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Fig. 1. Calculation model of equivalent transmission lines

with plasma sheath.
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Fig. 2. Amplitude-frequency curve of reflection coefficients and transmission coefficients with different electron-neutral collision fre-

quencies.
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Fig. 3. Reduced model of equivalent transmission lines with

plasma sheath.
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Fig. 4. Selection of effective diagnostic frequency band.
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B, ven 701 0.1, 1, 5 GHz. LAREFEAT R 1 GHz
S, i 11 s,

KX A5 8 FAR G RE T 4 gt
) Sy IREANE 11(a) B, W] LA H, EARA0 B

£1 g
Table 1.  Diagnostic results.
DiFEL A o . S ‘ o
WIS ne /em™ ZWIiRE /% WA ven /GH2 R/ %

ne /em 3 Ven /GHz

1x1010 <5x10%

1x10% 1.283x10% 28.3 0.931 6.9
3x10M" 3.181x 10" 6.03 1.050 5.0

1

5x 101 5.274x 101 5.48 0.896 -10.4
7x10M" 7.435%x10M" 6.21 0.930 -7.0
1x10"2 1.026x10"2 2.60 0.954 4.6
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N B 25 B 1 VRS 0 AR B B, X 45 S 1
TR Sy BUMEREIIN. Sy Zeid bRE S Ab B, 28

S11 WEEE

or —o— WA B T R
2 3 4 5 6 7 8 9
f/GHz
350
1.0 - (b)
4300
0.8 s I 4250
PRAE ST AT R 4
0.6 WETEE / @ L 7E AL 1200
" ' PREJE S R i
E g4 AR/ & JHE5E L 1150 &=
4100
0.2
{50
or 1o
—0.2 . —50
3 4 5 6 7 8 9
f/GHz
(c)
1012 L
7
g o
g
101 | O [ fiRLhR
= TR
A SREERIE
108 10° 1010

ve/Hz

11 RS v = 1 GHz (o) RS REUEE; (b) A
RO T (c) IRE:

Fig. 11. Collision frequencyve = 0.1 GHz: (a) Magnitude of
reflection coefficient; (b) selection of effective frequency

points; (c) inverse solution result.

FMESE ) 155 S TRB R A B RUR R R,
WA 11(b) F7R. X4 AGHE /N T4 B A8 E
RIS, S S 2R B0 P I AR AT 2R A 18 KRS A U
ST R o A B AR S, R R AU
JEE O 58 kN LA AT 0 OB A /N B 2 S 1Y)
ZERMIE 11(c) PR, 5 EE5 AN 2 o).

MR, RSP SR AR AT R I &
A B SN, U LR AL S AL AR SR B
L5 B e e . R O AR RS A il 2R 2k AR
A, UM SRR T, 2 RS 2.4 Y
AR AT 25 X R R ) G s i 1 B A T — 3L
FEI2 W B P9 19 454 HL T B (B ne S RERS 3R A5 HE
BREH RIS R, SRR 2ZE AT 12%; R4
RAE ven , IRIRZEAH T 30%.

4 EEfesE R
41 EBFEMTE

R —Fh B PR R AR S, LIRS 5
PRI TR AL e . 5 8 T (AU h BN A A 5 B 1
& (ICP) 4=, HLIEI)RAE 50—500 kW Z[H],
A S T ARGE T B AR 150 mm (1 RDE I 11
] E2s E P EB, LA B RS ARt 2
150 mm. H %5 K %= W 5420 7000 mm, K JE N
3000 mm. FH 452 A4 S0 50 0 4 A il
TEE AR E . B URE Y B B IR A0,
DAYk L2 2 PN A B ARG ) Il RS I

4.2 TEERHESHRE

ASCBE T K L B2 R UZ Vivaldi K
2k (VVD RZk) AT TR H, ik 12(a)
FIE 12(b) s, xRS fa g, Eaik, HA
FE LA FHPTRREA . NIIREEE SRR, 7% VVD
RS T 2.0—16.3 GHz 1Y 8:1 (1 & BHITAT 9%,
] 0 i FE B AL 10 dB. BEAh, KLk iGN 1 35 N
411 dBi, $RF 77 AR L AR RRE.

