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Circular Groove Guide for Short

Millimeter and Submillimeter Waves
Hong-Sheng Yang, Senior Member, IEEE, Jianglei Ma, Member, IEEE, and Zhong-Zuo Lu

Abstract-A new type of groove guide, circular groove guide,
has been designed for use as a low losses, high power handling,
low dispersion and single mode transmission medium in the short
millimetric and submillimetric waves ranges. The characteristic

equations of TE modes and TM modes have been developed
and the propagation characteristics of the fundamental mode
have been discussed. Experimental measurements are in good

agreement with theoretical results.

I. INTRODUCTION

I N ORDER TO develop the frequency spectrum from short

millimeter to submillimeter waves, the search for efficient

and powerful sources of coherent radiation is an active area

in which solid-state IMPATT and Gunn devices, traditional

and relativistic electron devices such as carcinotrons and

gyrotrons etc. and optically pumped lasers have had extensive

development. On the other hand people make strong efforts

to develop new transmission medium for this part of the

frequency spectrum. Many transmission guides have been

developed. According to power level they can roughly be

divided into two categories: one is of low power level and the

other is of moderate or high power level. Now we pay more

attention to the latter one. When the frequency is increased

above 100 GHz, traditional rectangular wave guide is pro-

gressively more prohibitive, because the attenuation increases

with frequency, the dimensions of guide are scaled down in

proportion to the wavelength, the fabrication problems are

severe with subsequent very high cost and the power handling

capability is decreased. Oversized guide suffers from the

generation and transmission of higher order modes produced

at discontinuities. The TE~l mode in circular guide has the

characteristic of loss that decreases as the frequency increases,

but it is not the dominant mode.

H guide and groove guide have the attractive features

of large dimensions relative to the wavelength, single mode

transmission, low dispersion, and a loss which is very low

compared with that of rectangular guide. In H guide the

presence of the dielectric bar results in the disadvantage of

requiring a slot depth, the penetration of the dielectric bar into

the conducting surface, with a dimension critical to a fraction

of a wavelength and therefore of being frequency sensitive.

Elimination of the dielectric bar in groove guide reduces the

losses. Especially groove guide is simple to construct and has
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a wider frequency range. For high power handling we prefer

the groove guide to H guide.

The groove guide was first proposed by F. J. Tischer in

1952. [1] Ever since the field distribution and characteristics

of groove guide have been analyzed by many authors. [2]–[5]

Most of them deal with the groove guide with the cross

section of rectangular groove or V-shape groove. Rectangular

groove guide can be easily transformed to common rectangular

waveguide which is used as output window of most active

sources. However the developments of relativistic electron

beam oscillators giving high power levels have completely

changed the situation that all power sources at those frequency

band were at low power levels. Recently, high power gyrotrons

are readily available. They have seen application in fusion

research and undoubtedly will soon see use in communications

and radar. It is obvious that gyrotrons need a wave guide

of low losses, high power handling, and dominant mode

transmission.

Gyrotrons are based on the interaction between a relativistic

electron beam and an electromagnetic field in an open res-

onator with circular cross-section. Consequently the authors

have put forward a new type of groove guide—a circular

groove guide [6] —which may be transformed to gyrotrons

more conveniently than other ones.

This paper describes the fundamental characteristics of the

circular groove guide. In Section II the characteristic equations

of TE$~ and TM(’)~. modes will be derived. Based on these

expressions the cutoff wavelength distribution of TE$~ and

TM$~ modes is obtained in Section III. The propagation

characteristics of dominant TE~l) mode are calculated in

Section IV. The design method of circular groove guide and

the experimental results are given in Sections V and VI,

respectively. Experimental results agree with the theoretical

calculations.

II. CHARACTERISTIC EQUATIONS

The structure of circular groove guide is shown in Fig. 1. It

consists of two parallel conducting plates with spacing 2c. At

the symmetrical center of the transverse cross section there is

a circular through hole along Z axis. The up and down ends

are kept open or loaded with absorbent material.

