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1 Ú ó

�ÅÅã�
�.çN±JøIO�§Ë�
�/ªI½�ÅË�O�ÿþ, �ö�'u��
1Úù	Åã�aì�Jø�õ�/L!�í&
E [1−5], �±YÉ�'5 [6−8]. ù«çN�~^ü
�(�´æC7áIN, o�þ§5Úpu�Ç�
A^�¦. éÙ��OÚµ�Ì��âÄ�¿Å9
²ï½Æ, =u�Ç e = 1 − r, Ù¥ r ���Ç.

IS	®ÅìmÐ�éÙË�A5�ïÄ, �9�
O [9]!µ� [10−12]!ÿ½ [8,13] ����!. éç
NË�A5�°(I½, ´¢yp°Ý�ÅË�O
�Ä�^�Ú�OÄ:.

é�ÅÅãçN��Ç r �©Û�±�Ù�
OÚÿ½Jø­�&E. �é�çN/ª�C�I
.áÂN(����A5, IS	®k�õ�O�
ïÄ��, ��¦^��57�nØ [14] ÚÍÜÅ

�ª©Û [10,15] �pª�{, ½?1Ýþ{ [16,17]!
k�� [18] ��ÅO�. Cc5, ISÆö¦^�
�k��©�{ (FDTD) éæCIN(��çN
� (Ñ) �?1
ïÄ [9,11,12]. é
�.�ÅçN
��Ç�O��N©�ü«�ª: Ù��Ã��

�©Û, |^±Ï5�éü�(�?1¯�O�,

�[Ã��
�é²¡Å���, ¿±��X�Ñ
��¡È (RCS) ��µ�IO, ��éüI(��
`z [9]; Ù��k�
�©Û, =O�¢Sº�

��Ñ�, 2ÏLÈ©��mÑ�õÇ¼���Ç,

µ�Ùu�ÇY² [11,12].

®k�ïÄ8¥u�ÅçNé�\�>^Å
���Ç�ªÇ�Czª³, éAÙ÷
��þ�
�u�Ç, ���Ä���Ý��¹. 
3�Åç
N�¢S¦^¥, duÙ�§Ë�  I�²L�
.��º��?\Ë�OU�XÚ [19], �ÅË�
O¢S�Â�çN�Ùþ��½�Ý��S��
§Ë�. Ïd, é�Å
�.çNË���m�þ
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!5I�?1µ�, =�ÄÙu�Ç��Ý!4z
�Czª³.

�©ÄkéÃ��
�©Û¥Äu�� RCS

�u�Çµ��{ [9] ?1
Ö¿, Ï�ù«�{
¿Ø·^upª�¹. duçN(��3±Ï5,

�±Äu Floquet �ªnØ [20,21] ?1©Û. �â
TnØ, pª��Ñ�õÇ¿Ø�8¥u��Ñ�
� (éAu�� RCS), �©Ù3Ù¦Ñ��¥. �
÷vçNu�Ç°(µ��I�, �â Floquet �
ª©Û, éõÑ���3����Çµ�?1
?
Ø, ddÚÑ���ÇOþ�{·^u?¿ªÇÚ
?¿\��Ý��¹. ,�, �â©z [12] ¥��
{, ?1
k�
�(��Ñ�O�Úu�Çµ�.

Ã��
�©ÛÚk�
�©Û�(J�Î, ��
¡�y
Äu Floquet �ª�u�Çµ��{, ,
��¡�O(/�Ñ
çNu�Ç�ªÇ!�Ý
Ú4z�Cz5Æ: éuæCIN
�.çN, Ù
u�Ç3A½��S�ªÇ,p
Jp; 3u�Ç
�$�$ª:, R�4zÚY²4z�u�Ç�:
��Cz�NyÑØÓ�ª³, =R�4z�u�
Ç�3�:��O�
²wü$�y�, 
Y²4
z�u�ÇCzK�éØ²w.

