT, 3 B8 B0 FOBUHE B30 PR A A% 2R 1 7
Horp, BURBGE T 8 p=p, KSR, B 1T HL
TR,

3.1 BRIEBEMEITERSH

PR BGE Sy B, B BRI U = 0.6, TR 2L
pi=p. =3, AER IR f; =2 Hz, B AR LR 7 v %8
INKRAR 5 2477 2L, IEXT05 E 0 IR 5 171 2=
¥ MLE.

B2 T — ORI AR A B O 25 0 B AR AR 1
GNSS [N KR 5 T B A5 5 I ] A2 AL ¥ 91, K BE R 5
min. F %15 5 28 16 17 50 31 53K 45 10 T8 MR 35 5k
S, =0.59.



810 w gk A

% 38 %

JH—Ak5i iz /dB

0 1 2 3 4 5
Fsf ] /min
E1 AEMPEEHIE GNSS AMKESHERFS]
Fig.1 Simulated GNSS signal time series under scintillation

with one-component power law spectrum

B2 25t T XFEL L R I ERAE 5 B ) 81 1 43
BT ALl 26 S Hoh 0 i 4 Sk 0 B0 1R
BT 4s 5. 15437 5% B Welch 777 5238, 05 2508 45
A5 AN BCE B, BEBERKE 1 min, X BEECE 2 ) E
T RE AT HUEA T 43545 B 2 i 3 0L 285

........ BRI
=50 H o AR

-2.5 -20 -15-10-05 0 05 1.0 15
Fii/Hz

El2 {7EHR GNSS AIKMES RigHINERIER MLE BifThE
Tz
Fig.2 One-component power spectrum of simulated GNSS

scintillation signals and that of MLE theory

TS U G ik — 2 2 B R R R ) LR
MLE F A2 PRS2 kg, 76 BHIE DA OR 33 JE Al -
T B R R ROR BT SR T 2 Y
oy €0 T 2 DAy 1 g P ASE AR S AR A Y Tl ARG B A T
SEAR, L0 2O AN 5 TR I I (1 B T A A 4
LU, il MLE R4S (9 B 15 A6 5 n] 5 4 i %)
S FRIEHATIUE

HH MLE J7 ¥ % 12075 E R0 1) 2 38385 BE AT 41
BB RS BT R IU =055, p, =301, 5
HOB AT, thaC (6) AT, XHE S D3R5 HE AT
] RLAS B DR R 6 R A S 8 1 4805 b e AR I A
TREL, 135S, = 0.55, 5 92ROy AR TR 45 R %0
ERECRUEW] T MLE J5 i 1 HAE BOg o 5 UF A3
(A R

SNy 2R 5 SRR Y LU dR AT A R T4
A2 5] 3 25 T A L 1 R E AR ) D 2R A
fl BT LLE R et o A6, AT LUE th, dREETH 501
5K T 5041 284k — 3. g3t 2= A Kolmogorov-
Smirnov K 56 (K-S K6 56 ) fff 1 00 I #5041 vk A 4 R
AT SR AR B E R, K-S K g [ BR{E
40.05, 25 L ESCHE 1 ME R 0 AT AF A 2 RHE R o Al
I, K-S K gt it/ T 10 1T BRAE Y. X dR J3 A i
— & ¥ 4T Kolmogorov-Smirnov i, 15 #] K-S 4t it
K 36 i 0.025, Wi dR 3 A1 43 Hr s AR i IR e

0 5 10 15 20 25 30 35
dR,

T BT 05 B D il S e LA A S
A g R, B 10.

B3 SRR HEMIENRIES MLE ESEHENSRT 5
Fig. 3 Statistic distribution of simulated data for one-

component power spectrum and that of MLE theory

4 45 T BRI BB ) U po fee A A 345
REFLEFEIEE. 0TI, T 84808, mil
il 25 R AE S 8 R S (E B AR Al Al AR 1Y
90% {5 3 Y1 161 24 AE A 5 2 B SAE, Uil T A
FEITE5 R A 2.