It is assumed that the circular groove guide with uniform

cross section extends to infinity in the Z direction which is

the direction of wave propagation and the dielectric inside

the guide is homogeneous. Then the cross section of circular

groove guide is shown in Fig. 2. The guide can be divided
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x the field in region B must be exponentially evanescent in X

direction.

The longitudinal field components of TE& mode under

first-order approximation can be expressed as follows:

{

fiz~ = llPJP(kCp) sinp~ (region A)

fi.~ = B,k~ sin(%) exp[–kZr(z – TO)] (region B)

Y (1)

where p = 1,2,3,.,.; r = 1,3,...; kC is cutoff

wavenumber; jkzv and kv~ = ~ are the wavenumbers in
z X and Y direction respectively in region l?; JP is p-order

Bessel function; HP and l?r are the amplitude coefficients in

region A and region B separately and ZO is the scale value of
Fig. 1. The structure of circular groove guide. x coordinate at the arc bounda~ between region A and

The transverse components of the field can be derived

Maxwell equations:

T Region A:

{)1
2C

.Wpo HP
J% = ‘.7 ~ ;.PJP (kcP) cos PaB c

>- -~.

an 2h &A = j? HP J~(kCp) sin pa
a

Y o

J

i
A

HPA = –j ~HP J; (kCp) sin pa

--- --
H A z -~~%fl JP(kCp) COSpO!.CY ~:p’

Region B:

Fig. 2. The cross section of circular groove guide.

into three parts, i.e. the central groove region designated by

A which has circular boundary with diameter 2a and two

evanescent side regions designated by B. According to that

geometrical shape, we take cylindrical coordinates in region

A and rectangular coordinates in region B. They have the

same Z axis.

There are two types of modes existing in circular groove

guide, i.e., TE modes and TM modes. To distinguish different

modes, the symbols TE& and TM~~ are used to represent TE

modes and TM modes of different order respectively, where

r, p, n are integers. Superscript r denotes the number of half

waves of electric or magnetic intensity in the Y direction in

parallel plate region, and subscript p refers to the number of

cyclic variations with a and n represents the nth root of the

Bessel function and it is a measure of the radial variation of

the field pattern in circular groove guide.

A. The First-Order Approximate Characteristic

‘r) ModeEquation of TEP.

In circular groove guide, energy is mainly confined in
central circular groove region provided the spacing between

two parallel plates is not very large. Under this condition the

field distribution in circular groove region is similar to that in

circular waveguide but the polarization degeneracy is elimi-

nated. Besides, there is some leaking energy in parallel plate

region. For the mode which can transmit along Z direction,

B.

from

(2)

The boundary conditions between region A and B are given

by following expression:

By making use of field components (l), (2) and boundary

conditions (3), following characteristic equation of TEr~ mode

is obtained.

uJ; (u) _ 8aA1(p, r)[rMAz(p, r) – v(r) A1(p, r)]. ~4)

Jp(u) – x-c

There is another relation between unknowns u and v(r).

U2 = (rkf)~ – 2)2(?-) (5)

where

/

~o

Al(p, r) = sin pa sin(r~ sin a) cos ada
o

/

~o

A2(p, r) = sin pa cos(rNf sin a) sin ada
o



326 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES. VOL 43, N0.2, FEBRUARY 1995

TE& TM$?)

Fig. 3. The diagram of cutoff wavelength of circuhu- groove 2C = 0.6.5).guide ( ~

Fig. 4. Distribution of the transverse components of the field of TE\~) mode.

— electric field: — — — magnetic field.

B. The First-Order Approximate Characteristic

Equation of TM~~ Mode

The longitudinal field components of TM$~ mode are EZ.

Following expression gives the E. components of TM$~ mode

in two different regions.

{

EZA= HP JP(kCp) COSpa (region A)

fi,~ = l?.k~ cos (*) exp[–kZ. (z – a~)] (region II).
(6)

The transverse components of the fields for TM modes

can be derived from Maxwell equations also. The boundary

condition for TM modes is different from that of TE modes.

It is written below.

{{
Ez~ =

fi:B (P=a, O< CX<CYO)

o (p=a, Clo <a<;) (7)

Hm~ =fia~ (p=a, O<a<cl!o).

