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�Ý, 7L|^ó��ª�pg�m�Åó�, k

νp =
ω

β
=

ωL

ϕ0 + 2nπ
, (1)

Ù¥, νp �1Å+ó�>^Å��, ω �ó�>^
Å��ªÇ, β �ó�>^ÅÅê, ϕ0 �ó�>^
ÅÄÅz±Ï��£, L �z±Ï��Ý, n ��m
�ÅSÒ. � L O�, ó�ªÇ�±ØC, �kO\
z±Ï��£5�±ó���ØC, �=ó�>Ø
�±ØC. O\z±Ï�£, ��wÍ��{Ò´
-�m�ÅSÒ n O�, �=|^pg�m�Åó
�.

~5òUÅ�úÅ(���g9±þ�m�
Å�ÍÜ{|�~$, 
|^C±Ï(�K�±O
\pg�m�Å�ÍÜ{|, �=C±Ï(�äk
�m�Å]À��^. éC±ÏòUÅ�úÅ(�
�nØïÄ®kmÐ, �Ñ´�éìCk5Æ�Ì
�(�?1ïÄ. ¢�y², ìC5Æ5�r, Kp
g�m�Å�ÍÜ{|�$.

�©�ÑïÄ�ìC.k�C±ÏòUÅ�
úÅ(���
nØÄ:, ±9ÚÑÚÍÜ{|L
�ª; ¿�ÑO�(J, ±(½d1Å+�ó�:;

,�|^ MAFIA âf�[^�O�T1Å+��
&Òp�^, ±�ynØ(JÚ¤JÑ��Y´Ä
�1; Ó��ÑT1Å+­½ó���O�:.

2 �ìC.C±Ï(�U
k�O�
pg�m�ÅÍÜ{|�nØÄ:

·��C±Ï(�äk�m�Å]À��^,

ù®´ú@�¯¢. ��ìC.C±Ï(�äkA
O�]ÀUå, e¡ò�ÑÙnØ�â.

XJ,k�úÅ>´�,��½öA�(�
ëþ�úÅ>´�ÝëY�Ø¥±Ï5Cz, Ù|
©þ3�I�mÚ� �m�±^ Fourier C�L
«�

E(x, y, z) =
∫ ∞

−∞
E(x, y, β) e−jβz dβ, (2)

E(x, y, β) =
1
L

∫ L

0

E(x, y, z) ejβz dz, (3)

Ù¥b½ z ´úÅ>´�DÑ��, L ´úÅ>´
�o�Ý.

éuØ¥±Ï5Cz�úÅ>´, (2) ª¥� β

3 (−∞,+∞) �mëY��, Ï
C±ÏúÅ>´
Øäk�±Ï5úÅ>´�éA��m�Å, ��
±ù�@½C±ÏúÅ>´��m�Å: =�� 
�m|�Ì©þ��4���, ¡T:�dúÅ>
´��g�m�Å. ù«éA'X5
uXJÅì
UCØ¥±Ï5CzúÅ>´�,
(�ëê¦
�LÞ�±Ï5(�, �±y², ù
�4���
:fÐ�±Ï5úÅ>´��m�Å�éA.

ò (3) ª3>´�ÝþlÑ, 3z��ã>´
þ, ò�I�m�|�Ì©ÙÀ�´þ!�, =k

E(x, y, β) =
1
L

N∑
i=1

Ei(x, y, z)
∫ Li

Li−1

ejβzdz

=
1 − e−jβ∆L

jβL

N∑
i=1

Eie
jβLi , (4)

Ù¥, N ´o�lÑ«mê, 4L ´lÑ«m��
Ý, Li ´1 i «m� z �I�þ.. éu±Ï5ú
Å>´, L L«��±Ï��Ý, d Floquet ½nk

E(x, y, β) =
1 − e−jβ∆L

jβL

×
N∑

i=1

fi(x, y, z) ej2nπ/LLi , (5)

ª¥, fi(x, y, z) �'u±Ï�Ý L �±Ï¼ê, n

��ê, Ù����g�m�ÅéA.