5L a il T XHERE U ISR A p, BT A
D7 B R LS BT B GE i e A 4 28 nT LB
Y KRG TS K AMER Y, W b (RIS
BRI -F 2908 AR W R S 5O |, RYIHH]
MLE J7 1 6 TN B8 RO R g 2t A7 S A 1005, vl 1A
SR TES B TR A T

100

80

S




%5 WA, KT R0 R 3 A R A ROR R R A 811
100 AU T R R AR HOE T EL, K1 7 4 T 6
wl DR 1355 6 0 0000 43 BT PR 4005 55 51,
i £ S 7 ECRCHE B3 0 A 45 2R, €6 it 2k D i g
z PRI 13 S B O TS 41 R
X 40 JE M R PR G AL A 25 R T LA Y,
ol MLE R 75 (4 B 3 i A5 R AT S5 e 1 o) 52 00 2 33 R £ 7
Ma.
0
2.7 28 32 33 34 0
(b) p, o0
U LB SRR A KN T 20
SHAHTHI 90% {5 E L g |
i —30
B4 UFp, i MLE ZRREEEESHE =
Fi i i 2 A0 | — g EURR
g.4 Estimated MLE results of U and p, and its confidence o I
_ |- mm
intervals P50 L g R
3.15 -60 : : : : : S
-2.0 -15 -1.0 05 0 05 1.0 15
3.10 N /He
3051 7 {HER GNSS AKRME SRS HINFIER MLE EipIhE
TEZ
<3.00 Fig.7 Two-component spectrum of simulated GNSS
295t scintillation signals, and that of MLE theory
200 P MLE J7 &, %200 2ORCHR 1695 5635 317 40
AR B RS B T A5 2RO U = 0.61, p, =2.497,

285 b—— T
0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
U

e BUN TS EOM s IZO A28
ZEAALRI P ZERI, EAEEE 90%.

El5 U#p, B8 MLE &R EE G ERE
Fig. 5 MLE results of U and p, and its covariance ellipse

32 BUEHEHITHE RS

XUFE BORE 43 B o, 88 1% 5 U = 0.6, 1% 45 5K
p =25, p, =3.5, FEIRIRBUR f;, = 2 Hz, H— A rh ik
B =5 AL BT 26 TN IR A 5 A 705 1, %
15 B B IN RS 5 HEA T S 80 MLE, 345 1Y IN IR A5 5
i 1] A5 £k 7 370 an 18] 6 T, K BE R 5 min, 5 A B
I KR FE S, = 0.55.

10

5t

S

VP —AfL5i ) /dB

0 1 2 3 4 5
i} 8] /min
6 HEAXIEHIE GNSS NMKESEEFS
Fig. 6 Simulated GNSS signal time series under scintillation

with two-component power spectrum

p, = 3.480, 5 FIGE AT . A fe 8IS & h 2T 5
N8 %L, 135S, = 0.56, 5 52 Brf)y BB 155 45
LT, b IRSE R MLE 5 278 X8 B e 20 F Al
THIA R

LG T R BRI U, p, py =%
MLE fili 1145 8 X H &5 B L nTLAE ) el
S5 S B T S B I AR Ak, H AR i R 2R F
PSHAEAE B, B 248 KA TH 25 R 90% B A5
70 [ A8 WA 55 S B L S E, 3R W AE BUF8 B0 1% L T A7)
A LASRASA S e Al 25 5

100

80

20

0
03 04 05 06 07 08 09 1.0 1.1
U

(U



812 Wk A

¥ % R % 38 A

100

80}
= 60}
X

EH$
% 40t

20+

O o ——
28 30 32 34 3.6 38 40 42 44

P>
©) p,
100

[ele]
S
AL

/e
it v i i
e

[\S]
1
[®)
o]
5

12 14
Ho
(d) o

T ALER RS EEAATER s RPES N
SHAGTII 90% A EEAE L

E8 U,p,p,,u, I MLE EREEEBEEEE
Fig. 8 MLE results and its confidence intervals for

U, p,, pand p,

P9 g i 1 Xk P A 07 RO 3 I A 2 Kt
AIGETHE R, AT LAE ), R SR THE TS A
BP9, W18 e 5 4 SRR AR A i 22, SRS
KOS B0 T AR MLE 75 325475 T AR AT I 2 2R 3
e GERURR oy (T [

3.0
291
281
2.7t
261
X235
241
23t
221
211

2.0 — R
03 04 05 06 07 08 09 10

(@) U, p,

4.0
391
381
371
361

L35
341
331
321
31t

3.0 — E—
03 04 05 06 07 08 09 10

® U, p,
7.0
6.5¢
6.0t
551

45}
4.0F
35+

3.0 — S —
03 04 05 06 07 08 09 10

U
© U u
e BN 280M IEO R fT22
BRI P ZEM BRI 90%.
9 UM p,py,u, 8 MLE &R R EHFEHE
Fig.9 MLE of p,, p, and p, and its covariance ellipses with

respect to optimized U estimation

P10 2510 T &1 7 B8 A o) s AR A Ak 1 2
W G A AT LR, dREETH i 5K
I A AE AL —FL . XF dR A3 A 9 — 2 4T Kolmogorov-
Smirnov MK, 754 3] K-S e 11446 50 0.033, Sk 1
dR Y HT A S IE A 1.



