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* Ï&�ö. E-mail: hxwang@mail.xidian.edu.cnÂvFÏ: 2010–08–20; �ÉFÏ: 2010–10–14I[­:Ä:ïÄu�Oy (1OÒ: 2010CB731903) ℄Ï�8Á� �5NªÚ?&Ò3{zX�XÚ�O�Ó�,Ǒ�3ép�$Ä8I´Ñy Doppler�
�¯K,ÏdïÄXÛJpÙ���­EªÇäk­�¿Â.du ISAR8I���Ñ�|äk�r�DÕ5,=�Ü©Uþ=d�êÑ�¥%�z,¤±�©ÄuDÕ&ÒL«nØ,ÏLé8I£Å�.�©Û, JÑ
�«ÄuDÕÚ?ªÇ&Ò�_Ü¤�»X�¤��{. T�{ÏL�Å/ÀJ�5NªÚ?&Ò�Ü©fóÀ?1u�, ,��^DÕ&Ò©)��{é8Iã�?1­ï±��8I���p©Eã�. T�{±O�℄
Ǒ�d, U
k�/�Ø�  Doppler �
, Ó��U
Ø$��¿���©E�ã�. �ýÚ¢ÿêâ?n(J�y
�©�{�k�5.'�
 _Ü¤�»X� X�¤� DÕ&ÒL« �5NªÚ?
1 Úó_Ü¤�»X� (ISAR, inverse synthetic aperture radar)[1,2]´�«��¤�X�,§äk�U�!�Uÿ!p©EÇÚ�^ål��`:,®¼�2�A^. �5NªÚ?&Ò (FS, frequency stepped)[3]´y�X�¥¼�p©E&Ò��«­��ã, §±�5Nª&Ò�ǑÚ?ªÇ&Ò�fóÀ, ok�5Nª&ÒÚÚ?ªÇ&Ò�A:, ÏLu��|1ª±�½ªÇCz���5NªóÀG, �Â�Ü¤Ǒ����°�&Ò, l
Jp
ål��©EÇ, ¿ü$
�ÂÅ℄��°Úæ�ªÇ���. ©z [4] �ép�$Ä8I, JÑ
�«|^�5NªÚ?&ÒÏLª��°Ü¤±?1pål©EÇ ISAR ¤���{. T�{¿©|^ål���äÚ�  Doppler &Eé»��ÝÚ\�Ý?1°(��O, Ó�3êâ¥é$Äëê\±Ö�, ¿�ª¢y�  Doppler ¤�. ©z [5] ǑJÑò�5NªÚ?&ÒA^� ISAR¤�þ?18I£O,��é���J.,
,du�5NªÚ?&ÒI�©�/u��|óÀG, ¤±éu¯�$Ä�8I, N´�� Doppler �
.C
5, DÕ&ÒL«¼�é��'5, ©z [6] ÄkJÑDÕ&ÒL«¯K, =ò&Ò3L��¥þ©), ��ÙDÕL«, T©Ó�JÑ��Jl (MP, matched pursuit) �{. ©z [7] JÑÄJl (BP, basis pursuit) �{, Ù��´�«± l1 �êǑ�Kz¼ê��KzEâ, �±ÏL�55y¢y, ǑDÕ&ÒL«Jøkåóä. ©z [8]ïÄ
kD(�¹e�DÕ&ÒL«­½¡E¯K.©z [9] JÑ�Kz����Jl (ROMP, regularized orthogonal matching pursuit) �{±¯�?n&Ò3���8¥�DÕL«¯K. ±þù
ó�ǑDÕ&ÒL«�A^�e
é��Ä:.



��y�: ÄuDÕ�5NªÚ?&Ò� ISAR ¤�éupªX�, 8I�±deZ�'�r�Ñ�¥%£ã, durÑ�:�ê8��uã��o:ê,¤± ISARã�äkDÕA5,ù�ïÄÄuDÕ&ÒL«� ISAR¤�JøÄ:. 
DÕ&ÒL«�Ì�8�Ò´l��L���¥þ8¥À��þ����5L«®��&Ò, ¤±, ùüöäk�q�A5. ©z [10] ïÄ
ªÇDÕ¤��ª3BpX�þ�A^, �ÑäkDÕL«�&Ò�±d����ÅÝK­ïÑ5. �©/�DÕ&ÒL«�¡�ïÄ¤J, ò¤�¯K=zǑDÕ&Ò©)¯K, JÑÄuDÕÚ?ªÇ&Ò� ISAR ¤��{. T�{ÏL�Å/ÀJ�5NªÚ?&Ò�Ü©fóÀ?1u�, ±Jp�5NªÚ?&Ò���­EªÇ, �X±��Ñ�:�Ñ�A5�Ǒ���ïi;, ,�ÏLæ^à`z�{?1�), ��é�)�(J­#ü�±��8I���p©Eã�.

