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JÑ
�«#.�úÅ(� —–V /òÝ/øúÅ(�, T(�´dÝ/øÅ�÷Ù E ¡{�±Ï5¥ V /
òU¤, Ùü7á��m�mY/¤U,��G>f5Ï�. �'DÚ� U /òÝ/øÅ�, §U3�±ûÐ
pªA5��¹eO\p�^¡È, l�±æ^¡È����G>f5±¼����ÑÑõÇ. ©Û
T(��
pªA5, 3 V Åã�¤
é1Å+p�^>´��O, ¿|^n�âf�[��{�O
Ùó�5U. ïÄ(J
L², �ó�>ØÚ>6©O� 12.8 kV Ú 600 mA �, 3 58—64 GHz �ªÇ��S�Ú²þÑÑõÇ�u 1000 W,

�A��ÚOÃÚ>f�Ç©O�u 33 dB Ú 13.2%.

'�c: V /òÝ/ø,úÅ(�, �G>f5, 1Å+

PACS: 42.60.Da, 07.57.Hm, 41.20.Jb

1 Ú ó

°��õÇÎ�Å��ì�2�A^up�
êâÏ&!p©EÇX�Ú�mÏ&�+� [1−4].

du3�°ÚõÇ�¡äkÙ¦ì�Ã{'[
�`�5, 1Å+´���Î�Å��ì�
� [5−8]. ��1Å+�Ø%Ü�, úÅ(��
5U��û½X1Å+�EâY². 3�«úÅ(
�¥, Ú^�duÙó�ª�°, 31Å+¥��

2�A^, �ÙõÇNþÉ���, AO´ó�
uáÎ�Åã�, duÚ^�î�º�4�, Ñ9
(J, õÇNþ� [9,10]. ÍÜn�õÇNþ�, �%
äk�Ä�ó��°, d	, Î�ÅÍÜn1Å+
º�é�, \óÚC�°Ý�¦p, ¤¬Ç$ [11,12].

òÅ����«#.��7áúÅ(�, 3¢y
�õÇNþ�Ó�, äkûÐ��°5U. �T(
�äkÅ�rÝp!Ñ9Ð!\óN´±9Ñ\
ÑÑÍÜ(�{ü�`:, Ï3IS	É�
2
��'5 [13−17]. ,, duÙæ^�/>f5, �

ó�3áÎ�Å$��â[ªã�, >f5Ï��
º��~�, \óòC�E,, Ó�õÇNþ�É
���.

Ïd, ÏéUó�3áÎ�Å$��â[ªã
�\óN´�°��õÇ#.úÅ(�Òw��
©7�
. �©��< [18−20] �âòÅ�ÚøÅ
�, JÑ
�«#.�úÅ(� —–U /òÝ/
øúÅ(�. T(�Ø=�3
øÅ�¤äk�$
�Ñ!°ª��`:, �U#N�º���G>f
5ÏL, Ïäk�p�ÑÑõÇ, Ó��äk(
��é{ü, \óN´�A:. ·�ÏL©ÛÙp
ªA5uy, §�p�>|Ì�©Ù3�øã, �
Ù�ÝéÚÑÚÍÜ{|K���, 3Ù§ëêØ
C��¹e, �X�øã�Ý�O\, Ï�²wC
Ä, ÍÜ{|~�, �
�±�(�ûÐ�5U�
U¦þO\�øã��Ý, ±O\p�^¡È, �
©JÑ
�«#.�úÅ(� —–V /òÝ/ø
úÅ(�. T(�´dÝ/øÅ�¥ V /òU
¤. �' U /òÝ/øÅ�, V /òÝ/øÅ
�(���øÜ©Cá, l�±3pªA5�
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Ó��¹e, O\�øã��Ý, ù�Ò�±æ^
¡È����G>f5, Ï�±3�±ûÐ�p
ªA5ÚØO\>f5>6�Ý��¹e¼��
��ÑÑõÇ.

2 pªA5©Û

2.1 (((������JJJÑÑÑ

DÚ� U /òÝ/øÅ�úÅ(�«¿ã
Xã¬¤«, §dÝ/øÅ�÷X E ¡{�±Ï5
/¥ U /òU¤, ü7á��m�mY/¤U
,��G>f5Ï�. Ý/øÅ�¥DÑ�Ä�
� TE[21]

11 , ?1òU� TE11 �÷X�´»DÂ,

Ù�øã�p�>|�Ðë�Ú>f5�p�^.

�øã��Ý l′ ��, p�^�¡È��, l�
±3ØO\>f5>6�Ý��¹eæ^���
>f5>6, ±¼����ÑÑõÇ. Ïd3é1
Å+�p�^>´?1�O�, �øã��Ý´�
����ÄÏ�.

ã 1 U òÝ/øÅ�(�«¿ã

± V Åã�~, ·�©Û
 U /òÝ/ø
Å���øã�ÝCzéÚÑÚÍÜ{|�K�.