2 u�ÇÚ��Ç�(½

2.1 çççNNN���uuu���ÇÇÇ���������ÇÇÇ

n � ç N � u � Ç� 1, ¿ � � � � ! ª
Ç ! 4 zÃ'. 
 ¢ S ç N � u � Ç ½ Â�ª
Ç ! � � Ú 4 z � ¼ ê. � Ä Y ² 4 z (hori-

zontal, H) � eh(f, θo, ϕo) ÚR�4z (vertical, V)

ev(f, θo, ϕo), Ù¥ (θo, ϕo) �*	��, θo �:�
�, ϕo �Y²�, f �ªÇ (ã 1). �o÷L¡�u
�ÇÚáÂÇ�'X�Ó [22], ÄuÄ�¿Å9²
ï½Æ, çNu�Ç�áÂÇ�m�3Xe'X:

eh(f, θo, ϕo) =αh(f, θo, ϕo)

=1 − rh(f, θo, ϕo),

ev(f, θo, ϕo) =αv(f, θo, ϕo)

=1 − rv(f, θo, ϕo),

(1)

Ù¥ αh(f, θo, ϕo) Ú αv(f, θo, ϕo) ©O�çNé5
g (θo, ϕo) ���Y²4zÚR�4z>^Å�á
ÂÇ, 
 rh(f, θo, ϕo) Ú rv(f, θo, ϕo) ©O�çNé
5g (θo, ϕo) ���Y²4zÚR�4zÅ���

Ç, ¿�±ÏLéÙÑ�õÇ?1��mÈ©��

rh(f, θo, ϕo)

=
∫

4π

1
4π

γh(f, θo, ϕo, θs, ϕs) sin θsdθsdϕs,

rv(f, θo, ϕo)

=
∫

4π

1
4π

γv(f, θo, ϕo, θs, ϕs) sin θsdθsdϕs,

(2)

Ù¥ γh(f, θo, ϕo, θs, ϕs) Ú γv(f, θo, ϕo, θs, ϕs) ©
O´çNé (θo, ϕo) ��Y²4zÚR�4z5Å
��m�©Ñ�Xê©Ù. éÙ3 4π��mSÈ
©=���Ç r, 
 γ(f, θo, ϕo, θs, ϕs) �ÏLeª
��:

γ(f, θo, ϕo, θs, ϕs) =
S(f, θo, ϕo, θs, ϕs)4πR2

Pinc(f, θo, ϕo)
, (3)

Ù¥ S(f, θs, ϕs)�ål R (�|«) ?�Ñ�õÇ
�Ý, Pinc(f, θo, ϕo) K� (θo, ϕo) ���5Å (ª
Ç� f ) �çN�¼�õÇ.

ϕ

ã 1 u�Ç4zÚ����IX

2.2 çççNNN(((���999ÙÙÙ������ÇÇÇµµµ������{{{

2.2.1 æCIN
�(��çN
�©ïÄ�çN
�ü���I(�, Xã 2

¤«. º� α = 17.5◦, .>° p = 17.5 mm, p
Ý h = 85 mm, æ�þÝ t = 1.5 mm. æCá�
��ÅªãáÅ5U�Ð� ECCOSORBr CR110

½ CR112[23] á�, d'|� EMERSON&CUMING

úi)�, Ù�é0>~ê (εr = εi− jεii) 9�é^
�Ç (µr = µi − jµii) �>^ëêXL 1 ¤«. du
�k 18 GHz ±e��, éu 18 GHz ±þ��¹,

O��¦^ 18 GHz ��>^ëê. 
�d 10 × 10
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�IN�¤, ��3 XOY ²¡.

t

金属裸锥 涂覆锥体

α

pp

h

ã 2 æCINü��(�«¿ã

L 1 æCá�>^á5

æCá�a. f/GHz εi εii µi µii

CR110 10.65 2.9 0.12 1.0 0.10

CR112 10.65 4.8 0.19 1.1 0.25

CR110 18.70 2.8 0.11 1.0 0.20

CR112 18.70 4.6 0.14 1.0 0.26

2.2.2 Ã�
����Çµ�
�Ä X , Y ��Ã�ò� (±Ï�� p) �æC

IN
�, éþ��m (θo, ϕo) ��5Å (ªÇ� f ,

gd�mÅ�� λ) �Ñ�. �â Floquet ½n, Ù

¡þ�?� XOY �¡�Ñ�|, �±©)��
| Floquet �ª, X

Etan(x, y, z0) =
∑

n

∑
m

x · αEx
m,n e−j(km

x x+kn
y y)

+ y · αEy
m,n e−j(km

x x+kn
y y), (4)

Ù ¥ km
x = k0 sin θo cos ϕo + m · 2π/p, kn

y =
k0 sin θo sinϕo + n · 2π/p, m = −∞ + · · · + ∞,

n = −∞ + · · · + ∞, k0 �g d � m ¥ � Å ê,

k0 = 2π/λ.

