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Experimental Attenuation of Rectangular
Waveguides at Millimeter Wavelen@hs

FREDERICK J. TISCHER, FELLOW, IEEE

Alrstract-Ttre experfmenbd values of attenuation of commercfafly

available rectangular waveguidea were determined at frequencies between

25 and 20Q GHz with empbask on high accuracy. They were compared

with the theoretical values computed from the dc conductivitfes, taking into

consideration temperature effects, work hardening, size eff~ surface

roughness, and a ronm.temfmatsrre anomaly of the skin effect. A new way

to express tbe excess attenuation due to these effects was fornmtated.

Excess ratios of attenuation of coin-sifver waveguides were found to he

well below the values used in engineering in the past. They can satisfacto-

rily be explained by sorface roughness. The normafimd excess attenua-

tions of copper guides are bigher than those of goides made of silver but

lower than cited in the literature.

I. INTRODUCTION

s EA.RCHING for reliable data on the attenuation of

rectangular waveguides for the millimeter-wave re-

gion frequently becomes a frustrating endeavor. One usu-

ally finds that the theoretical values listed in handbooks

[1], [2] are considerably lower than those observed in

practice, Also, these values are valid for pure silver

whereas the commercially available waveguides are made

primarily of coin silver (90-percent Ag, 10-percent Cu),

which yields theoretical values of attenuation increased by

a factor somewhere around 1.25. Catalogs of companies

selling waveguides usually contain the same values [3], [4]
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or data reprinted from a book on plasma diagnosl ics

[5]-[7] with experimental attenuation values increased by

about a factor of 2 above the theoretical values. Results of

rather thorough investigations were published lby Benson

[8] with emphasis on guide materials and surface prepara-

tions such as chemical polishing and annealing. His re-

sults confirm the previously observed increases of the

attenuation and include data for the range of 20 to 140

GHz. The increases are due to excess losses, which the

author attributes to surface roughness and minute surface

irregularities. The data have an uncertainty of about * 7

percent and some of them show variations of up to +20

percent. Some of Benson’s results are in disagreement

with those published earlier [9]. The review of these and

other publications made it apparent that additional re-

search to furnish more reliable data was highly desirable.

While studying the surface characteristics of metals,

particularly copper, the author found [10] that a major

contribution to the excess losses of copper at millimeter

wavelengths is caused by an anomaly of the skin effect at

room temperature. This, in turn, causes increased va]ues

of attenuation. The increases are larger than th,ose caused

by the effects of surface roughness and work hardening.

In order to correlate the results of the original surface-re-

sistance experiments with waveguide data and to generate

reliable data, careful experiments were conducted. These

experiments resulted in accurate values of the attenuation

of standard rectangular waveguides in the mini meter-wave

region. Subsequently, the obtained data were evaluated in
great detail. The results of these efforts are presented in

this paper.
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TABLE I

STANDARD RECTANCWAR WAVBGUIDES
-—_. _—_— —

Retomm. cut off
Letter EIA Frequency Dimensions (mm) Tel, Dimensions (mm) Tel. Fre Q,
Prefix Notation Range Cut side (mm) In8ide (mm) in flHz

K@(R) WR-28 26,5 - 40 9.lJ4 x 5,588 *.05 7.112 X 3.556 *.04 21,0911

E WR-12 60 - 90 5.131 x 3.581 *.05 3.099 x 1.55C ?+.02 48. !4027

N(V) WR-8 90 -140 4.064 X 3,o48 ?.04 2.032 X 1.o16 i.ol 73.8189

‘2 WR-5 140 -220 3.327 X 2,68o +,04 1.295 X .648 i,Ol 115.8301

II. FREQUENCY RANGE AND TYPES OF WAVEGUIDES

The investigation concentrated on four sizes of typical,

commercially available rectangular waveguides with the

EIA notations WR-28, 12, 8, and 5. Specifications for

these guides are listed in Table I, The frequency range

covered by these guides is 26.5–220 GHz. The guides were

made of coin silver (90-percent Ag, 10-percent Cu) and

oxygen-free and high-conductivity (OFHC) copper. They

came from several sources.

111, EXPERINIENTAL PROCEDURESFOR THE

DETERMINATION OF ATTENUATION

The attenuation values were found by measuring the

insertion loss. First, the output signal of the measurement

circuit was determined without the tested waveguide sec-

tion being in the circuit, then, again after its insertion.

