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Part I. Experimental Observations

ABSTRACT — Surface conductivities of waveguides having different
wall conditions were examined via the insertion loss technique and
the Q-technique. It is found that ordinary copper plated waveguide
samples are usually about 12% to 19% above the calculated value
based upon awall conductivity 5.8 107 mho/m in the frequency range
of 40 to 110 GHz. '

When the copper waveguides described above are subjected to addi-
tional surface treatment (usually imparted to promote dielectric
bonding), the losses may or may not change depending on the nature
of the surface treatmént. For example, a chromated (probably Cr:Z
0.) layer up to 300 A will not cause significant added losses in
the mm wave frequency band. On the other hand, a surface treatment
consisting of a grown copper oxide film (Cu, and CuQ) will cause a
significant increase in loss relative to plated but untreated cop-
per. This additional loss is approximately 20%Z at 96 GHz.

l. Introduction

To the designers of a communication system it is essential to
have the specific informations about the losses in the transmission
medium and in the terminal devices. In both cases one needs to know
the 1loss characteristics of the guiding structures which are us-
ually made of smooth copper surface. Theoretically the loss cha-
racteristies of a guiding structure can be computed based on the
ideally smooth wall assumption and the d.c conductivity o d.c of sin-
gle crystal copper at 20°. 1In practice the surface may be coated
with an oxide layer either due to the exposure to the atomosphere
[1] or due to some special considerations [2], for example, to pro-
tect the surface from natural oxidation and to introduce a dielec-
tric layer }or impedance transformation purpose, etc. Hence one

may expect that the surface conductivity of copper guiding surface

71



72 Den: Conductivity at MM Frequencies

differs to some degree from the d.c value of the copper conductivity.
Further examining the guiding surface under high multiple micros-
cope one noted that the surface appears highly irregular. The smoo-
thness of a guiding surface in the microwave transmission media and
the terminal devices is conveniently measured with the so-called
root-mean-square of the surface irregularities over a specific
length. The additional microwave attenuation due to that smoothness
was estimated theoretically [3]. However as iswell known the method
in literature can only give a qualitative l;ictures, it deviates from
the measured results by large margin [4]. In the recent years some
progresses have been made [5] along this line but in this paper we
have no attempt to make an in depth studies of the effects of the
surface roughness although the measurement data presented in this
paper are no doubt including the effects of the surface irregulari-
ties.

The primary consideration of this paper is the surface conduc-
tivities in frequency range, 40 GHz to 100 GHz. Only limited amount
of informations concerning the R.F conductivities in the above-men-
tioned frequency band are available in literature [6-8]. Moreover
except the works reported inref. 7 the other references concerning
the R.F. conductivities need specially built samples.

I In the present paper we consider the losses in the commercially
available circular waveguides with and without surface treatment. In
section II we discuss the methods of experiments, in section I1I we exa-
mine the losses in the cold drawn copper waveguide, in the copper
plated waveguide, and in the silver plated waveguide. A thin layer
of chromium oxide can be employed to protect the surface from further
oxidatlion. We study the loss effect of this layer. 1In this section
we also examine the loss effect of an copper oxide layer, a few tenth
of a micrometer in thickness, introduced by either chemical or elec-
trolytical methods. In section IV we summarize the findings of this

paper and discuss some of its implications.

Il. Experimental Set-ups

In this section we shall briefly state themethods of measure-
ments and discuss the salient features of the particular test sets.
In Fig. 1 one notes the sketch of a conventional insertion loss

measurement set. The method iswell known and can be found fromstan-

dard text book [9].
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In Fig. 2 we illustrate a particular Q-set which is capable to
measure the differential frequency with high degree of precision.
This Q-set differs from the conventional one in that it contains two
cavities, one comprising the testing waveguides and the other one com-
prising a single end reflected cavity. The R.F. Signals,electroni-
cally swept, are introduced into those cavities. The resonance tra-
ces from the two cavities can be seen in a dual channel oscilloscope.
The trace from the single-ended cavity comprises many spikes,all due
to the same waveguide mode resonating at different frequencies. The
differential frequency between two consecutive spikes is obtained in
Appendix I and is given as