2 DÕ&ÒL«æ^lL��¥¥g·A/é�äk�Z�5|Ü� K ��f5L«&Ò, ù«&ÒL«Ò¡ǑDÕ&ÒL«½DÕ&Ò©).�½��&Ò s Ú��i; D, I��)&Ò s ���DÕL« x, b�&Ò s �k M �ÿþ�, = s ∈ CM , i; D ´�¹ N �¥þ����8 D = {d1, d2, . . . , dN}, = D ∈ CM×N ´��Ý
, M < N , x ∈ CN ´��Nõ��ÑǑ"�DÕ&Ò. DÕ&ÒL«¯K [6] �±½Â¤eª:

s = Dx. (1)�)&Ò s �DÕL« x �±��u�)±e¯K:

min ‖x‖0, s.t. s = Dx, (2)Ù¥ ‖x‖ Ǒ x ¥�"����ê, min L«��z.XJ�^ l1 IO. ‖x‖1 =
∑

|x|1 �O ‖x‖0, Ò��ÄJl�{ [7], =
min ‖x‖1, s.t. s = Dx. (3)3¢S�¹¥, D(o´�3�, d�, *ÿ��&ÒǑ

s = Dx + δ. (4)�Ä�N\�D(�KǑ, �±3ª (3) �Ä:þO\��D(N� [8], ?U��¯KXe:

min ‖x‖1, s.t. ‖s − Dx‖2 6 ε, (5)Ù¥ ε L«D(>², 3$&D'��¹e, Ǒ
³�D(�KǑ, AT� ε ��±�����(J.DÕ&ÒL«�Ì�8�Ò´l��L���¥þ8¥À��þ����5L«®��&Ò,
éupªX�, 8I�±deZ�'�r�Ñ�¥%£ã, ùüöäk�q�A5. Ïd, �©òÄuDÕ�5NªÚ?&Ò� ISAR ¤�¯K�±=zǑDÕ&Ò©)¯K, e¡�ÑäN�¤��{.
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ã 1 FS ÚDÕ FS &Ò�ª©Ù«¿ã
Figure 1 Time-frequency distribution of FS chirp and sparse FS chirp signal

(a) FS chirp signal; (b) sparse FS chirp signal

3 DÕ�5NªÚ?&Ò� ISAR ¤�
3.1 DÕ�5NªÚ?&Ò�5NªÚ?&Ò´�«Ü¤°�&Ò,§ò����°��5Nª&Ò©)¤õ���°��5NªfóÀ&Ò, ��fóÀ�¥%ªÇUì�½�Ú�Cz [2,3]. �5NªÚ?&Ò���L�ªǑ

s1(t̂, tm) = rect

(

t̂ − tm
Tp

)

exp[jπγ(t̂ − tm)2]exp

{

j2π[f0 + rem

(

tm
Tr

, Ns

)

∆f ](t̂ − tm)