éu±Ï5úÅ>´, =ù�>´Ø
k��
±Ï55Æ�	, Ø2ä�O�±Ï5½é¡5,

fi(x, y, z) �±Ðm�'u L �Ûn�¼ê½öó
n�¼ê, = fi(x, y, z) 'u z = L/2 é¡½ö�
é¡, qdu exp(j2nπz/L) �´'u L �±Ï¼
ê, d Bessel Ø�ªk:∣∣∣ N∑

i=1

fi(x, y, z) ej 2nπ
L Li

∣∣∣ 6
∣∣∣ N∑

i=1

fi(x, y, z)
∣∣∣. (6)

(5) ª��>w,éAu� n �"�ÄÅ� ‖ x ‖1

�ê. 
� 4L v
��, ¼ê

F (n) =
∣∣∣1 − e−jβ∆L

jβL

∣∣∣
=

∣∣∣1 − e−j(β0+2nπ/L)∆L

j(β0 + 2nπ/L)L

∣∣∣ (7)

����Ñy3 | β0L + 2nπ | �����/�. d
u β0L Û�31� Brillouin « (Ù����� −π

� π), ���Ñy�, n ��U��U´ 0, 1 ½
ö −1.
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Ïd(Ü (5)—(7) ª, �±é¯��(Ø: ±Ï
5úÅ>´���ÍÜ{|�UÑy3ÄÅ!+1

½ö −1 g�m�Å?.

y3�Ädõ�±Ï½(�ØÓ�±Ï5ú
Å>´EÜ
¤�C±ÏúÅ>´ (du?¿¼ê
�±Ðm�n�¼ê�?ê, ù«�ÄØ�Ù��
5), 3Ø�î��¦�^�e, d|�U\5, EÜ

¤�úÅ>´�,g�m�Å�|�Ì�±À
���|¤±Ï5úÅ>´�A�m�Å�{ü
U\, =

E(x, y, βn) =
N∑

i=1

An,i, (8)

Ù¥, n L«,g�m�Å, i L«�üX±Ï5ú
Å>´, An,i L«1 i �±Ï5úÅ1 n g�m�
Å��m�>|�Ì.

d±Ï5úÅ>´�A5k

| Aj,i |6| Ak,i | (| j | − | k |> 2). (9)

¦+ (9) ª[�¤á, �ØK�e�Ø�ª�Ø(
½5∣∣∣ ∑

i

Aj,i

∣∣∣?∣∣∣ ∑
i

Ak,i

∣∣∣ (|j| − |k| > 2). (10)

XJ�±Ï5úÅ>´�|¤Ü©�ÍÜ{|Ñ
3 k g�m�Å�����, ¿�k∣∣∣ ∑

i

An,i

∣∣∣ 6
∣∣∣An,j

∣∣∣
(j, n?¿��, �n 6= k), (11)

ù�ù�(�å�
�m�Å]À��^. w,,

3 (11) ª¤á��¹e, �k�g�m�ÅU\�
Þ, Ù{�m�ÅU\��, ùB´�m�Å³�.

XJ�±Ï5úÅ>´|¤Ü©�ÍÜ{|
3 k g�m�Å9ÙNC����, ¿�k∣∣∣ ∑

i

Am,i

∣∣∣ >
∣∣∣ ∑

i

Aj,i

∣∣∣
(j,m?¿��, �m 6= k), (12)

(12) ª¿�XU\�1 m g�m�Å��\r, Ù
��m�|�ÌC¤
���. ù«�¹��m�
Å]À��¹�éA.