f
_ 2L c\2:3% 1)
Af m' g [1=(%)"] (1)
o
where
C=....___].,'_..___.___
Yu e
oo

L. = length of the single-ended cavities
f = cut off frequency of the resonant mode in the
single-ended cavities

f = center frequency of the swept range
The trace from the testing cavity, comprising the waveguides to be
tested and two coupling irises, also contains many resonant spikes.
Those spikes .can be identified as the resonant traces of the wave-
guide modes [10].
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Fig. 2 Circuit diagram for cavity measurement.

Kiystron

The measurement procedures include the selection of a particular
mode for examination and the determination of the Q-values of that mode.
The crux in obtaining the Q-value of a resonant mode is the measure-
ment of the half power frequency bandwidth Afz which can be accompli-
shed by measuring the distance !;1, between two half power points in
the resonant trace of the selected mode and can be computed from

jt1
i\fz =1;M’1 (2)

where 2.2 is the distance of two consecutive resonant spikes in the
trace due to the single-ended cavity. For an improved accuracy it is
advised to move the center of Af. approximately coincident with the

1
center of Af,_.

The meisurement accuracy depends upon a number of factors, for
example, the swept frequency linearity, the scope linearity, the re-
solutions of !ll and iz,etc. Based upon the bodies of data we esti-
mate the accuracy to be about *3%. The accuracy can be greatly im-

proved with an automated computer controlled system.

111. Surface Resistances at Millimeter Wave Frequencies

In this section we present the measurement results for a group
of circular waveguide of various surface treatments.
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As is well known the attenuation constant o of a propagating
mode in an ideaily smooth wall copper waveguide is proportional to the
surface resistance Rso defined as

R = (U} (3)

where 0=5.8 x 107 mho/m, the d.c. conductivity of copper at 20°C and
U=y =47 x 1077 henry/m. Thus we write

o = AOL RSo (4)
where Aa is a constant depending upon the modal field configuration.
Similarly the unloaded quality factor of a waveguidecavityqo
is also proportional to Rso as

QO = AQ Rso 4
where AQ again depends upon the resonant mode. The above concept may
be extended to the practical waveguide by defining a gquantity called

effective surface resistance (Rs) in the following manner ( for

elf
simplicity of notation we use Rs instead of (RS)eff thereafter.)

a=A, R (6)
Q = A, R (7)

It is seen from (4) to (7) that. the ratio.RS/RSO is independent -of
the method of measurement. In this section we shall present the mea-
sured data, in most cases as Rs/Rso vs. frequencies.

In subsection 1 we discuss the normalized surface resistance
RS;RSO as a function of frequencies for cold drawn OFHC waveguide,
copper plated waveguide and silver plated waveguide. In subsection
2 we study the effects of the layer of chromium oxide grown on the
surface of the conducting wall.  In sﬁbsection 3 we examine the ef-

fects of the copper oxide layer grown on the conducting wall.
1. Effect Of The Surface Material

In studying the effect of the surface conductivity we started
with three groups of cold drawn Oxygen-Free-High-Conductivity (OFHC)
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circular copper waveguide, O0.5" in diameter, 2' in 1length. Each
group contains four of the above-mentioned waveguides. Those wave-
guides were first cleaned with sodium hydroxide and sodium cyanide
solution and measured electrically, thereby defining our baseline mea-
surements. After completing the baseline measurement, one group of
tubes were copper plated using the so-called alkaline cyanide bathe.
Another group was plated using proprietary acid copperbathe,"Udelyte
Bright Acid Copper" or simply UBAC. Still another group of tubes was
plated using an alkaline cyanide silver bath. The measured surface
resistance of those four types of waveguides normalized with respect
to Rso are shown in Fig., 3 as function of frequency. For the purpose

058 in the same chart where A is a

of comparison we plot 1+Ag(£/100)
parameter and f is the frequency in GHz. We notice that the copper
plated tubes have less surface resistance as compared with the cold

drawn OFHC copper waveguide.
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Fig. 3 Normolized surface resistances of cold drawn oxygen free high
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conductivity (OFHC) copper waveguide of circular cross-section,

12.7mm in diameter. RSO is the surface resistance calculated

from (3).

