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Power Loss for Multimode Waveguides and
Its Application to Beam—-Waveguide System
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Abstract—The conventional way of expressing power loss in expressed in nepers/meter is the attenuation constant for the
decibels/mett_er_ for a multimode Waveguiding_system with finite th propagating mode per unit length of the waveguide.
wall conductivity (such as a beam-waveguide (BWG) system o more accurate determination of the attenuation constant

with protective shroud) can be incorrect and misleading. The .
power loss (in decibels) for a multimode waveguiding system is, in ™ can be obtained through the boundary-value-problem

general, not linearly proportional to the length of the waveguide. approach. Here, the fields in different regions [i.e., the metal
New power-loss formulas for multimode system are derived in region characterized bye, ;, ) and the vacuum region

this paper for arbitrarily shaped conducting vyaveguidg tubes. In  characterized by(€o, po)] of the waveguide are matched
these formulas, there are factors such asxp(jx)—1]/(jx), where o the houndary, yielding a dispersion relation from which

x = (3. — Bs)t, with 3, and 3, being the propagation constants th | fi tant f h d b
of the different propagating modes and¢ being the distance from € compiex propagation constant for each mode may be

the source plane to the plane of interest along the guide. For a determined. For this approach, in general, all field components
large BWG supporting many propagating modes,3,.’s are quite must be assumed to be present. In other words, for a hollow
close tog,’s, thus the mode coupling terms remain important for  circular metal pipe, the field components.( E,, E,, H.,

a very long distance from the source plane. The multimode power- H,, Hy) will all be present when circular symmetry of the

loss formula for a large circular conducting tube has been verified de i t t H the circul lindrical dinat
by experiments. This formula was also used to calculate the mode Is not present. Here, the circular cylindrical coorainates

additional noise temperature contribution due to the presence of (1, ¢, 2) are assumed. This was the approach (called the
a protective shroud surrounding a millimeter-wave BWG system. hybrid-mode approach) used by Chou and Lee to calculate

Index Terms—Beam waveguides, cylindrical waveguide, noise modal _attenuation ir! muliilayered Coate‘?' waveguides [7].
measurement, waveguide theory. Other improved versions of the perturbation formula of (1)
for the attenuation constant of a single mode were given by
Gustincic [8] and Collin [2].

The intent of this paper is not to improve the power-loss
calculation for a single mode. One notes that, for the small

N TEXTBOOKS on electromagnetics and guided wavegss case, this improvement is negligible. The intent of this

the perturbation technique is used to calculate the attemaper is to provide a correct way of finding the power loss
ation factor of a given propagating mode in a slightly lossfpr the multimode case.
and highly conducting hollow metallic waveguide. Based on In all of the above considerations, the power loss has always
this technique, the attenuation constant for/#it@ modex™ been expressed hy(™ for eachmth mode in nepers/meter.
due to conductor loss in a general cylindrical hollow metallic It is the limitation of this way of expressing power loss that

|. INTRODUCTION AND THE CONSIDERATION
OF A FUNDAMENTAL CONCEPT

waveguide is found to be [1]-[6] we wish to address in the following sections.
When a single mode, say theth mode, is propagating in
le{ {ﬂ(m) . ﬂ(m)*} dr this hollow waveguide, the following expression is normally
o™ ~ < (1) used to represent the power carried by this mode along this
2Re// [E(m) x ﬂ(m)*} e dA waveguide structure:

M),y — plm) —2a{™z  pm)ry _ o (m)
where R denotes the surface resistance of the metal walls, P(z) = Py e ~ By = 200 @

(m) (m) ; ;
£ and i are the unperturbed electric and magnet'\?/herePém) is the initial input power of thenth mode and: is

fields for themth 'propagatmg mode in this waveguide Wlﬂ‘lhe distance along the guide. That this expression is valid if and
perfectly co_nductlng_ WaIIsRe_denotes the re_al pa_rt Of_ theonly if a single mode is propagating alone in this waveguide
integral, ¢ is the unit vector_m thez-propag_atmg d|r_ect|on, is usually glossed over in the textbooks. Furthermore, (1)
* denotes the complex conjug_ate of the |ntegré1,_|s R and (2) offer the impression that the power loss in a given
_contour around the cross section of the ngegwde, gndwaveguide may be expressed by the attenuation constant

is the cross-sectional area of the waveguide. Here; in nepers/meter. From (2), for small attenuation, the power
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Consequently, one may obtain the mistaken impression that SHAPED-SURFACE

since the modes are orthogonal, the total loss is additive SUBREFLECTOR Jiom SHAPED:
when more than one mode is present simultaneously in the ' REFLECTOR
waveguide; after all, we know that the total power is additive.

