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Study of the Ridge-Loaded Helical-Groove
Slow-Wave Structure

Wenxiang Wang, Guofen Yu, and Yanyu Wei

Abstract—The proposition to name the helical waveguide with
the inner wall removed helical grooveis presented in this paper. T 1177
As an all-metal slow-wave circuit, the ridge-loaded helical-groove L

structure is especially suited for use in millimeter TWT's due to
its advantages of large size, high manufacturing precision, and
good heat dissipation. However, the analysis of this slow-wave 1 )
circuit was never before done. For analyzing this structure, the TT} !
Lﬂ
M

cylindrical coordinates are employed in the center space and the I .
helical ones are used in the gap and groove regions. Making use e : ‘ l
of the matching conditions of the RF fields and the continuity : :
of the voltage and current at the boundaries, the expressions for

the dispersion and the coupling impedance of the ridge-loaded ﬂ:wjj |

helical groove are obtained. The relationship of the dispersion and
impedance to the ridge dimensions are also given. It is indicated
from the calculation results that approximately 30% bandwidth

for this structure can be achieved. Fig. 1. The configuration of the ridge-loaded helical-groove slow-wave

Index Terms—Millimeter wave, slow-wave structure, traveling- "t

wave tube.
some new all-metal slow-wave structures which have wider
bandwidth—such as helical waveguide, helical groovéype
line, etc.
AS THE component of beam-wave interaction of @ TWT e configuration of a helical-groove slow-wave structure
—\for exciting microwave energy, the slow-wave circuifs shown in Fig. 1. This kind of slow-wave circuit is usually
directly influences the TWT's properties. A helix and it§,amedhelical waveguidebut this leads to some confusion
modifications (ring-bar, ring-loop structures, etc.) and coupleflacayse the structure formed by directly spiraling a rectangular
cavity (and ladder line, etc.) are most commonly used {jayeqguide about an axis into a helix is also called a helical
TWT's as slow-wave structures. A helix has very wide bandyayeqguide [1]. The helical groove can be considered as being
width, but the small thermal capacity, and the low hegbmeqd by removing the inner wall of the helical waveguide:
dissipation are its fatal weaknesses, which restrict the outPi¥ever, a large difference exists between them when they are
power of TWT’s. The thermal dissipation capability of th§seq as the slow-wave circuit. An annular electron beam or
coupled cavity is clearly better than that of the helix; howeveg, jtibeam injects axially through a slit gap (or some holes) at
its operation bandwidth is considerably more narrow compargg, waveguide’s broadwall in the case of a helical waveguide

with that of the helix. structure [2] and the electron-beam passageway is the central

Seeking some new slow-wave structures possessing broag§ie on the axis in the case of the helical-groove structure.
bandwidth and higher power capacity is the constant goal #fys in order to avoid ambiguity and tally with the actual

which the microwave tube workers make their great efforts. dfyation, it is reasonable to name the latietical groove

seems difficult to satisfy both excellent properties simultane-The characteristics of the helical groove are as follows. The
ously. This problem is to some extent linked to the opennessfyension precision can be easily ensured in the manufactur-
the slow-wave system: weaker dispersion and wider bandwidfly and machining. The large power-handling capability can
require an increase in the openness within certain dimensiopg! achieved owing to the all-copper structure. Large sizes,
range; conversely, improving heat dissipation and enhancigy cost, high precision, and good heat dissipation make the
the power level require more closeness. It is thus clear thadlica| groove slow-wave system especially suitable for use in
the two requirements above are conflicting. Consequentlyijimeter TWT's.

up to now the efforts are mainly concentrated on further the original concept of the helical groove may be traced
increasing the output power of a helix TWT by means of ney,ck 1o 1949. In that year, Field presented the proposal of

techniques, new materials, new processes, and on searchingjg?ﬁg the helical groove as the slow-wave system [3]. Af-

Manuscript received August 15, 1996; revised June 20, 1997. terwards, the analyses of rectangular helical-groove structure
The authors are with the Institute of High Energy Electronics, Universityere done by Henoch [4] and Nwachuku [5] The studies

I. INTRODUCTION

of Electronic Science and Technology of China, Chengdu, Sichuan 610054, ., . .
China. o 9 ot this structure were also developed in the USSR [6]. In
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harmonics are considered in the center region of the helical rd ro

groove, in the groove space the TE mode propagating in the /

helical direction and the helical coordinates are employed.