}

, (6)Ù¥ t̂ Ú tm ©OǑål�¯�mÚ� �ú�m, rect() L«ü Ý/I¼ê, Tp ǑfóÀ�°Ý,�5Nª&ÒfóÀǑ exp[jπγ(t̂ − tm)2], γ ǑfóÀ�NªÇ, fóÀ�&Ò�°Ǒ Bs = γTp, � �ú�m tm = mTr, Ù¥, 0 6 m < Na, Na Ǒ� �óÀ��ê, Tr ǑóÀ­E±Ï, � ��È\�mǑ Ta = NaTr, f0 + rem(tm/Tr, Ns)∆f L«��fóÀ�1ª��m�Cz'X, f0 Ǒ�5NªÚ?&Ò�å©ªÇ, rem()L«�{ê, Ns Ǒ¥%ªÇØÓ��5NªfóÀ��ê, ∆f ǑªÇÚ?þ, K��°�5Nª&Ò�¥%ªÇǑ fc = f0 + ∆f(Ns − 1)/2. ±Ú?ê Ns = 4 Ǒ~, �5NªÚ?&Ò��ªãXã 1(a) ¤«.�5NªÚ?&Ò���":Ò´���­EªÇ�$Ǒ 1/(NsTr), éup�8IN´�)
Doppler �
, l
î­KǑã��þ. DÕ�5NªÚ?&ÒÒ´�ÀJ�5NªÚ?&Ò��Ü©fóÀ?1u�, ù��±Jp&Ò���­EªÇ, ~XXJl�5 Ns �fóÀ¥ÀÑ Ns/2�fóÀ, K&Ò���­EªÇ�±Jp��. DÕ�5NªÚ?&Ò���L�ªǑ

s2(t̂, tm) = rect

(

t̂ − tm
Tp

)

exp[jπγ(t̂ − tm)2] exp

[

j2πfc

(

tm
Tr

)

(t̂ − tm)

]

. (7)'�ª (6) Ú (7) �±wÑ, �5NªÚ?&ÒÚDÕ�5NªÚ?&Ò��5NªfóÀ���Ó, �´��fóÀ�1ª��m�Cz'XØ�Ó. DÕ�5NªÚ?&Ò�1ªCzI�ýk�½,du�ÅÝ
3&Ò¡E��ÿäké��Ly,¤±,�±�Å/?1ÀJ.ã 1(b)�Ñ
éã 1(a) ��5NªÚ?&Òl�5 4 �fóÀ¥�ÅÀJÑ 2 �fóÀ��«(J. �^DÕ�5NªÚ?&Ò?1 ISAR¤�U
Jp�5NªÚ?&Ò���­EªÇ,U
é=��¯�8I?1¤�.�´Ó��5���¯KÒ´�5��5NªÚ?&ÒÜ¤��{ÏǑÜ©&Ò"�Ñò�JØ�, ¤±I�ïÄ#�?n�{, e¡Äk�Ñ8I�£Å�..
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��y�: ÄuDÕ�5NªÚ?&Ò� ISAR ¤�

ã 2 ISAR ¤��.
Figure 2 ISAR imaging model

3.2 £Å�.3 ISAR¤�¥,X�Ú8I�m��é$Ä�±©Ǒ²Ä©þÚ=Ä©þ, Xã 2¤«,8I�²Ä©þ v(t) Ú8I�X�À����YÆǑ β,8I�7Ù¥%: O ±ð½�Æ�Ý ω !�^=.b�8Iþ�?¿�: P (x, y) �7¥%: O ^=, X�u�Xª (7) ¤«�DÕ�5NªÚ?&Ò, K: P (x, y) �£Å&ÒǑ
sr(t̂, tm) = A · rect

(

t̂ − τm − tm
Tp

)

exp[jπγ(t̂ − τm − tm)2] exp

[

j2πfc

(

tm
Tr

)

(t̂ − τm − tm)

]

, (8)Ù¥ AǑ£Å&Ò�EÌÝ, τm = 2R(tm)/cǑ�Ǒ&Ò��ò, cǑ1�, R(tm)Ǒ tm�Ǒ: P (x, y)�X��ål, K
R(tm) = R0 + y cos(θ(tm)) + x sin(θ(tm)) +

∫ tm

0

v(t) cos(β)dt, (9)Ù¥ R0 ǑX��8I^=¥%: O �ål, θ(tm) Ǒ tm �Ǒ8I^=�ÆÝ, �8I!�^=�, k θ(tm) = ωtm, 38I=ÄÆÝCzØ���¹e, ?1��Cq, Kd8I=Ä¤���ålCzþǑ y cos(θ(tm)) + x sin(θ(tm)) = y + ωxtm; v(tm) Ǒ tm �Ǒ8I��Ý, ����Ǒ8I�!\�$Ä, �\�ÝǑ a, Kk v(tm) = v + atm, b�8I��Ý v Ú\�Ý a �X�À����ÝK©OǑ vr Ú ar, = vr = v cos(β), ar = a cos(β), Kd8I²Ä¤���ålCzþǑ
∫ tm