For the multimode propagation case, the total power loss
should not be expressed through an attenuation constant as
certain nepers/meter (or decibels/meter). Indeed, due to the
contributions of the cross-product terms .n- J* where J

is the total surface current, and the total power loss in the
multimode case is no longer a linear function of the length of
the guide, as in the single-mode case.

TRIPOD

>

For example, assume that a given source in an infinitely long SHROUD
hollow conducting waveguide excites two equal amplitude \?vi‘\\,hégumg
lowest order propagating modes. Further assume that the wave-
guide can only support these two lowest order propagating AZIMUTH
modes. The walls of the waveguide are made with highly TRACK
conducting (but not perfectly conducting) metal. Let us find
the total power loss at a distande€from the source plane. =

According to the classical textbook formula (1), the at- &
tenuation constant for each mode can be calculated using 1
this formula. Say the answer for mode 1dg = 0.001 i<
(nepers/meter) and for mode 2 i = 0.002. (Even if we REAR VIEW
use the more exact way of calculating the attenuation constant

) MICROWAVE SUBTERRANEAN
by the boundary-value-problem approach (or the hybrid-mode TEST PEDESTAL
approach) described in [1], due to the highly conducting nature PACKAGE ROOM

of the walls, the attenuation constants for these two mod&g. 1. view of Jet Propulsion Laboratory’s (JPL's) DSS-13 BWG antenna.
would not deviate much from the given values). IFgtbe the
input power for mode 1 as well as for mode 2. Thus, the power

of mode 1 after propagating for a distancén the waveguide through this term resulting in a waveguide loss which varies
is P exp[—2a‘2] and for mode 2 iy exp[—2a()z]. Since 8S @ function of the axial dimension. The results are precisely
the power is additive, the total power loss is what one would expect for the horn example, i.e., very little

loss very near the aperture plane and increasing significantly

Progal Loss = Praput — Poutput when the radiation pattern of the horn intersects the waveguide
=2P) — Po{exp[—2a™M 2] + exp[-2a(P 2]} wall. Using this approach, the r_esultant theoretical/numerical
. (1) (2) data compares very favorably with the measured experimental
=280t + a7z ) data.
Extending this concept ta modes would yield Therefore, the purpose of this paper is to address the power-
loss problem when more than one mode is simultaneously
Protal Loss = 2Po(a™ + @ 4+ 4+ o)z, present in the waveguide. This effort is motivated by our

. ire to verify the m r ta for millimeter-wav
Thus, according to the above formula, no matter how sm%l?s e to verify the measured data for a cler-wave

. . . eam—-waveguide (BWG) with a protective shroud consistin
2 Or a IS, Protal Loss IS Proportional toz. To demonstrate that 9 ( ) P 9

. A . o ) of sections of a round conducting tube, as shown in Fig. 1.

this concept is incorrect, consider the following: a high-gai . . . . . =
S . . . olution of this problem is of great importance in optimiz-

horn radiating inside a waveguide with boresite along the axis

. ) INg the design to yield minimum noise temperature for the
of the waveguide. If the modes are considered to be uncoupl , . : .