*2 gy
Table 2.  Diagnostic results.
SR \ | . \ o
BWEEE ne /101 cm 3 BWHRE /% BWILER ven /GHz LR /%

ne fem 3 Ven /GHz

0.1 3.355 11.8 0.0835 16.4
3x10M 1.0 3.181 6.03 1.0500 5.0

5.0 2.887 3.77 3.6060 27.8
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‘:15

K12 BBHAERX/NIUZ Vivaldi K& (a) CST {5 BT (b) F¢HRZEA IR s (o) i I A ik P e bk i) R R
Fig. 12. The resistance loaded miniaturized dual-Layer Vivaldi antenna: (a) CST simulation model; (b) photograph of proposed an-
tenna; (c) photograph of proposed antenna with heat resistant wave-transparent composites.

(a)
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BBBAREREEE .~
%
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e R MRS
ST ﬁ
1

SHVVDRE i abrkt 1s

13 (a) SO B SR A5 8 AR 2 W S TEC B ART LI () TRl S 500 208 B 1112 W o ) 2 2 ]
Fig. 13. (a) Top view of broadband microwave reflectometry plasma diagnostic system; (b) erection diagram of broadband mi-

crowave reflectometry plasmadiagnostic system in vacuum chamber.

LB TR B R RS R R A B T,
DL 2025 FE R 2R B B AR A, FRATTBETT T HA K
O IRERY RE IR, RER A o — )2 s sl 9
LY AE U B R RS AR, IE] 12(c)
Jis.

RS FEL R ML 58T (VNA: Anritsu
MS4647B) il & (%53 H1{4F 10 MHz—70 GHz 9
AT 58N TAE). R AE T 1125 =4
T, T AR 5 F () i 30 0o 2 i 2 A i B S
) NP =TS T e

FIUHZ RS S T 29 GHz F15 52 S 4+
SUESCSS. [WIEE, SR T sl %, 1%
FATRBEE R 9.0 GHz. SLH B /R R EAE 13(a)
i,

A WO R S TR REE A S BN
ML AN R 13(b) IR, Bas % 1) AR R BE 433l
910 m Al 3 m. i BN 2 T 55 A Ok R
s 2 PO M R SR, IR I L AN SZ B
SRR . IR AR, Horh— kAT AR
BT AR BRI, AT SR K S AT S — R

LA T — N SR L, A . AP
R0 S R, ] 308 5 25 AR o 26 8 A F
THBEHATIOWT, WA SR SE g AR A0 .

4.3 SCIGISE

T SIZ I 2 1) b T 45 B AR R A e i B
I ST 2 W 7 TR SEBRG DL A St A T
BGAE. 43BN RS T 55 PR B2 W4 70
s 20 0 RO AN TRD A A L T IR s A TR A
MR HEAS RS 1 48 B TR i T T 6 Ik
55, AUHE 1 TGS B TR A 5 YORRPIRAS S5 B
TARMSEERES 1, AP TR, RS 2, A
HIRN 120 kW IRAS 3, M AR N 154 kW IRAE 4,
i ATER 180 kW RES 5, Hi AR K 208 kW;
R 6, HIATPRE Ny 252 kW.

TSI I, BOR AR A SRl 2
SHPIRAS T HE7. BRI RS R A K, R
Je 43 ST A 80 ek 7 i A R AR S TR A I S
i SRR B s 45 mm 7 I i S B
5. B AZSN 15 g/s, HEE & A DR 88,
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B, AR AR B R BB W Y SUf, &l 14(b)
FiR, Ui AR T B4 A S5 IR, feig
XA AATUR 1) LRI 7= A W B SR B B A )%
BN, KA R RS BB A K. AT
k252 kW I, 7E TAE X N 448 B 244 B 5 s 5
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Fig. 14. Images of time, frequency and reflection coefficient amplitude with different input power: (a) Status 1; (b) Status 2;

(c) Status 3; (d) Status 4; (e) Status 5; (f) Status 6.