After the insertion, two measurements were made, de-

termining the loss first from the decrease of the output

signal and then from the increase of the input signal by

adjusting a precision attenuator in the input section until

the original level of the output signal was reestablished.

Directional couplers in the input guide were used to take

reflections into consideration. The detector setup con-

sisted of a detector mount (SWR = 3), an isolator (SWR =

1,4), and a 10-dB attenuator coupled in front of the

isolator to keep the total SWR below 1.1. With the test

section in place, the total SWR was below 1.12 in the

60-90-GHz range. In the 10(– 140-GHz range, the SWR

was better than 1.3. At 140 and 180 GHz a bolometer,

matched with an E–H tuner and a 6-dB attenuator in

front, was used as the detection device. The measurements

were made in the test laboratory of the Baytron Corpora-

tion. Additional high-accuracy measurements in the 26.5–

40-GHz range and at 70 GHz were performed at North

Carolina State University (NCSU). In these measure-

ments, errors resulting from reflections were avoided by

the use of phase shifters with carefully compensated dis-

continuities. ~
The waveguide test sections at Baytron had a length of

60 and 72 in. At NCSU, their length was 32 and 36 in.

Specially designed coupling elements were attached at the

ends of the waveguide sections. The use of these coupling

elements eliminates the aftereffects of heating on the

‘Circuitry and measurementprocedureswill be described elsewhere.

Fig. 1. Clamp-type coupling elements
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Fig. 2, Experimental attenuation of standard-size waveguides made of
coin silver (CS).—, theoretical values computed from the dc conduc-
tivity of silver (Ag, o= 6.17 X 107 S/m) and of coin silver (see Fig. 4).
0, experimental values. ❑ , results of high-accuracy measurements (70
P.u.)
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Fig. 3. Experimental attenuation of standard-size waveguides made of
copper.—, theoretical values computed from the dc conductivity of

high-conductivity copper (u= 5.8 X 107 S/m), ❑ , values computed
from measured Q-factors of polished cavities. A, value computed
from the intrinsic surface resistance [10].

material properties and on the attenuation when regular

flanges are being attached by soldering. Fig. 1 shows some

of the coupling elements.

The results of these experiments are shown in Figs. 2

and 3 for waveguides made of coin silver and copper. The

graphs show the experimental and theoretical values. The

theoretical values are for pure silver, coin silver, and

copper. In the case of copper, the experimental values for

WR-28 were computed from measured Q-values of

OFHC copper cavities at the indicated frequencies. The

value indicated by the triangle in Fig. 3 was computed

from the experimentally found intrinsic [10] value of

surface resistance of copper, In this case, the increase of

attenuation is solely due to the room-temperature

anomaly of the skin effect.

IV. DC VALUES OF CONDUCTIVITY FOR

WAVEGUIDE MATERIALS

For comparing the experimental and theoretical values

of attenuation, it was necessary to determine accurately

the dc conductivities of the waveguide walls. From these
conductivities the theoretical values of attenuation were

computed, High accuracy of the attenuation experiments

required taking into consideration the temperatures at the

times when the attenuation and when the dc measure-

ments were made. To correlate the data they were refer-

enced to 20° C. In the past, when measurement errors were

large, temperature effects were disregarded.

Parametric diagrams were developed in order to permit

consideration of temperature effects. These diagrams

show the dc conductivities at particular temperatures in

terms of the conductivity referenced to 20”C. Tempera-

tures between 20 and 30°C (68 and 86°F) are taken mto

account. The diagrams are based on the following equa-

tion describing the effect of temperature on the resistivity

P of metals:

PT2=PTI[1+4T2-TJ] (1)

where p~2 and p~l are the resistivities at the temperatures

Tz and T, and where c is the temperature coefficient. The

values 0.0038 and 0.0039 were used as the coefficients for

coin silver and copper, respectively. They were obtai:ned

from [11]. A temperature of 20”C was emplloyed as a

reference.

The diagrams are shown in Figs. 4–6. They [contain the

measured values of dc conductivities of material samples

cut and machined from waveguides who’s attenuation

values were measured before. The waveguide sizes are

shown by their WR numbers, and the various supplies or

sources from which the waveguides were taken or

purchased are indicated in the parentheses (B-Bay tron,

T-TRG/Alpha Industries, W-waveline). The circles

(groups of three) represent averages of sets of repeated

measurements. The maximum measurement error ‘was

about t 0.5 percent.