éuÃ��±Ï
�, ÙÑ���3u÷A½
���Å�S, Ù¥þÅ~ê�

kmn =(km
x , kn

y , kmn
z )

=
(
km

x , kn
y ,

√
k2
0 − (km

x )2 − (kn
y )2

)
. (5)

3ù
Å�¥, �k÷v�DÂ^� (6) ª�â´
���Ñ�õÇ�Ñ��, Ù{áuÎ�Å, z ��
þ�Å~ê kmn

z �XJê, l
Ã{òÑ�õÇD
Ñ�þ��m. �
�±Ï p �uÅ� λ �, �U
ÑyØ���Ñ��, Xã 3 ¤«.

(km
x )2 + (kn

y )2 < k2
0. (6)

ã 3 Ã��æCIN
�3�\�^�e�Ñ��
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3Ã��
����Ç©Û¥, �l
¡þ
��Ñ�|©Ù¥J��Ñ��¤���õÇ,

X (7) Ú (8) ª¤«, éÙ\\�����õÇ, �
\�õÇ�', ¼���Ç, X (9) Ú (10) ª.

αEx
m,n =

∫
p

∫
p

Ex(x, y, z0) · ej(km
x x+kn

y y)dxdy,

(7a)

αEy
m,n =

∫
p

∫
p

Ey(x, y, z0) · ej(km
x x+kn

y y)dxdy,

(7b)

αEz
m,n =

αEx
m,nkm

x + αEy
m,nkn

y

−kmn
z

, (7c)

Pm,n =(|αEx
m,n|2 + |αEy

m,n|2 + |αEz
m,n|2)p2 kmn

z

η · k0
, (8)

Ù¥ η�gd�mÅ{|. �A�éu\�Åk

Pinc = (|αEx
inc |2 + |αEy

inc |
2 + |αEz

inc|2)p2 k00
z

η · k0
, (9)

�ª, ��Ç r =
∑
m

∑
n

Pm,n/Pinc, m, n ÷v

(km
x )2 + (kn

y )2 < k2
0. (10)

é'Äu Floquet �ª���ÇO�, Äu�
� RCS ���Çµ� [8] ��Ä
�\�����
Ñ�� (Äu Floquet �ª), = P0,0. 
3Ã��

��3 m 6= 0 ½ n 6= 0 �pgÑ���, I�?
1?�. 3©ÛÃ��
�.�ÅçN�u�Ç�
c, Äk±ÃæC�n��N (PEC) IN
���
ëì, �y�©¤¦^�{�k�5. ÃæC PEC

IN
����õÇ�u\�õÇ, =��Ç� 1.

ã 4 ¥�Ñ
>^Å\��T
��, ÏLþã�
{ (Äu Floquet nØ) ¼����Ç(J±9Ä�
Ñ���Ç (P0,0/Pinc) �ªÇ�Cz, �ö�'u
�� RCS �. lã 4 �±wÑ, Äu�� RCS ��
�Çµ� [9] ·Ü3$ª�\�^�e¦^, d�

���3����Ñ��; 
ÄuFloquet�ª©
Û�u�ÇOþ�ª����, �±^u?¿ü�

ã 4 ØÓ�{���Ã��ÃæC PEC IN
���
Ç(J, �\�^��\��� 15◦, h 4z

º�!?¿ªÇÚ?¿\��Ý (4z) �Ã��

���Ç©Û. I��Ñ�´, 3éÃ��
�
çN?1©Û�, Äu±Ï5, �I�éü�(�
?1ï�O�.

2.2.3 k��
�çN���Ç©Û
¢S¦^�çNº�´k��, éÙu�Çµ

��éÃ��
��µ�ØÓ. duk��
��
Ñ�õÇ¿Ø��Û�3ê�Ñ����¥, d
�, I�È©çN(����m�Ñ�õÇ, é'
çN�¼�\�õÇ����Ç. ©z [11,12] ¥
éd?1
�[�?Ø, �Ñ²;�Ñ�|O�
�{¿Ø·ÜæCIN
�.çN���Çµ�,

¿JÑÄuU�Vg�Ñ�|O��{; Ó�, ¦
^k�
¡�Åå\��'²¡Å�±���O
(�(J. 3�©�k�
�©Û¥, �Ä 10×10

��
. \�Åå�Ä��pdÅå, ¿�ÄØÓ
�\���Ú4zG�. pdÅå�¦^�yò
\�õÇ8¥3
���S, Ù{��çN�¼
�õÇ�±�Ñ. 3ù��\�Å^�e, ·��
±O(/¦^©z [12] ¥�u�ÇOþ�{. �
©¥, �|�©Ù±�©Ñ�Xê (3) ª�/ª�
Ñ, éÙ?1��mÈ©, �±����Ç r, 
u
�Ç=� e = 1 − r. ã 5 �Ñ
3k��
��
Ñ�O�¥, çNþ� XOY �¡�\�|ÚÑ�
|©Ù, ªÇ� 10.65 Ú 18.7 GHz, �\�, INæ
C 1.5 mm CR112 á�. �±wÑ, 18.7 GHz �
�
�Ñ�|rÝ� 10.65 GHz ���, =��Ç�$;