MRk, S BT IR BREBLA 0 R 3 AR AR R KA R AE T 813

0 5 10 15 20 25 30 35
dR

T BT 0 U D)t S5 e it LU g
R g Ror ik, | 10,

10 BUEHIEMERIENFRIES MLE B ERN S5
i
Fig. 10 Statistic distribution of simulated data for two-

component power law spectrum and that of MLE theory

YR SHAG TR, SR B S 800l 145 1
(Y B AE B N BE TR 5 S B (A I 4, anlAl 8
LI TR, WM S8 N s — e B
3 (e o W R (= A (2 D0 K G N B o €
A 325 2 A R0 . 10 I X S o L I K 3 AT A A
iF, A3 3 e PR W00 B (B 3 fn Ak 1108, $ s xof
WESHAR T A RO
33 KMBBERSR

B 11K = F 2011-10-24 [A %k 5% W1 F 4 GPS
L1 A5 5 0[] 240 77 3, D 1f 5080 SR A 0 2% 50 HZM.
B #EL T M 13:2210T FF IR K BE N 5 min A9 TR R 2
W, ARG N KRR LS, = 0.67, RIZF 40—
G NF S R L E

65

60
m 55
=
= 50
=

0 1 2 3 4 5
H5} 8] /min

11 SENEY GPS 5 SHBERINMREIE

Fig. 11 Real GPS scintillation data from measurement

X S B A Weleh J7 ik 47 1% 43, S8
G385 AN EE B, R B 1 min. XS0 ) 243 )
FH 52 50T R AL E 1T MLE, 3 8l U =1.18, p, =
3.59, f, =0.55, %S4 90% & {5 & X [[] 43 51 4 [0.98,
1.46]. [3.38, 3.81] A1 [0.49, 0.63]. FI| FH B A3 204
LITEATHS, = 0.64, FEPRIFRAEA L. B 12 451
FIHRBAAGT T SBOERAS HF 550 % IR % &

W7 ) 1 00 5 S i, LA S
A LAAREF A4 SR

i

|| S
e BV

=50 H| - ARSI A R
760 -
-20 -15 -1.0 -05 0 0.5 1.0

B Hz
12 S GPS ESHAMRIIRIER HRIMBAER

Fig. 12 Spectrum of real GPS scintillation data, and that of

T
=

theoretical models from optimal estimation

HE— 20 S Dy 23 5 e A TR AR B B S
HEAT M, T 13 45 i T S T SR A R A A T3
AR A G50 A W LLR 1, dREET AR A
H I EES 10 B9-RJ7 5045 X dR 4341 34T Kolmogorov-
Smirnov i, 15 2 K-S ZE T4 56 &k 0.042, 2 B XF
dR 3 43 AT ) TE A 1

0.14

0.12}

0.10 f
B0 oal
3 008
%006}

0.04 |
0.02 |

0 510 15 20 25 30
dR,

T Hr R SSRGS AR aathdoh iig
RIrorAs, EHEE 10.

& 13 SCUINERIES MLE IBiSigEtb @St 56
Fig. 13 Statistic distribution of real data and that of MLE

spectrum

4

AN SR SO IN IR SR 00 ) A A S
TEXUFE BOHL B )2 TN R 3 A R it |, AR SO o B
GNSS Fily 5 LN SR, F1] XS TN MR 5 D 2k i
T EUAA, SEINT 25 S 80617 MLE /97 4.

F1IFH Monte Carlo J5 3% 43 5l X B4 B0 RS 4L
T O #E 4T MLE 43 #7. 45 3R K W1 K| H] MLE J5 i,
TE R FOE AU BL T AT LS BN 3 i B A s 2K
B TC A At PERUR BOE R AL E O T, A5 AT LASE B XT
T o B RN H 0 R TS A T R A T2
AN IR IS BRI T H 5 I MR 5k S, 15 21 1 s 25