éw,, du±Ï5úÅ(����ÍÜ{|
==Ñy3 −1, 0 Ú 1 g�m�Å, |^õ�±Ï
5(�EÜ¤�úÅ(��ÍÜ{|���Ñy
3pg�m�Å?�Å¬��, = (11) � (12) ªØ

U¤á. 
5Æ5ìC(�3nØþ�±©)��
X�±Ï5(��EÜ, Ïd�ìC.C±Ï(�
�k�U3pg�m�Å?�����ÍÜ{|.

3 k��ìC.C±ÏòUÅ�úÅ
(��ÚÑÚÍÜ{|L�ª

Xã 2 ¤«, b½3k��ìC.C±ÏòU
Å�úÅ(�¥, >^Å�÷ò�Å�DÑ, ¿�
�Ñ>^Å3ò�?¤�)���. a1, b1 � aN ,

bN ©O�ò�Å��>fåÏ��Ûê�óê�
��:. �ò�Å�3 a1 � b1 �m��Ý� l1,

3 aN � bN �m��Ý� lN , 
3 b1 � a2 �m
��Ý� h1, bN−1 � aN �m��Ý� hN−1. �
Ñ>fåÏ�é>^ÅDÑ�K�, lò�Å��
��w�, Ý/Å�� TE10 �R�uã 2 �¡�
� (b½� x ��) �>|©þ�±L«�

El = A sin
( π

w

)
x e−jγl, (13)

ª¥, w �Ý/Å�°>�°Ý, l �ò�Å�÷ò
�����Ý�I, γ �Ý/Å�¥>^Å÷ò�
Å����DÂ~ê.

ã 2 k�Ã5ÆC±ÏòUÅ�úÅ(�

b½ã 2 ¤«úÅ(��ò�üà½ö��
Ó�Å�, ½ö´±Ï­E�, ù�b½éu1Å
+(�5`´��¤á�. ù�, Ò�±ò>^Å
|3÷>fåÏ���� (b½� z ��) þÐm
� Fourier ?ê, ¿��±·^ Floquet ½n, TE10

��R�uã 2 �¡���>|©þ3¶þ�±
L«�

Ex =
∑

n

An sin
( π

w

)
x e−jβnz, (14a)

Ù¥, βn �1 n g�m�Å�DÂ~ê, �

βn =
ϕ0 + 2nπ

L
, (14b)

ϕ0 �ÄÅ3ã 2 ¤«���Ýþ��£, L �ã 2

¥��(���Ý.
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�â (13) ª, b½>^ÅØ¬ÏL>fåÏ�
ÍÜ, TE10 ��R�uã 2 �¡���>|©þ3

¶þq�±L«�

Ex =


A sin

π

w
x e−jγ

∑m
i=1 lm+hm−1

×

(
m = 1, 2 . . . , N − 1; z =

[
am − s

2
, am +

s

2

]
z =

[
bm − s

2
, bm +

s

2

])
,

0 (�Ù{�)

(15)

Ù¥, s �Ý/Å�Ä>�°Ý.

d (14) Ú (15) ª, �±����m�Å��Ì
��

An =
A

βnL

[ N∑
i=1

(
ejβn(ai+

s
2 ) − ejβn(ai− s

2 )
)

× e
−jγ

i∑
ξ=1

li+hi−1

+
N−1∑
i=0

(
ejβn(bi+

s
2 ) − ejβn(bi− s

2 )
)

× e
−jγ

i∑
ξ=1

li+hi−1]
. (16)

¶þ|©þ Ex L÷v Helmholtz �§

∇2Ex + k2Ex = 0. (17)

ò (14a) ª�\ (17) ª, k[( π

w

)2

+ k2
] ∑

n

An e−jβnz

+
∑

n

An(βn)2 e−jβnz

+
∑

n

(∇2
yAn) e−jβnz = 0, (18)

Ù¥, k ´gd�m¥�Åê, Ï�·���´¶�
þ�|, Ïd An ´�� y �¼ê. Ï� (16) ª¥
Øwª¹k y Cþ, 7Ld,	�±��ØdCþ.