We believe that the lower surface resistance of the plated cop-
per compared to that of the cold drawn copper is due to the smaller
grain size and higher density of the lattice defects in the latter
iype surface.

Referring to Fig.3, it isnoted that the cyanide and UBAC cop-
per plated surfaces have comparable loss characteristics. The cyanide
copper has larger grain size but rougher surface characteristics com-
pared to UBAC copper. Therefore we feel that those two factors even
up and it gives rise the similar conducting ratuaRSﬂ%m.

One may also notice that the silver plated tubes have the lowest
RS/RSo ratio. This seems due to the higher intrinsic conductivity
of the silver furface (cAg/cCu=1.06). It is worth mentioning that
in order to prevent surface tarnish in the silver plated waveguide
a thin layer chromate was electrolytically introduced on top of the

silver surface.
It should be mentioned that the thickness of the plated layers,

either copper or silver, are less than 5x10'6m,(typica11y2—3um)one
may consider that the plated tubes have the similar grade of surface
roughness. Hence the effects of roughness in (6) and (7) areappro-
ximately unchanged due to the plating process. Further no foreign
layers are introduced to cover the conducting surface. Hence in Fi-
g. 3 the ordinance can also be considered as the measure of thecon-

ducting ratio.

2, Chromate Treatment

In this subsection and the subsequent one we will consider the
effects of a layer of foreign material grown on the conducting sur-
face, It functions as the protecting layer or as an agent for app-
lying the other dielectric layer to the conducting surface. We be-
gan with the chromate treatment.

As before we start with 0.5'" diameter, OFHC copper waveguide of
circular cross-section. Those tubes were cleaned as described in
subsection 3 and were chromated in three different processes:

(i) Thin layer electrolytic process: thickness of chromate is

o]
less than 100 A,
(ii) Thick layer, electrolytic process: thickness of the chro-

(0]
mate film is approximately 300 A.
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(iii) Chemical process.
The normalized surface resistances for tubes treated with the above-
mentioned three processes were obtained based upon the Q measurement
described in Section II. As in subsection 2 we plot these normalized
surface resistances as a function of frequency in Fig. 4. It is noted
that in the case of the thick and thin electrolytically deposited
chromate layers, the losses are approximately the same.
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Fig. 4 Normalized surface resistance R /R . where R is thesurface

resistance of an ideal smooth copper surface with §=5. 8x10

mho/m, waveguide diameter 12.7 mm.

0 Cold drawn oxygen free high conductivity copper waveguide
of circular cross-section coated with thin chromate layer.

X Same type of waveguides with thick chromate layer (appr.
300 %).

© Chemically chromated.

The chemically chromated tubes appear to have lower losses than
the electrolytically prepared samples at high frequencies. This re-
sult seems due to the experimental error since the chemically chro-
mated samples are believed to have the same characteristics of the
thin electrolytically chromated samples. In this part of experiment
only two samples were measured.