Henoch'’s theory is improved by Fould [7], who theorized l///

that the fast-wave and slow-wave modes are simultaneously '

taken into account and the dispersion equation of the loadless w2 /R\Q Twi2

helical groove is obtained under the condition of pitch angle P id

@ satisfyingtan?vy < 1. 4 g
The Raytheon Company reported at the International / .2,

Electron Devices Meeting (IEDM’88) that an experimental ;

millimeter-wave TWT using a ridge-loaded helical groove as /

a slow-wave circuit had been built [8]. This TWT obtaineq_ig 2. The coordinate systems on surface- »

output power of 163 W at 42 GHz with an electronic efficiency ™ “

of 6.2%. The report noted that none of the existing theories of

the helical-groove structure are capable of analyzing the effegt®ove. However, if the pitch angle is small enough that the

of the ridge dimensions on circuit characteristics, though tleenditiontan? 1/ < 1 can be satisfied, it does approximate to a

results of cold-test experiments and TWT’s parameters argindrical coordinate system. Then, thevill be measured in

given in Raytheon’s paper. the direction being perpendicular to the axis, but not along the
In this paper, using the matching conditions which areelical direction of the groove, and tewill be approximately

simpler than that employed in Henoch’s and Fould’s theoriezqual to z.

and considering the effects of the ridge load, we obtained the

dispersion equation and the coupling impedance express®nThe Fields in Interaction Region

of the ridge-loaded helical-groove circuit and numerically

calculated the relationships of the dispersion and coupli

impedance versus ridge dimensions. This paper includes

The combination of TE and TM waves may exist in the
Anter space, and both slow and fast waves may be excited in

. . . B same region due to the closeness of the structure. Each of
sections. Section | includes the proposal for the name of heli

. . . L . Rese waves will consist of infinite sums of space harmonics
groove. Section Il gives the field distributions in the structur.

. &s a result of the periodicity of the structure. Thus, we have
and the conversion between center-space and groove-sp(ﬁ%efonowing fields in Region I:

coordinates. In Section Ill, the dispersion characteristic IS

derived by using boundary conditions, particularly, the voltage (EL =320 ALY2E, (yur)ed(né=Fnz)
and current continuity on the outer surface of the ridges. The El =455 (AL v BaFL(var)
solution of the interaction impedance is presented in Section — B (nwpio /1) Fyy (1)) 6?8 =Fn2)
V. Secltion'v gives' the ngmerical results. Finally, a short E(I;5 =F300 (AL B /) ()
conclusion is given in Section VI. _BrIquo%FT/L(,YM,)]ej(nqbf,anz) O
Hl =530 BiyaFn(yar)el 902
Il. THE FIELDS IN THE HELICAL GROOVE STRUCTURE HI =437 [AL(nk?/rwpe)Fy(var)
— B0 o ()] (19700 2)
A. The Coordinate Systems Hy =530 (AL Ry fwpo) F (ynr)
Fig. 1 gives the longitudinal section through the axis of \ —BL(nf,/r)Fy(ypr)]e? o= 5n2),

the ridge-loaded helical-groove slow wave circuit model. The ¢ 42 = 32 — k2 > 0, (1) represents slow-wave modes