Let:

J
Qo

E,(p, ?-) = Cos(rlll’ sin CY) cos pacla
o

/

au

E2(?-I , ?“~) = Sin(rllbfsin a) cos(rzlll sin a) sin a cos ada
o

J
fio

E3(73,’7’2) = cos(rl AI sin a) cos(r2A2 sin a) COS2ada
o

I

~o

EA(p, r) = COS(TM sin a) cos pa cos ada.

o

Then we can derive the characteristic equation of TM$~ mode

uJ; (u) _ 7r[7’lzE2(7-1, 7-2) + v(?-)E3(7-1, ?-2)] , (8)

Jp(u) – – 4~1 (P$ 7-) E4(P, r)

III. THE CUTOFF WAVELENGTH DISTRIBUTION OF TE&

AND TM$4 MODES IN CIRCULAR GROOVE GUIDE

The general expressions of characteristic equation (4) and

(8) for TE$j) mode and TM$~ mode have been derived. The
(?.) (r)

solutions of the characteristic equations for TEP~ and TMP~

mode are obtained by solving simultaneous equations (4) and

(5) as well as (8) and (5). From the relation AC = ~ the

cutoff wavelengths of the modes in circular groove gtude can

be calculated.

In order to ensure that the energy transmits along Z direction

in circular groove guide, the field must be evanescent in X

direction. This requires that k~r is real. Va(r) > 0 means that

k.. is real and corresponds to transmitting mode in z direction,

while U2(r) < 0 expresses nontransmitting mode. From

expression (5). we know that U2(r) is relevant to parameter

& and the order number p, n, r. Therefore some higher order

modes can be suppressed under certain waveguide dimensions.

If ~ > 0.6, only TEfi), TE$), TE$), TE~), TE$) and

TM$) modes can transmit along Z direction and other modes

become not transmissible. Fig. 3 gives the distribution of

cutoff wavelengths of these modes

From Fig. 3, it is obvious that the mode TEfi) has the

longest cutoff wavelength (lowest cutoff frequency) in the

circular groove guide and is called dominant mode. The field

distribution of TEfi) mode is shown in Fig. 4.

IV. DOMIIWANT MODE TEfl) AND

PROPAGATION CHARACTERISTICS

Among all of the possible modes, TEf~) mode is tie

dominant mode and the other modes corresponding to p >1,

n > 1 or T > 1 are all higher-order mode. These modes are

further divided into odd-order modes and even-order modes

depending on whether p is odd or even. However, only the

TE$~ mode family, in which p is odd, has valuable and

interesting properties. Especially we pay more attention to the

dominant mode TEfi).

A. The Second-Order Approximate Characteristic

Equation of TEfi) Mode

In order to get precise expression of characteristic equation,

we should use infinite series to describe the field components

in circular groove guide. For TE~l) mode, expressions are as

follows:

{

~Z~ = ~P HPJP(kcp) sinpa (region A)

fi:~ = ~r B.k~ sin(=) exp[–kZT(z – $0)] (region l?)

(9)

where p=r=l,3,5, . . ..
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Fig. 5. The relation between & and ~. (a) First-order approximation.
(b) Second-order approximation.

Theoretically, the precise solution can be obtained if the

field components in circular groove guide are expressed by

infinite series as expression (9). But in practical analyses, only

limited terms are taken and the solution is approximate.

If p and r are taken by both 1 and 3, the second-order

approximate characteristic equation of TE~l) mode is derived.

(’wq (u)/Jl(u))+ tl = ts

tz t~– (uJ:(’u)/J3(zL))
(lo)

where

tl = KIR(l, 1)s3 – R(1,3)SI]

tz= K[R(1,3)S2 – R(1> 1)s4]

ts = K[R(3, 1)s3 – R(3, 3)s1]

tq= ~[~(3, 3)s2 – R(3, 1)S4]

K=-*
7rc2

S1 = +(1,3)

S2 = –; A1(3,3)

S3 = ;Al(l, 1)

S4 = ;A1(3, 1)

I@, r) = rMAz(p, T’) – v(r) Al(P, r).