�d*	 (13) ª, duò�Å����3�>
fåÏ���?fÐ´���IX� y ��, Ïd
k ∑

n

(
∇2

yAn

)
e−jβnz = Aγ2 e−jγl. (19)

ò (19) ª�\ (18) ª, k[( π

w

)2

+ k2
] ∑

n

An e−jβnz

+
∑

n

An(βn)2 e−jβnz

+Aγ2 e−jγl = 0, (20)

ª¥, z �uÅ��>fåÏ����@
�.

ò (20) ªüàÓ¦±��Ïf ejβnz , ¿3ã 2

����ÝþÈ©, k
1
L

[( π

w
)2 + k2 + (βn)2

]
An + Aγ2 1

jβn

×
[ N∑

i=1

(
ejβn(bi− s

2 ) − ejβn(ai−1+
s
2 )

)
+

N−1∑
i=0

(
ejβn(ai− s

2 ) − ejβn(bi+
s
2 )

)]
+Aγ2 1

jβn − jγ

×
[ N∑

i=1

(
ej(βn−γ)(ai+

s
2 ) − ej(βn−γ)(ai− s

2 )
)

+
N−1∑
i=0

(
ej(βn−γ)(bi+

s
2 ) − ej(βn−γ)(bi− s

2 )
)]

= 0. (21)

ò (16) ª�\ (21) ª, �Ä�c¡��«b½
Úd (21) ª���tÑ�å, ò���m�Å��
§�\, ��ÚÑ�§

∞∑
n=−∞

1
βnL2

[( π

w

)2

+ k2 + (βn)2
]

×
[ N∑

i=1

(
ejβn(ai+

s
2 )

− ejβn(ai− s
2 )

)
e−jγ

∑i
ξ=1 li+hi−1

+
N−1∑
i=0

(
ejβn(bi+

s
2 ) − ejβn(bi− s

2 )
)

× e−jγ
∑i

ξ=1 li+hi−1

]
+ γ2 1

jβn

×
[ N∑

i=1

(
ejβn(bi− s

2 ) − ejβn(ai−1+
s
2 )

)
+

N−1∑
i=0

(
ejβn(ai− s

2 ) − ejβn(bi+
s
2 )

)]
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+γ2 1
jβn − jγ

[ N∑
i=1

( ej(βn−γ)(ai+
s
2 )

− ej(βn−γ)(ai− s
2 )

)
+

N−1∑
i=0

(
ej(βn−γ)(bi+

s
2 )

− ej(βn−γ)(bi− s
2 )

)]
= 0. (22)

�â Pierce ÍÜ{|�L�ªÚÝ/Å�¥
�|©þ��A'X, k

Kc,n =
{[ N∑

i=1

(
ejβn(ai+

s
2 ) − ejβn(ai− s

2 )
)

× e−jγ
∑i

ξ=1 li+hi−1

+
N−1∑
i=0

(
ejβn(bi+

s
2 ) − ejβn(bi− s

2 )
)

× e−jγ
∑i

ξ=1 li+hi−1

]}2/
1.32w3sβ2

n

×
√

1 − (λ/2w)2
{[ N∑

i=1

(
ejβ0(ai+

s
2 )

− ejβ0(ai− s
2 )

)
e−jγ

∑i
ξ=1 li+hi−1

+
N−1∑
i=0

(
ejβ0(bi+

s
2 ) − ejβ0(bi− s

2 )
)

× e−jγ
∑i

ξ=1 li+hi−1

]}2

. (23)

4 ÚÑÚÍÜ{|�O�(J

Äk, ·�?Ø�e l Ú h �CzéÚÑÚÍ
Ü{|�K�. ©O± l0, l2, l4 Ú h0, h2, h4 �Ä�
ëê, Ù{ëê©O3dÄ:þ4O 50%. ù«4
O�ªOr
(��5Æ5, ���ÚÑÚÍÜ{
|Xã 3 Úã 4 ¤«. ã¥, l0 ­�L« l0 �½

Ù¦� l Ú h þC� l0 � 1.5 ��(J, Opt �L
`z��(J. l¥�±w�, UC l � h ��éÚ
Ñ�K�Ø�, Ù�Ï3uòUÅ��ÚÑÌ�´
dÅ��º�Ú±Ï¤(½�, 
UC�� l � h

��, Ì�´O\
�Å�ã��Ý, �Å�ã�
Ý�UC¤Úå�-ypg�ª�UCéÚÑ�
UCå�
Ì��^.