0
v(t) cos(β)dt = vrtm + art

2
m/2. ª (9) �±{zǑ

R(tm) = R0 + y + ωxtm + vrtm +
art

2
m

2
. (10)
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¥I�Æ : &E�Æ 1 41 ò 1 12 Ïéupª&Ò, 8I�£Å�±w¤´deZÑ�:�£Å�¤, b�8I�k K �Ñ�:, K�Â��8I£Å&ÒǑ
sr(t̂, tm) =

K
∑

k=1

Ak · rect

(

t̂ − τkm − tm
Tp

)

exp[jπγ(t̂ − τkm − tm)2] exp

[

j2πfc

(

tm
Tr

)

(t̂ − τkm − tm)

]

, (11)Ù¥ Ak Ǒ1 k �Ñ�:�£Å&Ò�EÌÝ, τkm = 2Rk(tm)/c Ǒ1 k �Ñ�:3 tm �Ǒ��ò,

Rk(tm) Ǒ3 tm �Ǒ1 k �Ñ�:�X��ål, �±L«Ǒ
Rk(tm) = R0 + yk + ωxktm + vrtm +

art
2
m

2
. (12)

3.3 ²Ä�Ý��OÚÖ�
ISAR¤�Ì�´|^8I�=Ä&E, éuk²Ä©þ�8I, 7LÄk°(/�OÑ8I�²Ä�Ý¿?1Ö�.ÄkéXª (11) ¤«��Â&Ò?1ålØ , Ø ë�¼ê���L�ªǑ

sref(t̂) = rect

(

t̂

Tp

)

exp(−jπγt̂2). (13)²LålØ �, £Å&Ò�±�¤
sr(t̂, tm) =

K
∑

k=1

Ak · sinc[Bs(t̂ − τkm − tm)] exp

[

j2πfc

(

tm
Tr

)

(t̂ − τkm − tm)

]

, (14)Ù¥
τkm = 2

R0 + yk + ωxktm + vrtm + art
2
m/2

c
. (15)ò8I�²Ä©þ©lÑ5, ª (14) �±�¤

sr(t̂, tm) =

K
∑

k=1

Ak · sinc

[

Bs

(

t̂ − 2
R0 + yk + ωxktm

c
− tm −

2vrtm + art
2
m

c

)]

· exp

[

j2πfc(
tm
Tr

)

(

t̂ − 2
R0 + yk + ωxktm

c
− tm

)]

exp

[

− j2πfc

(

tm
Tr

)

2vrtm + art
2
m

c

]

. (16)�±wÑ, 8I�²Ä©þò¬��£Å�äÚ� �Cz, ¤±7Lé8I$Ä��ÝÚ\�Ý?1°(�O¿Ö�. ©z [4] �Ñ|^�äéào�O� Doppler ¥%°�O(Ü�±��/¢y8I$Äëê��O. �©z [4] �', �©æ^�´DÕ�5NªÚ?&Ò, 3?1 Doppler ¥%�O��ÿ��k:�O. �´©z [4] ¥��{²L�
UÄ, Ǒ�±A^3�©¥, E,U
¢yé8I�Ý�°(�OÚÖ�. äN�6§Xe:

1)|^�äéàé8I$Äëê?1o�O��{Ò´3��o©E���ål��, ÏL�äéà�OÑóÀm��ä£Äþ, 2é�ä£Äþ?1����[Ü��8I$Äëê�o�O.

2) |^o�O�8Iëêé£Å��äÚ� ?1Ö�.

3) é�Óª:�£Å�^���'{�) Doppler ¥%.

4) ÏLb�u���{, �±��8I�ÝÚ\�Ý�°(�O�.
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��y�: ÄuDÕ�5NªÚ?&Ò� ISAR ¤�²Lé8I��ÝÚ\�Ý?1�O��, I�?1�ä²£Ú� Ö�,�ä�²£þǑ v̂tm +

ât2m/2,Ù¥, v̂ Ú â ©OǑ8I�ÝÚ\�Ý��O�, du�ä�²£þ��Ø´�ê�ålü�,¤±�ä£Ä��ÏLª�¢y, =3ª��±���5� � exp[j2πf(2v̂tm + ât2m/c)]. Ø
?1�ä£Ä	, �I�éØÓª:�&Ò?1� Ö�, � Ö�ÏfǑ
H(tm) = exp