814 W,

sk A

1R % 38 %

5 M S PR N RS S 50 9 45 R AR W 4l A
K-S A 56 %8 52 B &t D) 533 -5 BLE 3% FU A AT 20 #r,
dRGETH 3 A AT 5 B 0 05 701 . R KOS 7
UG THAE B 90% £ B2 Vi [ 1 B i 2 M0 o
{6, WU B A6 B 26 R 73l i 25 2R 69 90% B A5 B2
70 L R oA o S B LS, A ) S B T R 0 AR
JEVE AN RE M 5 S EOS A S, UWIREE AT
SR 2, 23 BB D0 B A T4 5 A 22 5K
ARG, BT IX Pl 0, SRR oA rpoal DL i x4t
PEAT Z2 UG T IF HEAT 200 LA B ) S5 00 A
XSS EER AT I 12 2 — 2 20 #r, S N KR B0 T
AT LASRAR N KR35 S8 A o Rk, f7 B A
S KA B 23 B 4 R AR, U AT I R
SR AT 08 75 V52 P T o S S R DR R 58 TR
THOL. LIRSS RRN], 8 i iU A 0 B2 A S iR
ZHGHAT MLE, J2— A R N KRS S Bl O ik,
PEAT B v B 2 DR L) A M) P e 43R A
T ARAG N R AR R, AR SCSE B 7 1 R i — 25 A R
LI HEAT IR R S B (LA 1 508 2 | 4R A, B
ZIERS ) SRR LR TRl RE.
SCHR AT B 56 N KRS OF B K 2R GNSS f5 5
RBUE L, PRI R LRI B r B3 oA 45 2R A A
BT R T A O, 15 T T KR T e 2 AR W
A, PR R 3 400 G B KAl TR S5 R [RIAE, X T
5553 DR R S o i — 25 B A A e T A AE AR T
TGS F AT B O X T B LA AT IN RS
RO AT T 0038 IS L BEAT 20, RO 4k T AR Y
—/NHE AL
Sk
[1] KINTNER P M, LEDVINA B M, DE PAULA E R, et al.
Size, shape, orientation, speed, and duration of GPS equat-
orial anomaly scintillations: GPS equatorial anomaly scin-
tillations[J]. Radio science, 2004, 39(2). DOI: 10.1029/
2003RS002878
[2] LEDVINA B M, KINTNER P M, DE PAULA E R. Under-
standing spaced-receiver zonal velocity estimation[J].
Journal of geophysics research, 2004, 109(A10): A10306.
[3] CARRANO C S, GROVES K M, RINO C L. On the rela-
tionship between the rate of change of total electron con-
tent index (ROT]I), irregularity strength (CkL), and the scin-
tillation index (S,)[J]. Journal of geophysics research,
space physics, 2019, 124: 2099-2112.
[4] LIUD, YU X, WANG Y, et al. Validation of relationship
between ROTI and S, with array of GNSS
measurements[C]// Proceedings of China Satellite Naviga-

tion Conference. Singapore: Springer, 2022.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

SECANJ A, BUSSEY R M, FREMOW E J, et al. An im-
proved model of equatorial scintillation[J]. Radio science,
1995, 30: 607-617.

CERVERA M A, THOMAS R M, K. GROVES M, et al.
Validation of WBMOD in the Southeast Asian region[J].
Radio science, 2001, 36: 1559-1571.

BENIGUEL Y. Global ionospheric propagation model
(GIM): a propagation model for scintillations of transmit-
ted signals[J]. Radio science, 37(3): 1032.

CARRANO C S. The roles of diffractive and refractive
scattering in the generation of ionospheric scintillation[C]/
ISR Seminar, 2014.

BEACH T L. Global Positioning System studies of equat-
orial scintillations[D]. Cornell University, 1998.
RUDDICK B, ANIS A, THOMPSON K. Maximum likeli-
hood spectral fitting: the Batchelor spectrum[J]. Journal of
atmospheric and oceanic technology, 2000, 17(11): 1541-
1555.

BARRET D, VAUGHAN S. Maximum likelihood fitting of
X-ray power density spectra: application to high-frequency
quasi-periodic oscillations from the neutron star X-binary
4U1608-522[J]. The astrophysical journal, 2012, 746(2).
DOI: 10.1088/0004-637X/746/2/131

VAUGHAN S. A simple test for periodic signals in red
noise[J]. Astronomy & astrophysics manuscript, 431, 391-
403,DOI: 10.1051/0004-6361:20041453

RINO C. A power law phase screen model for ionospheric
scintillation: 1 weak scatter[J]. Radio science, 1979, 14:
1135-1145.

GHAFOORI F. Modeling the impact of equatorial iono-
spheric irregularities on GPS receiver performance[D]. Uni-
versity of Calgary, 2012.

CARRANO C S, RINO C. A theory of scintillation for two-
component power law irregularity spectra: overview and
numerical results[J]. Radio science, 2015, 51: 789-813.
DOI: 10.1002/2015RS005903

CARRANO C S, VALLADARES C E, GROVES K M.
Latitudinal and local time variation of ionospheric turbu-
lence parameters during the conjugate point equatorial ex-
periment in Brazil[J]. International journal of geophysics,
2012: 103963. DOI: 10.1155 /2012/103963

RINO C. A power law phase screen model for ionospheric
scintillation: 2 strong scatter[J]. Radio science, 1979, 14:
1147-1155.