azimuthal coordinate of this section ¢s In this figure, A, Fo(yar) = L, (7,r) and uses the upper sign from the sigas
s, and w represent the structure period, groove width, arlghF in front of some expressions. 4 = k% — 32 > 0, these
gap breadth, respectively,, r,, andr, indicate the radii of express fast-wave modes),(v,r) = Ju(7r) Zmd use the
the center space, outer surface of the ridge, and the grog¥ger sign. 7, represents the modified Bessel function of the
bottom, respectively. The analytic model can be divided it king of ordern, and J,, is the ordinary Bessel function
the following three regions: of the first kind.~, is the radial propagation constarit,is
Region | interaction regions, i.e. center space » < 7., the wave number in free spac8, is the axial propagation
Region Il gap space, < r <y, (m+¢/2m)h; —w/2 < constant and can be expressed as
z < (m+ ¢/ 2m)hy + w/2;
Region Ill groove space;, < r < 7., (m + ¢/2r)h; — Bn = Bo + (2n7/Iy) )
/2 <z < (m+ @Q/2m)hy + s/2 . )
. . wheren is the order of the space harmonic.
where m is the order of the groove or gap. In Region
I, the cylindrical coordinates, ¢, » are employed and the . ,
helical coordinates-, 8, ¢ are used in Regions Il and IiI. C- The Fields in Gap Space and Groove Space
Both coordinate systems on the surfagg are shown in In the gap and groove regions, a TE mode which is
Fig. 2. Obviously, the helical coordinates are not an orthogortadmogeneous across the breadth of the gap and groove is
system because thedirection is along the center line of theassumed; in other words, we suppose the electric field has no
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variation in the¢ direction, thus the fields can be written as SubstitutingEgI in (3) andé in (6) into (7), and applying the

IV _ [BILL_ () _ 4TI, (oy]miet Fourier analysis, we obtain

§ 1 cos 1) sin (prw/h
HII I _ (U/7 wlio)[BiI’HIJ—v (/W) _ A,IULHIJU(kr)]e_“f’ AI — hz [BHJ_,J(/W ) AHJ (]Wa)]wﬁEjz)%ra(f(pww}/lizz)
HII mor _ —j(k/wuo)[B%.I’IHJ/_U(]W’) _ A,IUI’HIJ{;(/W’)]G_]UQ +B! [(:I:nﬁn/va)—('yn tan )] w [B,I.IJ_VU (IW’a) —A,I-Iju(lﬁ’a)]

ILIT L ILIL wpo V3 F (ymra) T
E},I or — E0 = Hf =0. (3) _cos 752’1‘/11 ;};rlfhl l
prw/hy
The J_,(kr) should be replaced by (k) in (3) whenv is (8)

an integralN. Here,v is an angular propagation coefficientVhere

and indicates the wavelength number in one revolution or the

— 2
wavelength number corresponding t@a change off p=vcos i+ 1.

Bohy = 2mv. B. The Continuity of Magnetic Fields at= r,

The other matching condition on the boundary between
Then Regions | and Il should be the continuity for the average value

of Hy across the groove
Bn = 2m(n+v)/hy (4)

(m4¢/2m)hi+w/2 . -
and the slow-wave conditiofi? > k2 can be rewritten as /( o2y (Hgcosy + H_ sint)dz
m wYh—w
m4¢ /27 h+w/2
A o © [ o
(m+¢/27)h—w/2

D. The Conversion Between Coordinate Systems ) .
: i ) Inserting (1), (3), (6), and (8) into (9) we have
The fields of Regions Il and lll are independent of the

direction in ther, 8, and¢ coordinate system, but the fields in + E[B’I.IJ_’.(]WG) — AL (kro)]

ther, ¢, z coordinate system will vary witlz. Consequently, hy
the expressions of the fields variation withmust be known i E | Fl(vnra) 1 Fo(ynta)
for maFchlng them at the surfaee= r,, which is parallel to Za | Fulynra) (k)2 Fl(ra)
the axisz but not to&. o0
As shown in Fig. 2, let us consider poift on the middle noy, 2
line of the groove - F o tan g
2y = (m+ ¢/2m)h. ' cos? ¢ sin (prw/hy) sin (Bpw/2)
prw/hy Brw/2
The variation forf when z changes along the axis froi to = —[BUJ (kro) — AT (kry)]
an arbitrary pointQ is sin (USmQ W)mw/hy 10)
. - 1
Al — PRcosvy  Z'sintcost (vsin® ¢)mw/hy
Ta Ta Under the assumptionan®vy < 1, we getsin?y < 1,
thus cos?y ~ 1, and