Fig. 4 shows the conductivities of material samples of

waveguides made of coin silver. Their values differ con-

siderably depending on guide sizes and origins. The dif-

ferences were found to be caused by work hardening

associated with the drawing processes during production.

The manufacturers indicated that the sequences of re-

peated drawings and annealing differ for the various

sizes, causing different degrees of work hardening prresent

in the final product. The differences in work hardenirq~,, in

turn, cause differences in the dc conductivities and in the

values of attenuation. To confirm the validity of these

assumptions, samples of waveguide materials were

annealed, Fig. 5 shows how annealing affected the dc

conductivities of the various samples. The annealing

brought the different values for WR-12, 8, and 5 up to a

common value of about 4,8x 10– 7 S/m. Differences of

the conductivities of copper samples (Fig, 6) were less

pronounced. They were near the typical value of conduc-

tivity for OFHC capper from which the guides were

made. The figure also contains the conductivities of sam-

ples made of two kinds of copper, copper ([) and (II)

available in our supplies. One of them, copper (11), was
found to have a rather poor conductivity,

V. EFFECTS OF SIZE DEVIATIONS

There are various effects that contribute to the {dis-

crepancy between experimental and theoretical values of
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Fig. 4. Measured temperature-dependent dc conductivities of coin-
silver samples of various waveguides. (Origins indicated in parentheses.)

5.0

4,9

‘~ 4.5
K

s/m

4.2

1

I 1 1 I 1/ 4,4,/,/,d

4.3 sJm 4.4 4.5 4.6 4.7 4.s 4,9

CONDUCTIVITY (xlo-7) REFERENCED TOZOOC

Fig. 5. Measured dc conductivities before (lower left) and after (upper

right) annealing (30 min at 700”C in vacuum).

attenuation. One of these effects is caused by deviations

of the inside dimensions of waveguides from the standard-

ized values. Stated differently, this means that the theore-

tical values of attenuation should be determined for wave-

guides with inside dimensions equal to those of the tested

sections. In order to apply this procedure, short sections

of the three sizes of evaluated waveguides, WR 12, 8, and

5, were embedded in bakelite and the end surfaces
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/ //
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Fig. 6. Temperature dependent dc conductivities of copper samples of
waveguides and cavities.

polished according to procedures used in metallurgical

photomicography. Photographs of the cross sections and

photomicrographic reproductions of corner regions and of

sections of the lower flat boundaries were made. They are

shown in Fig. 7 for silver and copper guides. The cross-

sectional geometries are interesting since they differ con-

siderably from the specified rectangular shapes. However,

taking into account that the waveguides are fabricated by

repeated drawing processes starting with circular cross

sections, the manufacturers seem to have done an admir-

able job in getting the internal cross sections into shapes

so close to rectangles, as shown in the figures.

The photographs were then used to find the actual

internal dimensions of the tested waveguides. Attenua-

tions and their deviations from those for standard dimen-

sions were computed. The deviations were expressed by

the ratios of the attenuation values, a/aO, with a. repre-

senting the values for standard dimensions, The equation

which yields this ratio is

a/ao= G/G. (2)

where G and GO are geometry factors appearing in the

equation for the attenuation of waveguides [12]

a=(R,/Zo)G

G= [ l/b+ (2/a) (Ao/2a)2] [ 1- (Ao/2a)2] “12. (3)

The geometry factors G and Go are obtained from the

measured inside dimensions, width a and height b, and

the standardized values a. and bo, respectively. The ratios

R,/ Z. which contain the internal surface resistance R,
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Fig. 7. Photographs of wavegnide cross sections (a) embedded in bakelite (dark areas). Waveguides
WR 12, 8, and 5 made of coin silver and copper. Photomicrographs of the left upper (b) and left lower
(c) corner regions and of small sections of the lower wide walls (d). Scales of magnification are indicated
on the right-hand side.

TABLE H

DIMENSIONS ANO ATTENUATION RATIOS

———
Standard !+easur’ed

Type of Dimensions (mm) Tol DhnensionB (mm)
Guide

Deviations (mm)
Inside

Freq.
(mm) Inside ba Ab (GHz) &

WR-28 7.112 X 3.556 i oil 7.100 x 3.540
(Ag)

-.012 -.o16 26.5 1.0077
40 1.0053

WR-12 j.ogg x 1.550 +.02 3.1111 x 1,577 +,042 +.027
(Ag)

.95o8
X .9726

WR.8 2.032 x 1.016 +.01 2.075 x 1.066 +.043 +.050
(Ag)

90 .90~9
140 .9426

WR-5 1.295 X ,61,8 i.ol 1.346 X .662 +.051 +.014 140 .8750
(Ag) 220 .9463

WR-12 3.099 x 1.550 *.02 3.151 x 1.606 +.052 +,o56 60
(c”)

.93:7
90 .9525

WR-8 2.032 ~ 1.016 ?.01 2.075 X 1.071 +.043 +. 055
(c”)

,9073
1!: .9392

and the free-space wave impedance 20 cancel each other

in the ratio of the a values. The free-space wavelength AO

is a measure for the operational frequency fO.