[

j2πfc

(

tm
Tr

)

2v̂tm + ât2m
c

]

. (17)²L�äÖ�Ú� Ö��, K8I�£Å�±�¤
sr(t̂, tm) =

K
∑

k=1

Ak · sin

[

Bs(t̂ − 2
R0 + yk + ωxktm

c
− tm

]

· exp

[

j2πfc

(

tm
Tr

)(

t̂ − 2
R0 + yk + ωxktm

c
− tm

)]

. (18)3é8I��ÝÚ\�Ý?1°(/�OÚÖ���, 8I�²Ä©þ��Ø, 8IÒ�±w¤´���k=Ä©þ�8I.Ǒ
~�êâþ,�±��¹k8I�� Nc �ålü��êâ,�ÑKª (18) ¥�~ê�, 8I�£Å�±�¤
sr(t̂, tm) =

K
∑

k=1

Ak · sin

[

Bs

(

t̂ − 2
yk + ωxktm

c
− tm

)]

· exp

[

j2πfc

(

tm
Tr

)(

t̂ − 2
yk + ωxktm

c
− tm

)]

. (19)

3.4 ¤��{e-
s3(t̂, tm) = sinc[Bs(t̂ − tm)] exp

[

j2πfc

(

tm
Tr

)

(t̂ − tm)

]

. (20)Kª (19) ¥�£Å&Ò�±�¤Xe/ª:

sr(t̂, tm) =

K
∑

k=1

Ak · s3

(

t̂ − 2
yk + ωxktm

c
, tm

)

. (21)du3ålØ �,·��À��¹8I�� Nc �:,¤±3?¿� tm �Ǒ s3(t̂, tm)Ǒ Nc × 1���þ, ò�Â�£Å�þz, K�±��*ÿ¥þ
s = vec[sr(t̂, 0), sr(t̂, Tr), . . . , sr(t̂, mTr), . . . , sr(t̂, (Na − 1)Tr)], (22)Ù¥ vec(·)L«¥þzö�,=òÝ
���æUå5ü�¤��¥þ,du�k Na g£Å,¤±²Lêâ­ü�, s Ǒ�� NcNa × 1 �¥þ.b� Np Ǒ8I(Jã�þ¤k��:�ê8, Nx Ǒ8Iã� x ¶ (� �) þ¤k��:�ê8, Ny Ǒ8Iã� y ¶ (ål�) þ¤k��:�ê8, K Np = Nx × Ny. x Ǒ8I�¤k:�EÌÝ�¤���þ, Ù�êǑ Np × 1, d8I¹k K �rÑ�:, �� x ¥¹k K ��"��, x �±�^eª�ï:

x = [A1, A2, . . . , Any+(nx−1)Ny
, . . . , ANp

]T, (23)
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¥I�Æ : &E�Æ 1 41 ò 1 12 ÏÙ¥ ()T L«Ý
½�þ�=�,3ª (23)¥��^Ò´ò 1×Np 1�þ [A1, A2, . . . , Any+(nx−1)Ny
,

. . . , ANp
] =�¤ Np × 1 ���þ.�ïÝ


D = {d1, d2, . . . , dn, . . . , dNp
}, (24)Ù¥

dn = vec[s3(t̂ − τn0, 0), s3(t̂ − τn1, Tr), . . . , s3(t̂ − τnm, mTr), . . . , s3(t̂ − τn(Na−1), (Na − 1)Tr)], (25)Ù¥ s3(t̂ − τnm, mTr) Ǒ1 n �:3 mTr �Ǒ�£Å, ´�� Nc × 1 ��þ, Ù¥ τnm = 2(yn +

ωxnmTr)/cL«1 n �:3 tm �Ǒ��ò, vec(·)L«¥þzö�,du�k Na �L«z�g£Å���þ, ¤±²Lêâ­ü�, dn Ǒ�� NcNa × 1 �¥þ, Ïdi;Ý
 D ��êǑ NcNa ×Np.du3ÿþ�L§¥¬Ø�;�/Ú\D(, 
�éuØáu K �rÑ�:�'�f�Ñ�:,Ǒ�±w�´D(, b�D(¥þǑ δ, Kª (21) �±L«¤eª:

s = Dx + δ. (26)�o, ª (26) Ú (4) äk�Ó�/ª. du x ��"��éA K �rÑ�:�ErÝ, ·��8�Ò´�â�ï�i; D Ú*ÿ¥þ s, �ÑÙDÕL« x̂, ù�±ÏL�)ª (5) ¤«�`z¯K5)û.Ǒ
�)ù«E,�DÕ&ÒL«¯K, Nõ©z®JÑõ«O��{, X��Jl (MP)[6]!ÄJl (BP)[7]!�Kz����Jl (ROMP)[9]!Äu2\����ê!�8ÄJl (GBP, greedy basis

pursuit)!ÚDÕ Bayes ÆS [11] �, XÛ?1¯��)±?�Ú�~�O�þ®¤ǑïÄ9:. �&�XïÄ�UY�\, �õ����{¬ºYØä/Ñy, ��©��)C��\N´.du3i;��ïL§¥, �^z�:�Ñ�A5�Ǒ��¥þ, Ïd, �)Ñ�&Ò�DÕL« x̂ Úz�:�Ñ�rÝ��éA. ¤±, é x̂ Uì���^Sü�, Ò�±��8I���ã�.ÄuDÕ�5NªÚ?&Ò� ISAR ¤��{�äNÚ½Xe:

1) (½DÕ�5NªÚ?&Ò�1ªCz fc(tm/Tr), ¿Uì§u�&Ò;

2) �Â£Å�?1ålØ , 8Iuÿ, (½8I �;

3) �â£Å��äé8I��ÝÚ\�Ý?1o�OÚÖ�;

4) �â£Å�� é8I��ÝÚ\�Ý?1°�OÚÖ�;

5) �Ñ¹k8I�� Nc �ålü�þ�êâ;

6) �O8I�^=�Ý;

7) ±��Ñ�:�Ñ�A5�Ǒ���ïi;;

8) é£Åêâ?1DÕ&Ò©);

9) é�)�(J­#ü�±��8I���ã�.I�`²�´,þãÚ½ 6)�O8I�^=�Ý¥,�k��O�^=�ÝÚ8I�ý¢^=�Ý�Ó�â�±��8I�ý¢º�. ,
, XJ·�=='%8I��:��é'X
Ø+8I�ý¢º�XÛ, �oÒ�±ØI���^=�Ý���. ÄK, Ò7Læ^Ù��
��5�O^=�Ý [12], ù®�Ñ�©�ïÄ��.l�©�±wÑ, 3~�Ú?ªÇfóÀêþe�±¢y¤�, �ù¿Ø¿�XfóÀêþ�±~��?¿§Ý, A��3fóÀêþ�e�. Ï~�Ǒéu��o:êǑ N , Ù¥¹k K ��"Ñ
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��y�: ÄuDÕ�5NªÚ?&Ò� ISAR ¤��:�8I, ��I� M = O(K log2(N/K)) gÿþ. ©z [13] ïÄ
 Gauss ÿþD(é¤Iÿþgê�KǑ, b�ÿþ�&D'Ǒ SNR (signal to noise ratio), K¤õ­ï¤I����ÿþ:êǑ
M = 2K log2(N/K)/ log2(1 + SNR). ¤±,o8I:ê!rÑ�:�êþÚ SNRÑ¬KǑI��æ�:ê.