3 18.7 GHz �Ñ�|C|©Ù¥�3²w�
�
mZ��J, ¿�3�|«�/¤õ�Ñ�¸, ù
´dudçN
��±Ï p �u 18.7 GHz ªÇ¤
éA�Å�, �3p�Ñ�����.

2.2.4 ��ÇO��{��y
�©¦^�Å���k��©�{?1Ã�

�
�Úk��
�çN���ÇO� [24]. 3�
!¥, Äk�ÄæCáÅá��7á²�é²¡Å
����\��Ý�Cz, ÏLé')Û)5�y
�©�O�éæC��[�O(5, Xã 6 ¤«.

��, éÃ��
�çN�u�ÇO�(J?1¿
©°ÝÂñ�y, Xã 7 ¤«, =ÅÚ~�O�¥
�¿©m�, *	u�ÇO�(J�Cz. �±w
Ñ, u�Ç¬�¿©°Ý�Jp
ªu­½. ��,

ék�
�çN��|Ñ�|©Ù?1Âñ�y,

164211-4
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全空间微分散射系数/dB 0
(a)

-80 -60 -40 -20 0-80 -60 -40 -20

 0-80 -60 -40 -20 0-80 -60 -40 -20
(b)

全空间微分散射系数/dB

ϕs=0O
ϕs=90O

ϕs=0O

θs

θs

ϕs=90O

ã 5 10 × 10 
� (1.5 mm CR112 æC) çNO�©Û¥�C|\�>| (�: 
��þ� XOY �¡, 8�zÌ�, dB), C
|Ñ�>| (¥: 
��þ� XOY �¡, 8�zÌ�, dB), ��|Ñ�| (m: ��m�©Ñ�Xê, dB) (a) 10.65 GHz; (b)
18.7 GHz

ã 6 2.1 mm CR112 æC7á²����Ç (�5) �y

 1.5 mm CR110

 1.5 mm CR112

20 25 30 35 40
0.997

0.998

0.999

1.000

45 50

发
射
率

剖分精度(1/X 自由空间波长)

ã 7 Ã��
�©Û�u�ÇÂñ�y (�\�, 18.7 GHz)

1/40, φ=0Ο

1/40, φ=90Ο

1/60, φ=0Ο

1/60, φ=90Ο

θ

80400-40-80

-60

-40

-20

0

微
分
散
射
系
数

/
d
B

ã 8 Ø Ó ¿ © � Ý ^ � e � Ñ � © Ù O � (
J (18.7 GHz, 6 × 6 
�, æC 1.5 mm þ CR110)

�ã 8. Ó��±wÑ, �|Ñ�|©Ù�¿©°Ý
�JpÂñûÐ. �©¥, æ^ 1/45 gd�mÅ�
�¿©°Ý?1O�.

3 çN��Ç�ªÇ!�ÝÚ4z�
Cz

Äk�âO�(J, �Ñ�\��TçN��
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�Ç�ªÇCz�5Æ. ��, ?Ø3$ª:?u
�Ç��Ý!4z�Czª³.

3.1 ������ÇÇÇ���ªªªÇÇÇ���CCCzzzªªª³³³

�\�^�e, TæCIN
�.�çN��
Ç3 X � Kα Åã���S�ªÇ,p
ü$. ù
´Ï�3�pªÇ?, æÆ�S>^Å�P~�'
$ª���, Xã 9 ¤«, l
¦�N(����
�$. lã 10 ¥�±wÑ,Ã��
����ÇO
�(J�k�
��(J�Î. ùpÀ��ª:´
�Å�a+�¥¤'5�A�ª:, X 10.65, 18.7,

23.8, 36.5 Ú 54 GHz. �±wÑ, éuæ^æCI
N
�/ª�çN�O, Ù$ª?�p��Ç ($
u�Ç) �U¤�Ù5U�´¶. ��©Û 10.65

Ú 18.7 GHz ª:?, dçNu�Ç��Ý!4z�
Czª³.