. SA/Deep Space Network’s low-noise microwave receiving
then the loss for each mode can be independently compute

and summed. Therefore, the power loss per unit length Wousl}{is
be independent of the position in the waveguide. A simple
thought experiment should be sufficient to conclude that if
the diameter became larger and larger, one would certair“y
expect the loss per unit length in a region near the plane ofShown in Fig. 2 is the geometry of the canonical problem. A
the horn aperture (where there is virtually no radiation fromniform conducting waveguide of arbitrary cross section with
the horn) to be quite different from the loss at a distandts axis aligned in the:-direction has a length. In thez =0
where the radiation pattern from the horn would illuminatplane, the transverse electric fiekel(xz, y) is assumed to be

the waveguide walls. This is very similar to the experimergiven. Thus, the amplitudes of all the modes (propagating and
described later in this paper. A correct interpretation of thesanescent modes) can be calculated [1]-[5] and are assumed
perturbation theory would be to apply it to the total tangentiéb be known. We wish to calculate the power loss of the fields
H field on the waveguide wall. Since the power loss formuldue to the imperfect conductivity of the wall with intrinsic
uses tangentialH squared, the modal fields are thus coupledave resistance (surface resistanég)

tem [9].

FORMULATION OF THE PROBLEM AND FORMAL SOLUTION
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Fig. 2. Geometry of the problem.

From Ohm’s Law and Poynting’s vector theorem, the power

loss is given by [1]-[6]

where

.~y

or

where H, is the component of the total magnetic field which
is tangential to the wall surface. It is known that in a hollow
arbitrarily shaped uniform waveguide with a conducting wall
there can exist two sets of eigenmodes: [1]-[6] transverse

(4)

PL:%R//A(JS

n x H = surface current density on the wall;
unit vector normal to the wall surface;

total magnetic field in the waveguide;
surface area of the wall

Py = %R/A@ L H)dA (5)
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where H™ and(EE™ + E{IM¢.) are connected through
Maxwell’'s equations aan(TM) is the propagation constant
of the mth TM elgenmodeAﬁn B) and AS™ are arbitrary
amplitude coefficients for TE and TM modes. The subsaript
indicates the transverse components of the field (transverse to
the z-direction). The indexn is used to tally the modes—it
does not necessarily correspond to mode order. One notes that
(B, may take on negative values, indicating modes propagating
in the opposite direction.

Substituting (6)—(9) into (5) yields

M

M
il 3 3 AP fia

m=1 n=1
4
+ H® HT*] de / I =BT 2 g

0
M’

+3 ZA(TM)A(TE)* f[Hf,??“HSEE”] de

m/=1 n=1

£
I (TM)_ (TE)\
/ FB =B 7 g
0

M’

+ Z S AR 4P 7{ [H5 1 de

m=1 n'=1

£
5 (TE) _ (TM}y _
/ CJ(’B‘VYL ranl )4dz
0

M’ M’
T™M TM)* T™M TM)x*
3% A AW f[H,<M>H< ) de
m/=1 n'=1

{ ] p
[l
0

(10)

electric (TE) modes and transverse magnetic (TM) modes Withare « is the contour around the inner surface of the wave-

a specific propagation constant for each mode. The total f'e@ﬁde which is also normal to the-axis (see Fig. 2). The
for TE modes are

oo

ET P a,y, 2) = 3 ATVEL (@ 9)d™ ()
m=1

H(TE) .’17 Yy, 2 V Z A(TE) |:H£7TE) )
m=1

where E(TF) and(HgtE) + H(szE)ez) are connected through
the Maxwell's equations anﬂm is the propagation constant

of the mth TE eigenmode, and the total fields for TM modes

are

E(™) (

HT (z, y, 2)

+HED (2, y)e } Rl

(7)

==mt

wy z) =y AGM |:E£EtM)($a v)

m=1

+ B, y)e }
(8)

9)

= 3 ATVH (@, y) I

m=1

subscriptc represents the component of the transverse field
that is tangential to the contout M is the number of TE
propagating modesj}’ is the number of TM propagating
modes andn, m/, n, n’ are mode indices. Simplifying (10)
gives

Pp = [Part 1]+ [Part 2] (11)

with (12) and (13), shown at the bottom of the following page,
where

) = GUHGDE + | HEDP) e

mc mz

IrSM) _ j{|H(TM)| de

m’e

I = PUHEDHED" + B BED" de
1 = FHED B
K D e
Lo = jZ[H&TPH(TM)*] de. (14)

It should be noted thak’; is always purely real.
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One should point out that all the field components used aonsidered. It is also noted that under certain conditions, [Part
the above expressions are assumed to be the field compon2htsn be negative. This means that the total power loss can be
for a perfectly conducting waveguide. The use of surfadess than that given by [Part 1], the part representing only the
resistancei and Ohm’s Law to calculate the total power losgadditive aspect of power loss by each mode in a multimode
is an application of the perturbation technique. waveguide.