, . .
7 sinp cosp ' ©) cos? o sin (prw/hy) -, Sin (Bow/2)

Ta prw/hy Brw /2
sin (vsin® 4 )rw/hy N

6=10,+A0=_2mnr+¢)+

Substituting the above expressions into (3), the relations —
between the fields and are derived. (vsin® g)mw/hy
Thus, (10) can be rewritten as

I1l. DISPERSIONCHARACTERISTIC
BULJ (kry) — AT (kry)

BIVJ_(kre) — AlLT(kr,)

Using the matching conditions of fields at the boundaries —
between regions, we can get the dispersion equation of a

ridge-loaded helical-groove circuit. ) i |:Fr/1(,7n7a) 1 Fai(wra)
h e —oo Folmra)  (kv)? B (n7a)
A. Matching the Electric Fields at = r, nf , 2
The matching conditions af-fields at boundary = r,, are <—a T 7 tan 1/’)
E! = EXcosep sin (Bow/2) 7
{Eg5 = —E{sin. @ { Brw/2 } (11)
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C. The Boundary Condition at = 7, By means of (3), (13), and (14), thé&l!, B!l may be solved
It is clear that at the surface = r., the tangentia-field oM (15) as follows: ]
should be zero: (AT = m{(}_b(/{”)}gv(m re) + [w oy
s J_U(kn,)J_U(kn,)
EIII [BULJ_ (kro) = AU (kro)]e=" = 0. (12) (kry)Cys cosgp — & =T tar=sis )
- % JU(;;;‘;,)b :|Pv(7b7 c)}
Without sacrificing the generality, we can assume Bl = T (Eo ){JU(/Wb)RU(Tb o) + [w 1o 7, (kry)
T8, T y Te
L - Crscostp — 2 J, (kr Th, Te
B = EoJ,(kr.) (13) ' ok} Py )%18)
where
and then from (12) we have Pz, y) = Jo(kz)J_o(ky) + J_s(kz) o (ky)
oz, y) = J (kx)J_,(k J (k)T (k
AIUII _ EOJ—U(/ﬂTC). (14) ( ?J) ( ) / ( ?J) ( ) / ?J)
Qb(xv y) = Jb(kx)‘]—u(ky - J—b(kx)‘] (ky
D. The MatChing Conditions at = Ty E. Dispersion Equation

The matching conditions for electromagnetic fields can |nserting (18) into (11), we finally get the dispersion equa-
not directly be used at the boundary between Space Il agih (19), shown at the bottom of the page, of the ridge-loaded
lll, because only the constatf; component ofE-fields is helical-groove slow-wave structure.
considered in those regions; furthermore, the width of Regionsror the circuit without ridge loading, i.erq = 75, w = s,

Il and Il are different. Replacing the matching of the fields by, — 0, the dispersion equation is reduced to
the voltage and current continuity conditionsrat r, gives

R, (ry, 7¢)
VII VIII Py(ry, 7e)
{JH JIII BV (15) L5 i k [F,’L(fynrb) 1 Fulynrms)
Iy "o I Fo(ynre) K292 Bl (nms)
where [9] ny, sin(3,s/2)
() e
Bl = ijl "
Cr == {O‘ it oA 20)
|« l-—« 1—a? This expression is completely identical with the results given
o= w by Fould in [7].

S
_ _ o IV. COUPLING IMPEDANCE
provided thats < 0.2 A, ¢ is the permittivity of the vacuum,

C, is the discontinuity capacitance at boundary r,, and The coupling impedance afth space harmonic is defined as

B, is the corresponding susceptance. o E.nEZ, 21)
The voltage can be expressed as 2p2P
where E.,, is the longitudinal component of the electric field
VIt = E?w cos P (16) of the nth space harmonic at., the position of the electronic
Vi = E?Is cos beam, andE?,, is its conjugate value. According to (1) and
(8), we have
and the current of unit length on the surface of the conductor w
should be &JQ=G>BWJM)A%MMP
l
J=H]! F2(yore) [sin(Bpw/2)1?
17 g . 22
{JIII HIII ( ) F,,%(’YnTa) /37ﬂl]/2 ( )