UC l � h ��, �g�Å�ÍÜ{|�UC
�~�. lã 4 ¥�±w�, � l Ú h ��©O4O
�, ÍÜ{|�±,���¥%ÅÄ. 3ùp, ù�
�Ò´± Opt ¤éA��é��� 0.238 �¥%�

{Ä, �©ªÑ$u Opt �4��. Opt �ÍÜ{|
�3��� 0.238 ?��4���, B×�ü$, �
�(�`z�(J´òÍÜ{|8¥�
,��
pg�m�Å?.

ã 3 ÚÑ­�

ã 4 ÍÜ{|

²L�þ�ê�O�, ·��`z�� Opt

� ( J, = aN � bN Ú bN � aN+1 � m � å
lþ� 0.75 mm, w � 1.23 mm, s � 0.2 mm, l1

� 3.009 mm, l2 � 3.519 mm, l3 � 3.077 mm, l4

� 3.213 mm, l5 � 3.213 mm, h0 � 3.213 mm, h1

� 3.349 mm, h2 � 3.519 mm, h3 � 3.145 mm, h4

� 3.315 mm. �� TE10 ��ÚÑ­�Xã 5 ¤«.

ã 6 �Ñ
�ªÇ� 133.45 GHz ��g�m
�Å�ÍÜ{|. dã¥�±w�, ��é��
� 0.238 � (��g�m�Å), ÍÜ{|��
4
��, �� 1.72 Ω, ±��(��Ý
Ø, Tg�m
�Å¤éA�z±Ï��£� 5602.5◦. �'
ó,

XJ±ÏØu)Cz, T(����g�m�Å�
�é��� 0.42, eò��Ýü$� 0.238, KÍÜ
{|Ò�~$
. ��, æ^k��ìC.C±Ï
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úÅ(��±k�/O\��g�m�Å�ÍÜ
{|.

ã 5 TE10 ��ÚÑ­�

ã 6 133.45 GHz ��g�m�Å�ÍÜ{|

5 p�^�[

Xã 7 ¤«, �Êãã 2 �(�|Ü
¤�
ãúÅ�^up�^. �ó�ªÇ� 133.45 GHz,

�éó���� 0.238, (�ëêXc; >fåë
ê©O�: >Ø 15000 V, >6 50 mA, >få�»
� 0.1 mm. æ^ MAFIA ?1�[O�.

ã 7 p�^(�

ã 8 �Ñ
ÑÑà��ÑÑÅ/, ã 9 �Ñ

Ñ\à��Ñ\Å/. Ñ\&Ò�Ì�� 0.5

(éAu²þÑ\õÇ 125 mW), 
ÑÑ&ÒÌ

�� 4 (éAu²þÑÑõÇ 8 W). ã 10 �Ñ

ÑÑ&Ò� FFT C�, lã¥�±w�, ÙÌ�
3 133.45 GHz k��k¸, L²Ø�3Ù¦¿��
ª, ã 10 ¥&Ò�Ø­½´du��&ÒÚå�.