B. Cutoff Wavelength

Fig. 5 shows the relation between & of TE~) mode and

‘c The varying tendency of thenormalized plate spacing ~.

curves coincides with the theoretical result of rectangular

groove guide given by A. A. Oliner [3]. It can also be seen

from Fig. 5 that the two ends of the curves approach to 1.7

and 2 respectively. The former is the corresponding value of

lowest mode in circular waveguide and the later is that for

lowest mode in parallel plate guide. The variation of ~P~~PB)

with normalized plate spacing ~ is shown in Fig. 6 where

PA and PB are the powers transmitting in region (A) and

(B) respectively. With the increment of* from zero to 1, the

1.0

0.9

.
L“
+
U< 0.8

<
C4

0.7

0.6 ~—
0.0 0.3 0.6 (IQ---

2c/2a

Fig. 6. The variation of ~FA~PB ~ with ~.

1.0

0.7

0.4

0.1 1 1 1 1
10 20 30 40 5of(GHz)

Fig. 7. The dispersioncurve of circular groove guide ● Experiment–Theory.

ratp(q?PB ) drops monotonously. It means that when groove

guide 1s changing to parallel plate guide, its ability to confine
energy in central circular groove region is becoming weak.

C. Propagation Constant and Dispersion Property

With the help of formula ~~ = /* and ‘ie

cutoff wavelengths obtained above, we have the dispersion

curve. Fig. 7 gives the theoretical relation of phase constant Q

and operating frequency ~. From this figure, we find that as

expected the dispersion curve is almost straight line. It means

that the dispersion of circular grclove guide is very low.

D. Attenuation Coef@cient

The loss in circular groove guide can be readily computed

when the eigenvalue of characteristic equation for TEfi)

mode is known. Here, copper and aluminum are chosen as

guide material. Fig. 8 shows the attenuation curve. The curve

suggests that the attenuation constant of circular groove guide

is about an order of magnitude less than that of dominant TEIO

mode of rectangular waveguide. Fig. 9 gives the relation be-

tween attenuation constant a of circular groove guide and the

normalized plane separation ~. The curve indicates that the

attenuation constant becomes less when the plane separation
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Fig. 8. Circular groove guide attenuation (2a= 10mm, ~ =0.7, copper).

becomes larger. The change of ~ from zero to 1 corresponds

to the transition from circular waveguide to circular groove

guide and then to parallel plate guide. When the parallel plate

guide is excited by TE mode, the loss is very low because the

electric field vector is parallel to the metallic walls. The larger

the plane separation of the groove guide, the more similar

it to parallel plate guide, and therefore the corresponding

attenuation constant becomes less of course. Besides, the

variation of radiation attenuation constant CY.Rwith the height

of parallel plate region is also investigated in Fig. 10. The

radiation loss decreases when h/A increases, where 2h is the

height of the guide. This is because the increment of the height

of the parallel plate causes the reduction of the power leaking

out from the guide edges.

V. DESIGN OF CIRCULAR GROOVE GUIDE

The single mode operation range of circular groove guide

can be determined from Fig. 3. It is 1.47a < Jo < 3.27a or

0.31 A. < a < 0.68 Ao. Compared with circular waveguide,

the dimension of single mode operation is larger and the

frequency range is broader. In circular groove guide, only TE

odd-order modes has the low loss characteristics, while TE

even-order modes and TM modes do not have this advantage.

So in practical application, we must use TE wave to excite the

guide and restrain TE even modes as far as possible. Besides,

when the relative parallel plate spacing ~ is taken as 0.65,

the mode order number in y direction in region B must satisfy

r <3. So it can be considered that under this condition TE$I)

mode is not exmtent. By virtue of above consideration, the

single mode operation range can be further broadened. In our

design the single mode dimensions of circular groove guide is

chosen as follow: ~ is around 0.65 and the radius of circular

groove satisfies:

0.31A() < a < 1.OIAO (11)

It suggests that radius of circular groove under single mode

operation can be twice as much as that of circular waveguide

and that the operating frequency range is also much larger than

that of circular waveguide. According to Fig. 10, it is needed

that the height of parallel plate region h is larger than 5).
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\
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a
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5X1O-2

I
3X10-2

‘ (b)

I 1 1
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separation *

3
\
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Fig. 10. The
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VI. EXPERIMENTAL MEASUREMENTS

Some experimental measurements have been made at V, Q

and K bands to verify our theoretical results. The resonant

technique is used to determine the guide wavelength and

moding spectrum.