{[55:40m - SoCuscos| Rulra, 1o) = 350 Rulrs, 1) }Pulrs, 7e)=
{[% E:Z:; e 013C051/}} Py(ra, m) — 25 ((’i:}ng (s, 7’b)}Pu(7‘b, Te)—

e )y 0§ K [l L) (1 mﬂ[%wﬂimm

[

Tl(
Po(ra; ) Ru(re, re) = Fa(mra)  (by)? Fy(nra) Brw/2

n=—oo
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P is the total power flow through the whole circuit system:

P=pP"4+ Py M PL

n=—oo

(23)

P, P are the power in Regions Il and llI, respectively,

and P! is the power flow of thexth space harmonic in Space

I. Making use of the derived results from Section Il about the
components of the fieldP!, P, and P! are as follows:

2

ra=0.8 rb=1.0 hl=0.8
s=0.64 w=0.4 unit:cm

lire=1.2
2rc=1.8
3irc=2.4
4:rc=3.6
5:rc=4.8

1693

PI
1 T * *
= 5/0 (E-H} — E Hy2mr dr
o2 *[sin (Baw/2)]? B
e hy Baw/2 Wiy

B o(kra) = Al (kra)]?

0 (ph)

1 i 2 I nGn tan 2 F, (%ﬂ’a) 2 Fig. 3. The dispersion curves of the ridge-loaded helical groove with variant
4\ Bra E} (yn7a) o
. [Fr?ﬂ(W‘a) + By () Ho08 206 wmtom
Fr% (’VnTa)
— Frta(ynra) + FN—2(7n7’a):| _ n(ﬁz + k2)
Fn(’YnTa) 7721
[(nfn /v7ra) = tanyf] Fn(vnra)
. & (24)
('VnTa)(ﬁnTa) Fn('ynTa)
PH
1 o
= §w/ E:H dr
1w
= o {[AHJ.(/m,) — BT, (kry))?
+ kry, [A,IUIJU+1 (/W‘b) + B,II;IJ_(,U+1)(/€T(,)]
a
X o (AL, (kry) = BEYJ_, (Ery)]
— kry[AN T, (kry) — BRI, (k)]
g T e 27 - 0 4 27 k¥ 4
X oA Joa(bre) + Byt oy (ks )] / 0 (Bh)
- [A’IUIJU(I{TQ) - Bril‘]—'v(kTa)]Q Fig. 4. The dispersion curves of the ridge-loaded helical groove with variant
— kro[AY Jug1(kra) + B J_ i1y (kra)] w.
: ag[A,IUIJU(kra) — B J_(kro)] whereA!l, Bl are given by (18). Iy = N is a integral, then
v
Yn (k) should take place of _,(kr), andJ_(,4.4)(kr) should
L All =i . v+1)
+kra[Ay Ju(kra) = By J—v(kra)] be replaced by-Yy 11 (kr). In the process of deriving'! and
_ E[A,IUIJUH(/W@) I BriIJ—('u—l—l)(kTa)]} (25) ', the relevant integral formulas of Bessel functions from
dv [10] were used.
PIII
_ %8/7 EeH? dr V. THE RESULTS OFCALCULATION
b The dispersion curves of the fundamental mode of the
_ 1 s 2 E {/mP (rpy 7o) — 9 ridge-loaded helical groove slow-wave structure, calculated
4w 0 T Y ou according to (19), shown at the bottom of the previous page,

[on(kry) L
_IWb[Jv-I—l(IWb)J—u k7c)+J_(,U+1)
< (kry)Ju(kre)]

a
. %PU(TZN ’c) - Pl,2(7b7 c)}

(
)

o(kr c)+‘]—(v+1)(ka)JU(kTC)]