10
0

10

20

30

40

50

20 30 40 50

CR110

CR112

频率/GHz

衰
减
度
/
%

ã 9 1 mm æ�S�>^õÇP~Ý

ã 10 çN��Ç�ªÇCzª³ (�\�)

3.2 uuu���ÇÇÇ������ÝÝÝÚÚÚ444zzz���CCCzzzªªª³³³

Xã 11 ¤«, �Ä:�*	� θo 3 20◦ �
�SCz��¹, Ã��
��k��
��u

�Ç (��Ç) O�(JNyÑ
�Ó�ª³, �
y
3Ã��
�©Û¥¦^�Äu Floquet �
ª©Û���ÇOþ�ª. 3ªÇ�$� 10.65

Ú 18.7 GHz ª:?, éuR�4z (V), u�Ç�
:�� θo �O�
�3²weü�ª³; 
Y²
4z (H) �u�Ç� θo �CzK�éØ²w.

ã 11 u�Ç�:�� θo �Cz (a) 1.5 mm CR112 æC,
10.65 GHz; (b) 1.5 mm CR110 æC, 18.7 GHz; (c) 1.5 mm
CR112 æC, 18.7 GHz

�ÄéçN(��Uæ��`z, XUCp
°'!O�æCþÝ�. UC�Iü��Iº�
� a = 14.25◦, æCÆþÝ� t = 1.2 mm, ¿�y
Ù�Iº� a = 17.5◦ � (t = 1.5 mm) 3�\��

164211-6
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äk�����Ç, �IN�\kb, ©ÛÙu�
Ç�:���Cz, �ã 12. �' a = 17.5◦ ��
¹, V �u�Ç (eV) �:�� θo O�
ü$�y
�E,�3. ªÇ� 10.65 GHz �, Iº�C��,

eV � θo O�
ü$�y�\ì; 
3u�Ç�p
� 18.7 GHz, ª³� 10.65 GHz ���, =Iº�C
��, eV � θo O�
ü$�y�Uõ. ,��¡,

�± 17.5◦ Iº�ØC, O�æCþÝ, *	u�Ç
� θo �Czª³. lã 13 ¥ 10.65 Ú 18.7 GHz �

ã 12 çNu�Ç�:�� θo �Czª³, 14.25◦ (1.2
mm æC) � 17.5◦ (1.5 mm æC) Iº�é' (a) CR112
æC, 10.65 GHz; (b) CR110 æC, 18.7 GHz; (c) CR112 æ
C, 18.7 GHz

O�(J�±w�, JpæCþÝ�, ev � θo O
�
ü$�y���²wUõ. ùü|'�`²,

$ª?R�4zu�Ç�:��O�
ü$�y
��æC�é>^Å�P~§Ýk­�éX: XJ
æC�S�P~��, Kd¬\ìdy�. ¢SA
^¥�±ÏLJpæC�S�P~Uå5Uõ$
ª?çNR�4zu�Ç�:��O�
ü$�
¯K. ,	, çNü��IN(�/ª7,��Ù
u�Ç�*	�Ý�Cz, R�4zu�Ç�:�
� θo O���ü$§Ý¬É�IN�kb§Ý±
9ü�IN�>º��Ï��K�.

(a)

(b)

0 5 10 15 20

0
0.980

0.983

0.997

0.990

0.993

0.997

1.000

0.990

0.992

0.994

0.996

0.997

0.999

1.001

5 10 15 20

发
射
率
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Abstract

Different from that in the optical band, the blackbody in the microwave band is constructed in a coated cone array structure.

The blackbody of this type can be used in calibrating microwave radiometers with standard brightness radiations, and needs to have

a uniform surface thermal distribution and high emissivity. The emissivity study of such a blackbody can be performed based on the

Kirchhoff’s law of thermal equilibrium, in a reflection determination routine. The emissivity characteristics varying with frequency

have been intensively studied, but their variations with direction and polarization have not received much attentions. Starting from

the Floquet mode analysis, a reflection evaluation scheme for the blackbody is presented, which is more robust than that based on the

back-ward RCS determination. Based on the presented scheme, the trends of emissivity varying with frequency, direction, polarization

are studied, for a microwave blackbody design. Results show that the emissivity rises as the frequency rises in a range from X band to

Kα band; and in the low frequency band, the trend of the vertical polarization emissivity varying with elevation angle is different from

that of the horizontal polarization emissivity, and there exists an obvious phenomenon that the vertical polarization emissivity declines

with the increase of elevation angle. These phenomena are related to the electromagnetic absorption characteristics of the coating layer.

Keywords: blackbody, emissivity, Floquet modes, microwave radiometer
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