ã 8 ÑÑ&Ò�Å/

ã 9 Ñ\&Ò�Å/

ã 10 ÑÑ&Ò� FFT ÌC�

6 ( Ø

�Xó�ªÇ�Î�ÅÚ THz Åãí?, 1
Å+(�º��5��, l
��
>få>6~
�!ÑÑõÇeü!õÇNþü$Ú\ó(J�
Ãõ(J. 3 mm ±þÅã, ÊÏòUÅãúÅ(�
1Å+�ò��þã(J. �
O� 3 mm Åãò
UÅ�1Å+�º�, JpÙõÇNþ, �©JÑ

�«�ìC.�k�C±ÏòUÅ�úÅ(�,

�Ñ
ù«(�U
k�O�pg�m�ÅÍÜ
{|�nØÄ:; �Ñ
ÙÚÑÚÍÜ{|L�ª;
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,�?1
ê�O�, �Ñ�|`z���Oëê,

¿±d(½1Å+�ó�:; ��|^ MAFIA â
f�[^�?1�&Òp�^�[, O���üã

OÃ�u 18 dB. (JL², |^�©��Y�±3
(�Ú±ÏÑ'����¹e, �O�éó�>Ø
�$� 3 mm òUÅã1Å+.

[1] Zhang C Q, Gong Y B, Wei Y Y, Wang W X 2010 Acta Phys. Sin.

59 6653 (in Chinese) [Ü��, û�Q, ���, �©� 2010 Ô
nÆ� 59 6653]

[2] Gao P, Booske J H, Yang Z H, Li B, Xu L, He J, Gong Y B, Tian

Z 2010 Acta Phys. Sin. 59 8484 [p+, Booske J H, 
¥°, o
R, Má, Ûd, û�Q, X§ 2010 ÔnÆ� 59 8484]

[3] Xu A, Wang W X, Wei Y Y, Gong Y B, Wang Z L, Fu C F, Yin H

R 2009 Acta Phys. Sin. 58 3592 (in Chinese) [M`, �©�, ��
�, û�Q, �Ô�, G¤�, Ð°J 2009 ÔnÆ� 58 3592]

[4] Xu A, Wang W X, Wei Y Y, Gong Y B 2009 Chin. Phys. 18 810

[5] Xu A, Wang W X, Wei Y Y, Gong Y B 2009 Chin. Phys. 18 1270

[6] Ganguly A K, Choi J J, Armstrong C 1995 IEEE Trans. Plasma

Sci. 42 348

[7] Na Y H, Chung S W, Choi J J 2002 IEEE Trans. Plasma Sci. 30
1017

[8] Bhattacharjee S, Booske J, Kory C 2004 IEEE Trans. Plasma Sci.

32 1002

[9] Han S T, Jang K H, So J K 2004 IEEE Trans. Plasma Sci. 32 60

[10] Booske J, Converse M, Kory C 2005 IEEE Trans. Electron Dev.

52 685

[11] Kory C, Read M, Ives L 2009 IEEE Trans. Electron Dev. 56 713

[12] Comfoltey E N 2009 Ph. D. Dissertation (Cambridge: Mas-

sachusetts Institute of Technology)

[13] Carlsten B, Earley L, Haynes W 2006 IEEE Trans. Plasma Sci.

34 2393

014101-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 014101

Theory and simulation of the folded waveguide
traveling-wave tube working in low voltage with

changed period and big size∗

Hu Quan†

( National Key Laboratory of Science and Technology on Vacuum Electronics, University of Electronic Science and Technology of China,

Chengdu 610054, China )

( Received 2 November 2010; revised manuscript received 1 March 2011 )

Abstract

The folded waveguide traveling-wave tube which works at 3 mm band and above the band is limited to machining accuracy and

power capacity. So a slow-wave folded waveguide structure which has a finite number of cycles and whose period can be changed

nonasymptotically is proposed. Firstly, the theory for effectively increasing the high-order space harmonic coupling impedance of

the structure is given. And the expressions for dispersion and coupling impedance are derived. Then through the simulation, a set of

optimized design parameters is achieved. Thus the operating point of the traveling-wave tube is determined. Finally, it is simulated

by MAFIA. And an effective gain is obtained. The traveling-wave tube which works at low voltage, relatively large size and relatively

large period, is designed.
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