1.0
(a) 4L (®) 4.0F (o) o JTfRLER
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Fig. 15. Status 3: (a) Magnitude of reflection coefficient; (b) selection of effective frequency points; (c) inverse solution result.
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K3 AFEEAIRT (ARSEETARE) AR

Table 3.  Diagnostic results of reflectometer in different input power (different plasma states).
RE PIE/AKW  HE/KV HT/A FATHEWEER /(10" em ™) fiAE 45 / GHz BHELWIER /(101 cm™®)
R&2 120 6.0 20 0.7082 2.198 1.404
RA3 154 7.0 22 1.5620 1.309 1.982
R4 180 7.5 24 2.1000 0.881 3.442
AR5 208 8.0 26 5.5150 0.238 7.958
RA&6 252 9.0 28 >10.0000 — 9.358
WA 45 R B FIENE R B IR A2 Bras 1] B 5% Tk

HRATREE (R TR TS, R
BN o (w) 2B IR Y 2245 1P
S AR MR s, SN RS Y
FALIZR 252 kW I, 55 25 I H 25 B 2 DA
R 0 5 4 B, R R A RS PR TG vk TR AN AR
SY I ) R T 2R R R A7 000 A B
AR 4 P, B TFHERT 1x102 cm 3. % 2
MR T R O TR ERAR I T Wi 2
P2 W25 SR 0 22 05/, S b SRR, %2 Wy
TR

5 &

BT T — R T A S B TR 2 98
B S T, IR RO R S5 25 8 1R =
R TR 2R, G iy 4100 S v 00 25 8
PR SR TIS . 125 RT L[ i e
JEMREEAA, HyRkh TGRS ICHE 2 Wil
AR B RIS . S 7 B T S RS2 0
KAIE T2 WAL B0 IR FIERR P, RERS 1R I2 18T
FL 0 il R R,

ZITIERES W 2 RAT AT A AT
R KA TS A AR TR SN2, BRLR
AR (5 — TS dle, 4 % 0L . MERf A
SR T ERE, BARCRMRNE. el
T B N R G SR A FR T ROk R AT
il G R ARG (RAF WAL STk
A5 ) R AT LR I PREE AL S R, T D R AR AR
WHATZRIBIE, FBAEE = s B S 15 R
PRI %77 1 T LAy 1 0 0 47 Aol 2t g A =
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Method of diagnosing broadband microwave
reflection of plasma sheath’
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(Key Laboratory of Information and Structure Efficiency in Extreme Environment, the Ministry of Education of
China, School of Space Science and Technology, Xidian University, Xi’an 710071, China)
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Abstract

During the re-entry process of the aircraft, a layer of plasma sheath wrapping its surface will be generated,
which will lead the communication quality to deteriorate and even interrupt, resulting in the phenomenon of
“radio blackout”. The “radio blackout” problem has plagued the aerospace industry for many years. One of the
very important reasons is the lack of awareness of the communication transmission environment caused by the
limitations of plasma sheath measurements. Therefore, the realization of in-situ measurement of sheath
parameters is the key to the research of the “radio blackout” problem of hypersonic vehicles.

In this work, a broadband microwave reflection method is presented and developed for diagnosing the
reentry plasma sheath .The relationship between broadband microwave reflection data and plasma parameters
is derived theoretically, and effective diagnostic frequency points are selected. Then, the plasma parameters are
obtained by inversely using the reflection data of the selected effective frequency points to realize the
simultaneous diagnosis and measurement of electron density and collision frequency.

This method makes up for the deficiency that the traditional reflectometer cannot diagnose high collision
frequency plasma, and it can diagnose the parameter of the plasma sheath of the hypersonic vehicle in a
complex environment.

A simulation model and an experimental platform are established, and the simulation analysis and ground
experiment are carried out to verify the method. The electron density of the plasma is diagnosed by
transmission diagnostics to provide a control for reflection experiments. The experimental results show that the
difference between the two diagnostic results is small, which verifies the effectiveness of the method.

The method can realize the real-time diagnosis of plasma sheaths of re-entry vehicles or hypersonic vehicles
under various flight conditions, and accumulate a large number of first-hand measurement data, which is of
great scientific value in recognizing the characteristics of plasma sheaths comprehensively, objectively and
accurately. It can also be used for the parameter input link of the adaptive measurement and control system
environment. In addition, this method can also be used for real-time measurement of environment parameters of

ground plasma jet and real-time monitoring of changes of plasma jet parameters without changing the jet shape.
Keywords: plasma sheath, resonance point, parameter diagnosis, microwave reflection method

PACS: 52.40.Db, 52.55.Fa, 52.65.—y, 52.70.-m DOI: 10.7498 /aps.71.20221179
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