RINO C, BREITSCH B, MORTON Y, et al. A compact
multi-frequency GNSS scintillation model[J]. Navigation,
2018: 1-7.

RINO C, CARRANO C. On the characterization of inter-
mediate-scale ionospheric structure[J]. Radio science,
2018, 53: 1316-1327.

JIAO Y, RINO C L, MORTON Y T. Ionospheric scintilla-


https://doi.org/10.1029/2004JA010489
https://doi.org/10.1029/2018JA026353
https://doi.org/10.1029/2018JA026353
https://doi.org/10.1029/94RS03172
https://doi.org/10.1029/2000RS002520
https://doi.org/10.1175/1520-0426(2000)017&lt;1541:MLSFTB&gt;2.0.CO;2
https://doi.org/10.1175/1520-0426(2000)017&lt;1541:MLSFTB&gt;2.0.CO;2
https://doi.org/10.1029/RS014i006p01135
https://doi.org/10.1002/2015RS005903
https://doi.org/10.1002/2015RS005903
https://doi.org/10.1029/RS014i006p01147
https://doi.org/10.1029/2018RS006709

MRk, S BT IR BREBLA 0 R 3 AR AR R KA R AE T 815

[21]

[28]

tion simulation on equatorial GPS signals for dynamic plat-
forms[J]. Navigation, 2018, 65(2):263-274. DOI: 10.
1002/navi.231

XU D, MORTON Y T, YANG R. A two-parameter multi-
frequency GPS signal simulator for strong equatorial iono-
spheric scintillation: modeling and parameter characteriza-
tion[J]. Navigation, 2020, 67(1): 181-195. DOL: 10.1002/
navi.350

CARRANO C S, RINO C L, GROVES K M. Maximum
likelihood estimation of phase screen parameters from iono-
spheric scintillation spectra[C]//The 15th International
Ionospheric Effects Symposium, Alexandria, VA, May 9-
11,2017.

PRIESTLEY M B. Spectral analysis and time series[M].
London: Academic Press, 1981.

Wit fils. W SR RORGETTA M. BIL: P ERE AR
WAt 2020.

RICE J A. #OH g+ 5804 7047 [M]. b5 ALl L
Jitit:, 2019.

LI AL SR RIETETER G LAE AR [M]. P84 7
LASE R AL, 2007.

X, e, i, 55 B R IR MR GNSSTE = 52 i A
BB T L], IRLA21, 2016, 31(4): 632-638.
LIU D, YU X, FENG J, et al. Simulating the impacts of
ionospheric scintillation on GNSS signals with phase screen
method[J]. Chinese journal of radio science, 2016,31(4):
632-638. (in Chinese)

ik MATLABHER SECFE S0 Hr M. bt HLAK
Tolk iRk, 2009

[29] ITU-R Recommendation, Ionospheric propagation data and
prediction methods required for the design of satellite ser-

vices and systems[S]. Geneva, 2012.

fEE &

BRiFE  (1964—), F, LW AA, M+, EHAR T4
B, £ BN FBAZH AR R RGBS TR, &k
E-mail:13381277822@163.com

XNEE (1973—), B, A, ML, B/ LT
IR, ZBAER e A AR E 5 @ AE GNSS #
BB FALEAL B A H K% . E-mail: Dun.L@163.com

B (1982—), &, A, WL, SAR A
i, TR @ARB LR LN ERE w5
J& ] BR 22 3BT A . E-mail: earings322@163.com

ME (1995—), %, BRAILA, Fid, T42)F,
ERHRA T @A EIARFZE RN L R IELA R K, E-
mail: 807440372@qq.com

W (1982—), &, T@aA, ML, A LA
Wi, TZHMR T @A RIXABE RN S5 HELERE R,
E-mail: Qdgs 22s@126.com

RER#E (1981—), B, ¥+, AT, ELAA
7w A KA GNSS #H AR R R B A E-
mail: 185730117@qq.com


https://doi.org/10.1002/navi.231
https://doi.org/10.1002/navi.231
https://doi.org/10.1002/navi.231
https://doi.org/10.1002/navi.350
https://doi.org/10.1002/navi.350
https://doi.org/10.1002/navi.350
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2015083102
http://www.cjors.cn/cn/article/doi/10.13443/j.cjors.2015083102

	0 引　言
	1 电离层闪烁谱模型
	2 闪烁谱参数的最大似然估计(MLE)
	3 仿真分析与试验验证
	3.1 单指数谱估计结果分析
	3.2 双指数谱估计结果分析
	3.3 实测数据结果分析

	4 结　论
	参考文献