Using the orthogonality properties of these field compo- When |z| > 1, then f(xz) — 0, and the coupling terms in
nents, one can show that the total power carried in a multimo¢lel) [Part 2] approach zero. This means that wiier: oo,
waveguide is the sum of the power carried by each propagatifart 2] — 0, and the usual decoupled result given by [Part
mode in this multimode waveguide. On the other hand, (11} in (11) becomes valid. Thus, ds— oo, the power loss for
shows that power losses or attenuation of different simultareach mode in the multimode waveguide is additive.
ously existing modes are not simply additive, as indicated by
the first bracketed term [Part 1]. The correct expression must
include the second bracketed term [Part 2], which shows the Ill. APPLICATION TO BWG NOISE
cross-product terms. Indeed, the use of an attenuation constant TEMPERATURE COMPUTATIONS
to describe power loss in a waveguide should be limited tO\we shall now apply the above theory to calculate the

the single-mode unidirectional propagation case only, becauysg, qyciivity loss (power loss) in a large BWG tube. The noise
only for this case is the power loss linearly dependent on &, herature contributed by the conductivity loss in a BWG can
length of the guide. For the multimode propagation case, ity pe easily computed. Computed results are compared with
power loss varies with the length of the guide in a rathefeasyred data from an experiment, validating the theory.
complicated manner, as shown in (11). Equation (11) vividly Large BWG-type ground-station antennas are generally de-
demonstrates the importance of the modal coupling term. Sir&ﬁﬁned with metallic tubes enclosing the BWG mirrors. The

the factor scattered field from a BWG mirror is obtained by the use of a
_ i) — 11/(4 15 physical optics integration procedure with a Green’s function
J@) = lexplga) = 11/ () (19) appropriate to the circular waveguide geometry [10]. In this

(where x = (B, — )¢, 1, and B, are the propagation manner, the coefficient&n?E)’(Tl\'D of the circular waveguide

constants for the coupling modes, afds the distance from modes that are propagating in the oversized waveguides are
the entrance of the waveguide to the point of interest along téletermined.

guide) determines the importance of the coupling term, let usknowing the coefficientsd’s > ™ one may calculate
now examine this factor closely. The functipf(z)| is largest the tangential magnetic fields for the TE and TM modes
when z — 0 and begins to diminish and approaches zefsom (7) and (9). The total tangential magnetic field is the
whenz increases. This means that the cross-product termssinm of these tangential magnetic fields. Substituting the total
(11) (i.e., [Part 2]) are important when the difference betwedangential magnetic field into (5) and carrying out the integral
the propagation constants of the propagating modes that @ve5) numerically, one may readily obtain the total power
excited in the waveguide is small and/or whéris small, loss Pr. This numerical technique is quite general; it can be
such that the products; — 3;)¢ is small. This condition applied to a metal tube waveguide of arbitrary shape. Another
is particularly true when the transverse dimensions of tlweay may also be used: knowin@S,TE)’(Tl\q) for the modes in
waveguide are very large, such as in the BWG case that wecircular metal tube (sleeve) waveguide or in a rectangular

[ am M’
Part 1]= 5Re| >~ [ATDPII + 7 A0 PLM (12)

m=1 m/=1

N 418 4t pcrmy [ ST
[Part 2]= L R¢ AnTE AnTE " IanE
’ nZ‘l nz::l FIBSTE) — TP

nEm

M M (M) (T (TD ej['B(TII\D_'B(?M)V 1
; A AL
Z Z j[ﬁ(TM) _ /37(;l\r1)]£

m/

m'=1 pn'=1
7 7
n #m

SR coaprry [ P ATy
+ A AT DO S 5
22 il = B

m/=1 n=1

JlBeT™ -8

M M’
(TE) 4(TM)* (TE)TM) | € -
+ Z Z Anl An’ Irnn’ { J[ﬁr(nTE) _ /3(?1\1)]( } (13)

m=1 n’/=1
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Fig. 3. Experimental setup.

metal tube waveguide, one may derive analytic expressions
for the total power losg;.