3�±Ù¦(�ëêØC��¹e, UC�øã�
Ý l′, ÙÄ� -1 g�m�Å�ÚÑÚ²þÍÜ{
| (>f5Ï�þ¡È� l′×d′/2 �²þÍÜ{|)

Cz�¹Xã 2 ¤«. dã©Û��, �X�øã
�Ý�O\, Ä��Ï�²wCÄ, ÚÑC�, Ó�
ÍÜ{|~�, l¬��1Å+�ó�ª�CÄ,

>f�Çü$. Ïd, 3ép�^>´?1�O�,

�
�y(�äkûÐ�pªA5, Ù�øãØU
����.

�
QU�±ûÐ�pªA5, qU¦þO

\�øã��Ý, ·�JÑ
�«#.�úÅ(
� —–V /òÝ/øúÅ(�, Xã 3 ¤«. §´
dÝ/øÅ�÷X E ¡{�±Ï5/¥ V /òU
¤, �
ü$��, ·�rS���¤��. d
ã�±wÑ, æ^ V /òU�±ÏL á�øã
�S»5~�Ù�Ý, l3øÅ�º�Ú�±
Ï p �Ó��¹e, ���Ú U /(��Ó�pª
A5, Ò�ÏLO\ V /(���øã�Ý, ¦>
^Å3�´»¥DÂ�ålÚ U /(�¥��,

= s = s′.

ã 2 U /òÝ/øÅ��øã�ÝCzéÚÑ�K�
Ú²þÍÜ{|�K� (a) ÚÑ; (b) ²þÍÜ{|

ã 3 V /òÝ/øÅ�(�«¿ã
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·�©O�ü|(�ëê, éü«(��Ú
ÑÚÍÜ{|�¹?1
é', Ù(�ëêXe:

U /òÝ/ø: a′ = 1.25 mm, b′ = 0.55 mm,

d′ = 0.5 mm, l′ = 0.865 mm, p′ = 1.424 mm; V /
òÝ/ø: a = 1.25 mm, b = 0.55 mm, d = 0.5 mm,

l = 1.2 mm, r = 0.56 mm, θ = 14◦, p = 1.424 mm.

=�±Ý/øÅ��º�Ú�±Ï p ��, O
� V /(���øã�Ý, �y>^Å3ü«(�
¥DÂ��´»�Ó (s = s′), Ùé'(JXã 4

¤«. Ù¥, U /Ú V /(��²þÍÜ{|©O
�>f5Ï�þ¡È� l′×d′/2 Ú l cos(θ/2)×d/2

�²þÍÜ{|. dã�±wÑ, ü«(��ÚÑ
Ú²þÍÜ{|Ä���,  V /(�k����
øã�Ý, l�±æ^¡È����G>f5±
¼����ÑÑõÇ.

ã 4 (a) ÚÑA5é'; (b) ²þÍÜ{|é'

2.2 DDDÑÑÑAAA555©©©ÛÛÛ

V /òÝ/øÅ�¥DÑ�Ä�´ TE11, �

¢yÝ/Å��Ý/øÅ��m�LÞ, ·�U
ì©z [22] �g´�O
Ñ\/ÑÑ(�. Xã 5(a)

¤«, 3Ý/Å��üý\1µ4�Vø, 4ø�
°Ý�5/~��", �¤Ý/Å�� TE10 ��
Ý/øÅ� TE11 ��m�=�.úÅ(�æ^þ
ã�(�ëê, ·�3 CST �Åó�¿ [23] ¥é 40

�±Ï� V /òÝ/øÅ�p�^>´�DÑ
A5?1
©Û, �Ä�¢So÷Ý��¹, >.
�½�k�>�Ç� 3.5 × 107 S/m �Ô [24]. Ù
(JXã 5(b) ¤«, 3 56—65 GHz �ªÇ��S,

S11 Ä�$u −20 dB, S21 �u −0.84 dB, z±Ï
�DÑ�Ñ$u 0.021 dB.

ã 5 (a) V /òÝ/øÅ��DÑ�. (�ã´Ñ\(
���¡ãÚ>|©Ùã); (b) DÑA5�

3 5 – Åp�^©Û

âf�[Eâ´Cc5�XO�Å5UØä
Jp¯�uÐå5���>^|©Û�{. Ï
L��Jl�þ÷âf, éá¦) Maxwell �§
Ú Lorentz �§, �*/�[>^|�âf�p�
^L§. Ïd, T�{4�·Ü©Û1Å+���
55U. ·�|^ CST âfó�¿¥� PIC ¦)
ì [25] é V /òÝ/ø1Å+���55 – Å
p�^?1©Û, lýÿÙó�5U.
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æ ^ þ ã � ( � ë ê, ï á
� � n � �
�G5 V /òÝ/ø1Å+�>´�., X
ã 6 ¤«. �
³���Ú÷vOÃ½5^
�, ·�ÏL�On��ÑÑà� (à� 2 Úà
� 3) ò��>´�ä�üã, Ù�Ý©O� 22

Ú 34 �±Ï. ó�ëêXe: �G>f5�¡¡È
� l cos(θ/2) × d/2 (1.19 × 0.25 mm2), >6Ú>Ø
©O� 0.6 A Ú 12.8 kV(>6�Ý�� 200 A/cm2),

¿�� 1.4 T �þ!^|5Ú��G>f53Ï�
¥�½DÑ [26,27].