(26)

are shown in Figs. 3 and 4. The lines 8f = k?* are also
given in these figures. The parts above those lines are the
regions of fast wave$k? > 2), and that below those lines
are the regions of slow wave%? < 32). Fig. 3 shows the
variations of the dispersion curves with, the larger ther,

is, the lower the operation frequency and the more narrow the
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ra=0.8 rb=1.0 rc=4.8 ra=0.8 1b=1.0 hi=0.8
s/h1=0.8 w/hl=0.5 (unit:cm) $=0.64 w=0.4 (unit:cm)
Vp/C

04

0.3

N b GO D =
-
co o006
oL ]
XL O DN

0o

0.2
0.1
[ J S ) 1 1 L
20 2.5 3.0 35 4.0 4.5 5.0
0 ! | ! ! ! - frequency(GHz)
24 26 28 30 32 34 36 38 Fig. 7. The relation between phase velocity and frequency for varipus
frequency(GHz
d y ) ra=0.8 rb=1.0 hl=0.8
Fig. 5. The relation between phase velocity and frequency under vasiant §=0.64 w=0.4 (unit:cm)
Kc(0hm )
ra=0.8 tb=1.0 rc=4.8 1000¢F
s/hl=0.8 w/h1=0.5 (unit.cm) F
Kc (ohm) I
1000 = T T 100
100 & 1:hl=08 2:hi=0.4
3:hi=02 4 hl=0.1 0 -
1:
2:
10 3:
[ 1y &
£ 5:
1 L
01 S Lo L . I 1 ,;,,‘J
01 2.0 25 3.0 35 4.0 4.5 5.0
25 3.0 3.5 frequency(GHz)

frequency(GHz) Fig. 8. The relation between coupling impedance and frequency for various

Fig. 6. The relation between coupling impedance and frequency undér
variant h;.

The relations between the,, K., and f for various r,
passbands are. Whes the width of the gap, is changed, theare given in Figs. 7 and 8. It can be seen that for the same
dispersion curves are shown in Fig. 4. The influence of tiig@quency the decrease of the radiudeads to the increase of
change of widthw on the operation frequency of the helicalthe phase velocity and coupling impedance. The raising of
groove structure is not so obvious as that of the change.of can be explained as follows: the field is pushed toward the gap
The bandwidth increases with the raisingof with the reducing of-., therefore, the impedance increases.

The dispersion curves of the high-order harmortics# 0) ~ The effect of widthw of the gap on the phase velocity is
can be obtained by moving the curves of fundamental molf¥f less than that of; andr. (Figs. 9 and 10). At the moment

by 2n7 along the abscissa toward the right > 0) or the of the high frequency, the change @falmost does not cause
left (n < 0). any variation ofv,. The coupling impedancé’. has a more

In the range of0 < Boh; < 2r the relations between the COmplex relation with widtho—the intersection of the curves

phase velocity or coupling impedance and the frequency ftapwogsly occurs here. However, in summary, the variation of
the fundamental slow wavg32 > k?) under various sizes of K. with w is not large.
the helical grooves are shown in Figs. 5-10.

Figs. 5 and 6 show the variations of the phase velocity and VI. SUMMARY
coupling impedance when; is 0.1, 0.2, 0.4, and 0.8 cm, The detailed analysis of the ridge-loaded helical groove
respectively. With the reduction &f, phase velocity decreasess presented and the dispersion equation and the expression
and the coupling impedance rapidly lessens. of the coupling impedance are given. It is indicated from
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ra=0.8 rb=1.0 rc=4.8
hl=0.8 s=0.64 (unit:cm)

0.4

03

0.2

(U8 S )

I N S PN SN I B )

2.2 24 26 28 30 32 34 36 38
frequency(GHz)

Fig. 9. The relation between the phase velocity and frequency for vawious

ra=0.8 rb=1.0 rc=4.8
hl=0.8 s=0.5 (unit:cm)

Kc (ohm)
1000 ¢
i L:w=0.5 2:w=0.4
r 3:w=03 4:w=02
10 b1
P2
10 77—3—
4
b
()Al L 1 1 [ | Il JEERUPRUY
22 24 26 28 30 32 34 36 38

_ frequency(GHz)

Fig. 10. The relation between the coupling impedance and frequency

various w. %
the calculations that this type of slow-wave structure h‘
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