The above numerical approach was used to calculate th
conductivity loss of a short length of BWG tube [11]. The
experiment utilized a 3.92-m-long 2.5-m-diameter structure pum
steel tube and a very sensitive noise temperature measurini
radiometer (see Figs. 3 and 4). Noise temperature comparison
were made between several different horns radiating in free =~
space and radiating into the BWG tube. The experiment also =
included measurements with the steel tube and the tube linec -~
with aluminum sheets. Utilizing the measured conductivity of =
the aluminum and steel [12] (see Table I) and the computed:___-|“ ! Sy e
modes in the BWG tube, a conductivity loss was computed =]
and converted into a noise temperature prediction. For the.
14.7-dBi gain horn, thel'E;,, and TM,;;, modes top = 30

p = 22 were included. The following formula was used for
the conversion:

Noise Temperature in K= (Pr/Pr)To (16)

where Py, is the total power lossPr is the given total input
power, andlj is the ambient temperature in K (for room tem-
perature, iy = 293.1 K). A comparison of the measurement
with both the new theory (11) and the textbook theory (3) is
shown in Table Il. The most dramatic difference was with the
higher gain (22.5-dBi) horn. It was this experimental result
which showed that the result obtained according to (3) was ()

incorrect. The measurement was 0.14K 0.1 K and there rig 4. Measurement setup. (a) Hor in free space. (b) Horn with BWG tube.
was nho question that the calculation of 2.6 K from (3) was

significantly outside the range measurement uncertainty. The

explanation can be seen in Fig. 5, which plots the attenuation IV. CONCLUSIONS

loss as a function of tube size. Because the high-gain horriThe concept of expressing power loss along a given uniform
does not ‘“illuminate” the wall until further down the tubewaveguide in nepers/meter must be used with caution. This
from its aperture plane, there is only a very small loss neaoncept is only generally true for single-mode unidirectional
the aperture. This clearly demonstrates the fact that the poweopagation. When more than one mode exists simultaneously,
loss is not linearly dependent ony and thus validates thethe power loss is no longer linearly proportional to the
analysis. length of waveguide. Depending on the differences for the
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Fig. 5. Noise temperature versus tube length for 22.5-dBi gain horn.

TABLE |
ELECTRICAL CONDUCTIVITIES OF SHROUD MATERIALS [12]

Effective Conductivity

Material mhos/meter
BWG antenna shroud 0.003 x 107
ASTM A36 steel
0.064 in. thick 22 %107
6061 aluminum sheet
0.024 in. thick 1.2 x 107
galvanized steel
High-conductivity copper 5.66 x 107

TABLE 1
COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS THEORETICAL
REsuLTs ARE CALCULATED FROM (11) AND (16) AND FROM (3) AND (16)

Calculated
Measured. K New Method | Textbook Method
' (11), K (), K
22.5-dBi gain horn|
with steel tube 01+01 0.1 26
14.7-dBi gain horn
with steel tube 25+04 23 30
14.7-dBi gain horn
with aluminum tubg 02+£01 0.09 0.11

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 5, MAY 1998

in affecting the total power loss calculation. Since the factor
sin x /x approaches zero asapproaches infinity, the effect of
the term containing this factor approaches zero, indicating the
diminishing effect of mode coupling on the total power-loss
calculation. Since: = (3, — /3 )¢ in order that: may approach

a large value quickly, two possibilities exist.

1) If 3, is close tof,, as in the case of a very large guide,
then? must be very long in order that may be large,
indicating that the mode-coupling effect can affect the
total loss calculation for a very long distance from the
source plane.

If 3, is not close tg3,, as in the case of a smaller guide,
then/ can be relatively short fat to be large enough so
that the f(x) term may be negligible, indicating that the
mode coupling term only affects the total loss calculation
for a relatively short distance from the source plane.

2)

When applied to the JPL millimeter-wave BWG case, one
notes that3, is very close to3,. The newly developed loss
formula for an oversized circular conducting tube was thus
used to calculate the additional noise temperature contribution
due to the presence of a protective shroud surrounding a
millimeter-wave BWG.
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