ã 6 �G5 V /òÝ/ø1Å+�>´�.

± 60 GHz �~, Ù5 – Åp�^�(JX
ã 7 Úã 8 ¤«. dã 7 �Ñ�Ñ\ – ÑÑÌ�
A5��±wÑ, �Ñ\õÇ���, ÑÑõÇ
�XÑ\õÇ�5Cz, ÙOÃÄ��±ØC; �
XÑ\õÇ�UYO\, ÑÑõÇm© l�5
O�5Æ, 1Å+ó�3��5«. �Ñ\õÇ
� 100 mW (20 dBm) �, 1Å+���Ú, Ù�Ú
²þÑÑõÇ� 1175 W, éA��ÚOÃÚ>f�
Ç©O� 40.7 dB Ú 15.3%. ã 8 �Ñ�´Ñ\õ
Ç� 100 mW �, &Ò�>ØãÚÑÑ&Ò�ªÌ
ã. lã�±wÑ, ÑÑ&Ò3 2.5 ns �½, Ù²
þÑÑõÇ� 1175 W, �ªÌXÀ, vku)��.

ã 7 3 60 GHz ?Ñ\ – ÑÑÌ�A5

�
��1Å+3��ó�ª�S�5U,

Uì�Ó��{, éÙ¦ª:?1©Û, ÏLN�
Ñ\õÇ��, ¦ÙÑó�3�ÚG�, Ñ\ – �
Ú²þÑÑõÇ�Xã 9 ¤«. ·��±wÑ,

3 56—65 GHz �ªÇ��S�Ú²þÑÑõÇ
�u 800 W(59 dBm), 3 58—64 GHz ���S�
Ú²þÑÑõÇ�u 1000 W(60 dBm). ã 10 �Ñ
�´�ÚOÃÚ>f�Çã, 3 58—64 GHz �ª
Ç��S, �ÚOÃ�u 33 dB, �Ú>f�Ç�
u 13.2%.

ã 8 Ñ\õÇ� 100 mW � (a) &Ò�>Øã; (b) ÑÑ&
Ò�ªÌã
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ã 9 Ñ\ - �Ú²þÑÑõÇ�

ã 10 �ÚOÃÚ>f�Çã

dþ¡�(J��, �G5 V /òÝ/ø1
Å+3�±ûÐ��°!OÃ!>f�Ç�5U
�Ó�, ÏLO�p�^¡È�±æ^���>f
5>6, ¼�
���ÑÑõÇ. �'�/>f5
ì�, XÍÜn1Å+ [28] ÚòÅ�1Å+ [29],

§Ø=äk�p�>f�ÇÚ�°�ª�, �
ÑÑõÇJp
C��êþ?. ,	, aquò
Å�(�, V /òÝ/øÅ�´����(�,

�ØI�üÕ\ó>f5Ï�, \ó�~{ü, X
ã 11 ¤«. �±ÏL�Å�\óEâk�EÑü
¡º����(�, ,�2ò§��Ü¤���Ñ
/òÝ/øÅ�>´.

ã 11 V /òÝ/øÅ�\ó«¿ã (a) ü¡º��(
�; (b) �Ü���(�

4 ( Ø

JÑ
�«#.�úÅ(� —–V /òÝ
/øúÅ(�. T(�Ø=�3
~5òÝ/
øÅ�$�Ñ!°ª�!\óN´�`:, ��
�´, §U3�±ûÐó�5U�Ó�O\p�^
¡È, l�±3ØO\>6�Ý��¹eæ^�
��>f5>6, ÏU¼����ÑÑõÇ. |
^T(��¤
é V Åã1Å+p�^>´�ä
N�O, ¿ÏLâf�[�{�O
Ùó�5U.

ïÄ(JL², 56 �±Ï� V /òÝ/ø>´
U
3 58—64 GHz �ªÇ��SkZ�±þ��
Ú²þÑÑõÇ, �A��ÚOÃÚ>f�Ç©
O�u 33 dB Ú 13.2%, ù�8�ï�°��õÇ
áÎ�Å$��â[ªã1Å+Jø
��ûÐ
��Y.
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Abstract

A novel slow-wave structure called V-shape folded rectangular groove waveguide is proposed. This structure evolves from a

conventional rectangular groove waveguide bending the groove with V-shape along its longitudinal direction, and the gap between metal

plates forms a sheet electron beam channel naturally. Compared with the traditional U-shape structure, it can increase the interaction

area without changing good high-frequency properties, which can adopt the sheet electron beam with a larger area to acquire more

output power. In this paper, the high-frequency properties of this structure are analyzed, the interaction circuit for the V-band TWT

is designed and the PIC simulation is performed to predict the operating characteristics. From our calculations, this tube can produce

average saturation output power over 1000 Watts in a frequency range from 58 GHz to 64 GHz when the cathode voltage and beam

current are set to be 12.8 kV and 600 mA respectively. The corresponding saturation gain and electron efficiency can reach over 33 dB

and 13.2% respectively.

Keywords: V-shape folded rectangular groove, slow-wave structure, sheet electron beam, traveling-wave tube
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