4 �ýÚ¢ÿêâ?n(J3ù�!p, ·��Ñ�ýÚ¢ÿêâ?n(J±�y�©�{��(5. 3�ý¥, 8Id 5�Ñ�:|¤, ��Ñ�:ål8I^=¥%�ålÚÑ�rÝXL 1 ¤«, 3ùÆ�����Ñ�:ò�yØ¬KǑã�­ï. X�Ú8I�ålǑ 30 km. X��¥%ªÇǑ 5.5 GHz, ¤±Å� λǑ 0.0545 m, z�fóÀ��°Ǒ 150 MHz (�ý¥©¤ 8 �ªÇ:?1ª�æ�), ªÇÚ?þǑ
150 MHz, Ú?êǑ 4, u�&Òo�°Ǒ 600 MHz, ål©EÇǑ 0.25 m. óÀ­EªÇǑ 100 Hz,fóÀ�­EªÇǑ 400 Hz, ��ý
 64 �óÀ, ǑÒ´ 256 �fóÀ, �ZÈ\�mǑ 0.64 s. b�8Ivk²Ä, 8I�=Ä�ÝǑ 4.883◦/s, o^=ÆǑ 3.125◦, � �©EÇǑ 0.5 m.ã 3(a) �Ñ
u��5NªÚ?&Ò�æ^~5���ÈÅ (MF) �{�¤�(J, ã 3(b) �Ñ
±e�ý¤æ^��Å�)�DÕ�5NªÚ?&Ò�fóÀ¥%ªÇCzã. ã 3(c) Ú (d)©O�Ñ
u�&ÒǑDÕ�5NªÚ?&Ò�æ^ MF �{ÚDÕ&Ò©)�{�¤�(J. dã 3(a) Ú (c) �é'�±wÑ, éu MF �{, �u�&ÒǑDÕ�5NªÚ?&Ò�, ¤�(J����p. ÏLé'ã 3(c)Ú (d)�±wÑ,dDÚ� MF�{���ã��U
w«ÑÙ¥ 3�rÑ�:� �, 
,	ü�fÑ�:�{©E, ��ã�����p, �Ö(J; æ^DÕ&Ò©)�{���ã��©�ß, �Ø
���KǑ, U¢y�©E?n, � �©EÇJp� 0.25 m, U
²w/�NÑ¤k 5 �Ñ�:�ý� �, k|u��/?18I£O.Ǒ
`²�©�{�±Jp�5NªÚ?&Ò���­EªÇ,·�é=Ä�Ý�¯�8I?1
�ý, ò=Ä�ÝJp��Ǒ 9.766 ◦/s, d�o^=ÆǑ 6.25◦, � �©EÇǑ 0.25 m. ã 4(a) �Ñæ^�5NªÚ?&Ò��^ MF�{�¤�(J,lã¥�±wÑ,du� ��æ�ªÇ�$,8I�

�g, �)
­K. ã 4(b) �Ñ
æ^DÕ�5NªÚ?&Ò��^ MF �{�¤�(J, �ã 4(a) �', �±wÑ8I�
��¹��
)û, ¤±�±y²æ^DÕ�5NªÚ?&Ò�±Jpæ^�5NªÚ?&Ò���­EªÇ.�´, 3ã 4(b) ¥, ���KǑ��î­. Ǒ
ü$���KǑ, �^DÕ&Ò©)�{éæ^DÕ�5NªÚ?&Ò���¹?1¤�?n, ���¤�(JÚã 3(d) �Ó, ùpØ2­E/�Ñ. é'ã 4(a), (b) Ú (d), �±wÑDÕ�5NªÚ?&Ò�±Jp�5NªÚ?&Ò���­EªÇ, k�/�Ø� �
y�, ¿�æ^ÄuDÕ&Ò©)��{�±4�/³�
ã����, ���Ǒ�ß�8Iã�.du3¢SA^¥ÿþ(JØ�;�/¬É�D(�KǑ, ·�ǑéØÓ&D'��¹?1
?�Ú/�ý, �^��ýëêÚã 4 �^��Ó, ã 5(a)—(d) ©OǑålØ � SNR Ǒ 10 dB,

0 dB, −10 dB Ú −20 dB �æ^DÕ&Ò©)�{�¤�(J. lã¥�±wÑ, �X SNR �~�,ã�ÉD(�KǑ�5��,3 SNR �u 0 dB �, ã�¥�±w�éõ'���D(, � SNR �u
−10 dB �, ã�¥� 3 �rÑ�:E,�±�ß©E, 
,	 2 �fÑ�:�{©E, 3 SNR �u
−20 dB �, ã�®²��dD(û½, &Ò®²ìv3D(¥, �{©EÑ5. ¤±�{��£Å�&D'��U�u 0 dB.
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Table 1 Scatterer properties

Point Range (m) Cross range (m) Amplitude (dB)

1 −1 −1 0

2 −1 0 −10

3 0 0 0

4 1 0 −10

5 1 1 0

ã 3 �©�{ÚDÚ� MF �{¤�(Jé'
Figure 3 Comparison of the conventional MF and the proposed method in imaging results