The cross-sectional dimensions of the tested guides and

the attenuation ratios are listed in Table 11. We observe

that the deviations of the dimensions considerably exceed

the specified tolerances and give deviations of the attenua-

tion of up to about 13 percent. Based on the listed

tolerances, these deviations would be maximally about

t 3.5 percent. The deviations are more pronounced at the

lower ends of the transmission bands where the opera-

tional frequencies approach the cutoff frequencies.

VI, CONSIDERATION OF THE VARIOUS EFFECTS

The preceding findings suggest that evaluation of the

results of attenuation measurements should be made by

formulating attenuation ratios for the effects caused by

temperature and by size deviations. It is appropriate to

use the attenuations of standard-size waveguides (Table I)
with conductivities of 6.17x 107 S/m for silver and 5.8X

107 S/m for copper as references or normalizing values.

The ratios are
.—

~cs

-+

6.17x 107 ~Cu exp
. — .

i

~: (4)
aAg ‘exp CS ~cu

for consideration of the dc conductivities, and

areal size G
.—

a standard size Go
(5)

for size effects. For some frequencies the latter ratios are

listed in Table 11, Diagrams for the various kinds of ratios

are shown in Fig. 8. Included in the diagrams are the

experimental values of attenuation shown in Figs. 3 and 4

normalized with regard to the above standarcl references
aA~ and crcU.

VII. EXCESS ATTENUATION

Next, the attenuation ratios are combined to yield a

figure for the excess attenuation. It is described by the

ratio of the experimentally found attenuation aeXp and the
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Fig. 9. Excess-attenuation ratios, %P\athe.r. ..m,. ,4, coin silver. B,

copper. ❑ , results of precision measurements. V, increase due to
anomalous skin effect.

theoretical value at~eo,, ..,,,. The latter is corrected for the

measured dc conductivity at the temperature of the

attenuation measurements and for the dimensional devia-

tions from the standard figures. The corrected values are

found to be

~cs a real size
atheor. corr. = atheor. Ag ~

(6)
Ag %andard size

The resddng ratios ~exP/a&...COIT., as a function of

frequency, are shown in Fig. 9. They represent a measure

of the excess attenuation of waveguides at millimeter

waves. The excess attenuation and excess losses are

caused by surface roughness, corrosion (chemical reac-

tions on the internal surfaces), and, in the case of copper,

by a room-temperature anomaly of the skin effect. Work

hardening associated with machining and surface process-

ing is another source of increases in the surface losses. In

the present case, however, this effect was taken into

consideration by the measurement of the dc conductivity.

VIII. ATTENUATION, SURFACE RESISTANCE, AND StJIWAC~

PROPERTIES

Since the attenuation is proportional to the surface

resistance R$ according to (3), the ratio of the a values

equals the ratio of the surface resistances R. under corre-

sponding conditions. We may write

R s Cxp a exp— .
R

(7)
a theor. COIT.s theor.

The surface resistance, commonly used in considerations

of the skin effect, is the appropriate quantity for describ-

ing the electrical surface characteristics of metals at high

frequencies [12]. At these frequencies, the electromagnetic

phenomena occur in a thin layer (“skin layer”) of the

metal along the internal surfaces exposed to the electro-

magnetic waves. At 35 GHz, the equivalent depth of the

skin layer is about 0.4 ym for copper and silver, and it

decreases with 1/ ~~ toward higher frequencies. The

term R, theO, represents the surface resistance computed by

customary skin-effect calculation for the material of the

waveguide under ideal conditions. If the ratios of R, and a

are above the value 1, this indicates excess losses and

excess attenuation above the theoretical values. These

conditions were observed in the millimeter-wave region as

indicated in the introduction.