In our measuring systems, the sources were reflex klystrons

which operate at the V, Q and K bands. The waveguide

resonator was formed by a length of circular groove guide

under test terminated at one end by a fixed conducting plate
with an input aperture and at the other end by non-contacting

sliding short-circuit plunger with an output aperture on which

a crystal detector was mounted. By continuously varying

the length of waveguide resonator, the resonance spectrum

was obtained, from which the guide wavelength could be

determined according to resonance peak separation and the

moding characteristics were known on the basis of overall

pattern.

The measured guides of two different dimensions were

constructed from aluminium plate by conventional workshop

techniques. Measurements were made at V, Q, and K bands

respectively.
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TABLE I
GUtOE WAVELENGTHS

I Guide Wavelengths 1, (mm) I
Operating Wavelength

Experimental results

& (mm)

(~.t,)

6.09 “ 6.188

8.86 “ 9.196

19.93 “ “ 21.016

9.208

I
0.1

20.982 I 0.2

* Guide dimensions: 2C = 13mm, 2a= 20mm, 2h = 140mm

* * Guide dimensions: 2C= 26mm, 2a= 38.9mm, 2h = 200MM

(a)&= 10.42mm

I

I

~(,) (<k )(
5 10 15 20 25

Al(nun)

(a)

53

g??

09
gj
;J

o 5 10 15 20
At(mm)

(b)

Fig. 11. Modkg spectrum for circuku groove guide cavity of variable

length (guide dimensions 2C = 13 mm, 2a = 20 mm, 211 = 140 nnn).

(a) AO = 10.42 nun. (b) AO = 8.86 mm.

The experimental and theoretical guide wavelengths &

of the guides under test are given in Table I. The guide

wavelengths Agl and ~g2 are close to each other.

The dispersion curve of circular groove guide was also

verified by experiment. The measurement data marked by

points are shown in Fig. 7 too. The correlation between

theoretical and experimental results is very good indeed.

Fig. 11 gives the measured moding spectra for certain guide

dimensions at different operating wavelengths, in which (a)

corresponds to single mode transmitting and (b) indicates the

higher-order modes’ existing. In situation (a) the ratio of the

radius of circular groove to operating wavelength ~ is 0.96

and lies in the single mode operating range given in section V,

but in situation (b) the value of ~ is 1.13 and is beyond this

range. This fact demonstrates that the single mode operating

range predicted from theoretical equation (11) is reasonable.

VII. CONCLUSION

Circular groove guide has been studied theoretically and

experimentally. In the theoretical analyses, the first order

approximate characteristic equation of TE$~ and TM$ modes

and second order approximate characteristic equation of the

dominant mode in circular groove guide have been derived.

The cutoff wavelength distribution has been researched and

the condition for single mode propagation has been given. The

parameters of TE~) mode such as cutoff wavelength and guide

wavelength, have been obtained by computer calculation, the

attenuation characteristics and the dispersion property have

been analyzed. In the experimental measurements, the resonant

curves have been measured at V, Q and K bands respectively.

From these curves, the guide wavelengths, dispersion relation

and moding characteristics can be determined. Experimental

results are in good agreement with theoretical calculations.

The study shows that with proper choice of guide dimen-

sion, circular groove guide has advantages of low loss, low

dispersion, large dimensions, single mode operating and high

power handling capacity. Besides, it is easy to manufacture

and connect. The frequency band of circular groove guide

is relatively broad. Therefore, circular groove guide is a

comparatively ideal transmission medium for short millimeter

wave and submillimeter wave, particularly under high-power

condition.
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