(a) Image by MF with FS chirp signal; (b) changes of center frequencies of sub-pulses; (c) image by MF with sparse FS

chirp; (d) image by the proposed methodǑ
��/�y�©�{, é Yak-42�Å�¢ÿêâǑ?1
?n¿�Ñ(J. X��¥%ªÇǑ 10 GHz, &Ò�°Ǒ 400 MHz, ål©EÇǑ 0.375 m, ålØ �, ål��:ê�Ǒ 100, X��óÀ­EªÇ´ 25 Hz, o��^ 25 �óÀ, o�¤��mǑ 1 s. 3ålØ !�äéàÚgà��,d~5� MF�{���¤�(JXã 6(a)¤«. Ǒ
�^DÕ�5NªÚ?&Ò?1 ISAR¤�,3ålª�rX�£Å&Ò©¤ 4�ªã,��uX�Ó�u�Ú?êǑ 4 ��5NªÚ?&Ò,z�fóÀ�&Ò�°Ǒ 100 MHz, Ú?þǑ 100 MHz, ,�éX�£Å3ålª�� ú�m�?1Ä�, =?1DÕz?n±/¤DÕ FS &Ò, ÀJÝ
Xã 6(b) ¤«, Ù¥çÚ (Ǒ 1) ´À¥�ªã. éÀJ��DÕ FS &Ò?1?n, æ^ MF �{Ú�©�{�¤�(J©OǑã 6(c) Ú (d).
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ã 4 �3 Doppler �
���ý(Jé'
Figure 4 Comparison of the simulation results with Doppler ambiguity

(a) Image by MF with FS chirp signal; (b) image by MF with sparse FS chirp signal

ã 5 ØÓ&D'��¤�(Jé'
Figure 5 Comparison of the results of different SNRs

(a) SNR is 10 dB; (b) SNR is 0 dB; (c) SNR is −10 dB; (d) SNR is −20 dBÙ¥,ã 6(a), (c) Ú (d) Ñ´©�ã. lãþ�±wÑ,éuDÕ FS &Ò,du&Ò"�,DÚ� MF�{���p, ã��Ö(J, 
�©�{�¤�(JKU
�NÑ�rÑ�:� �.
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ã 6 Yak-42 �Å¢ÿêâ¤�(J
Figure 6 Real data results of the MF and the proposed method

(a) Result of MF with full measurements; (b) center frequency of sub-pulses; (c) result of MF with sparse FS chirp signal;

(d) result of the proposed method

5 (Ø�é�5NªÚ?&Ò�N´�) Doppler�
�":,�©JÑ
�«ÄuDÕ�5NªÚ?&Ò� ISAR ¤��{, ÏLu�DÕ�5NªÚ?&Ò, ,�æ^DÕ&Ò©)��{?1ã�­ï, �±���Ǒ�ß��N8IÑ�:�é �� ISAR ã�, Ïd�JpX�é8I�&E¼�Uå, k|u8I£O. ��{�3
�5NªÚ?&ÒX��`:, Xü$�ÂÅ℄��°Úæ�ªÇ����, Ó�q�Ñ
�5NªÚ?&Ò��­EªÇ�$´Ñy Doppler �
�":. T�{���":Ò´duæ^DÕ&Ò©)�{?1ã�­ï, ¤±O��Ç�$, ØL·��&, �XDÕ&ÒL«�¡�?�ÚO�Uå�J,, ù�¯Kò��é�/)û.ë�©z
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ISAR imaging via sparse frequency-stepped chirp signal
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Abstract Frequency-stepped chirp signal can simplify the designation of radar system. However, it has a

shortcoming of Doppler ambiguity for high-speed moving targets. Therefore, it is of great significance to study

how to increase its equivalent pulse repeat frequency. The back scattering field of the ISAR target has strong

sparsity; that is to say, most energy is contributed merely by a few scattering centers. Hence, based on the

theory of the sparse signal representation, a novel method for ISAR imaging via sparse frequency-stepped chirp

signals is proposed by analyzing the signal model of the target. In the proposed method, part of sub-pulses of

the frequency-stepped chirp signal is randomly selected to transmit, and then the 2D high-resolution image of the

target can be constructed by sparse signal decomposition. At the cost of computational resources, the method

can effectively resolve the problem of Doppler ambiguity, decrease the sidelobes and obtain a super-resolution

image. Furthermore, the validity of the proposed approach is confirmed by the results of numerical simulations

and real data.

Keywords inverse synthetic aperture radar (ISAR), radar imaging, sparse signal representation, frequency-

stepped (FS)
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