The resulting diagrams for the excess attenuation and

excess surface resistance shown in Fig. 9 are rather inter-

esting. They show that the excess losses are comparatively

small for coin-silver waveguides. The excess losses are in

the order of magnitude typical for surface roughness. This

result differs from previously published data which indi-

cated increases of the attenuation of waveguides by a

factor of 2. The excess losses of copper waveguides are

considerably higher. It is assumed that the anomaly of the

skin effect which causes an increase of about 14 percent at

35 GHz is the major cause of the increased attenuation.

IX, SURFACE ROUGHNESS

Measurements of the roughness of the internal surfaces

of the tested waveguides were made to show the magni-
tude of the contribution to the excess losses, They were

carried out with a profilometer [13]. The figures were

corrected by using calibration graphs obtained by photo-

micrographic comparison. The surface roughness is non-

isotropic, meaning that the roughness values differ in

longitudinal and transverse directions on the inside

surfaces of the waveguides. The nonisotropic character is

caused by the drawing process at manufacturing the

waveguides. The results are listed in Table III. Compari-

son with previous evaluations shows that the newly found

increases of attenuation of the coin silver waveguides are

typical for those solely caused by surface roughness.
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TABLE III

INT)3RNAL sURFACB ~OUWN13SS
( flm nns)

—-.. —____.
silver copper —

TFanflven3e Longitudinal Tranaverae Longitudi=

WR 28 .50 ,21 ,26 .60

WR 12 ,57 ,31 ,82 .73

WR 8 ,36 ,19 .71 !39

WR 5 ,65 .39 — .

X. conclusions

Experiments were conducted to find the attenuation of

commercially available rectangular waveguides for the

millimeter-wavelength transmission bands. Emphasis was

placed on highly accurate measurements and on a de-

tailed evaluation of the results. The contributions to the

discrepancy between experimental and theoretical values

of attenuation were analyzed and taken into consideration

by means of properly formulated equations,

The results show that waveguides made of coin silver

have excess attenuations considerably below the values

published in the past. They are about 5– 15 percent above

the theoretical values up to 200 GHz, This order of

magnitude can be expected as a result of roughness, The

excess attenuation of copper waveguides is considerably

higher. The major contributions are caused by a room-

temperature anomaly of the skin effect (14 and about 20

percent at 35 and 70 GHz, respectively), by surface rough-

ness, and corrosion.

ACKNCIWLEDGMEidT

The cooperation of Baytron Company, h-w,,, T, IKomd,

General Manager, where a Iarg@ part of the attenuation

experiments were made, and of the Metallurgical Dqart-

ment of the Engineering Research Support Division of

NCSU for assisting with the metallurgical parts of the

investigation is highly appreciated. The author wishes to

thank Dr. F. Jalali for his assistance in many phase)s of

the study,

[1]

[2]

[6]
[7]
[8]

[9]

[m]

[11]

[12]

[13]

REFBRBNCES

Reference Data for Radio Engineers, ITT, 5th ed. 1973, pp. 23-8,9.
Microwaue Engineers’ Handbook. Horizon House Microwave, Inc.,

1966, p. 31.

Catalog by TRG, Alpha Industries, Inc., p. 60, 1974.

Catalog by Narda Microwave Corporation, p. 150, 1974.
M. A. Heald and C. B. Wharton, Plasma Diagnostics with Micro-
waves. New York: Wiley, 1965, p. 308,
Catalog by Hitachi Electronics Co., Ltd., p. 65, 19741.
Catalog by Baytron Company, Inc., p. 29, 1975.
F. A. Benson and D. H. Stevens, “Rectangular waveiquide attenua-
tion at millimeter wavelength,” Proc. Inst~ Elec, ,%g,~ vol. 110, pp.
1008-1014, 1967.

T. S. l%o~, “R.F. Conductivity in copper at 8 mm wavelen,gth~
Proc. Inst. Elec. Eng., vol. 101, pt. 111, pp. 357-359, 1954.

F. J. Tischer, “Anomalous skin effect of single-crystaf copper in
the millimeter-wave region at room temperature,” l?tiys Lett., vol.
47A, pp. 231-232, 1974.

Standard Handbook for Electrical Engineers, 10th cdl., D. G. Fink
and J. M. Carroll, Eds. New York: McGraw-Hill, 1968, sec. 4-24.
S. Ramo et al., FielcA and Waves in Communication Electronics.
New York: Wiley, 1965, p. 426.

F. J. Tischer, “Excess surface resistance due to surface roughness
at 35 GHz,” IEEE Trans. Micrmvaoe Theory Tech., vol. MfT-22,
pp. 566-569, 1974.