3. Copper Oxide Treatment
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Another method of surface treatment to be considered is to oxi-

dize the copper surface either electrically or chemically. surface

treatment of this kind has an unique loss characteristic which is of
interest by itself. To advance an investigation into that loss cha-
racteristic several sets of experiments were performed as described
below:

The first experiment involve three pieces of electroformed cop-
per waveguide 4.5 mm inner diameter and approximately 1" outside
diameter. Those waveguides were initially cleaned with sodium cyani-
de solution and were measured via the insertion loss technique to
establish the base line for the TEOl mode as shown in Fig. 5, curve
number 1. Those tubes were then oxidized by dipping them into a so-
lution bearing the trade name "Ebonol C", a proprietrary solution
designed to produce a black oxide layer on copper for decorative pur-
pose. A layer of copper oxide approximately 12 x 103 g in thickness
is grown over the copper surface. After we rinse the tube with
water and dry it in the oven of 100°C for 30 min we measured the in-
sertion loss as before. The results are plotted in Fig. 5,curve No.2,
We see a significant increase in loss. The oxide layer was then
stripped using a dilute HCl solution 5%. After rinsing with water
and drying, the electric losses were remeasured. To one's surprise
the loss, shown in Fig. 5 curve No. 3,is less than curve No.lin same
figure. This seems due to the fact that we stripped the top layer
containing crystal defects introduced in fabricating the electro-
formed waveguide [6].

These same waveguides were then oxidized to a different oxide
thickness. After we determined the electric losses,the oxide layer
was stripped and we remeasured the losses, Repeiting this process
a few more times, we found that the losses in stripped waveguides
were in one range and the losses in oxidized waveguides are in ano-
ther range as illustrated in Fig. 6. From Fig. 6 one may noticethat
the losses in oxidized waveguide are weakly dependent upon the thick-
ness of the oxide layer.

To extend the frequency band of observation we decide to excite.

TEll mode instead of TE01 mode in the electroformed circular wave-
guide since the cutoff frequencies of TE11 mcde and TE01 mode in a
4.5 mm inner diameter waveguide are 39 GHz and 81.2 GHz respectively.
The measurement results for the frequency range 50 to 80 GHz were

recorded in Fig. 7. As before the waveguides oxidized in the Ebo-
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nol C solution to forman oxide layer 6~7000 Xthick were considered.

To further extend our frequency range of observation we employed
18 pieces of copper plated steel tube with inner diameters of 13.22
mm, We measured the attenuation constant of 'I‘E01 mode via the in-
sertion loss technique in the frequency band 37 to 50 HGs. An oxide
layer was then introduced into these waveguide by the electrolytic

technique. The TEOl mode losses in those oxidized waveguide were

determined in the same frequency range. The losses of these samples
with and without the oxide laver are shown in Fig. 8.

2.3
[ ®\x,, Tubes oxidized in Ebono-c¢
RN " solu oxide thickness 10 ~

1 9k ~ 12 x10°A
£ e
B0 ol el
£ 17k ON &

. L ] Ao '-....‘\
=] @‘w \‘Q x“"--.
i E \.\ \‘-.. e X -~
g g 0Ty initialmeas results
g 1.5¢ S Put tube cleaned in NaCN
@ ~_ Solu,;No oxide layer

= \ ~ M""‘--...
= ) Oxide layer w“«.‘:‘. e T
v 13k stripped in Hcl solu. .
= "o~
g -
© 11k Theory calculated for
feu % smooth wall waveguide
= . o-=5.8X10"mho/m

0.9

1 | | 1 1

1 1 | |
92 94 96 98 100
trequency in GHz

Fig. 5 Attenuation of TEOl mode in circular waveguide, I1.D.=4,5mm.

Another method for measuring the losses is to employ the Q-set
described in section II. We selected a four oxidized 13.22 inner

bore copper plated steel tubes and inserted them in the Q-set and
measured the Q-value in the frequency range 90-98 GHz.before and af-
ter the tubes were oxidized. The Q-values of the results were shown
in Fig. 9. For stripping the oxide layer we have used an NaCN oxide
stripping system as well as an HC1 stripping system, and have found



The Journal of National Chiao Tung University, Vol. I, April 1976 81

no difference in electrical behavior 'of the stripped copper in either
case, thereby supporting our assumption that the morphology of the
underlying copper is not significantly modified by the HC1 stripping
system used in most of these studies.
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Fig. 6 Attenuation constant of TE01 mode in electroformed copper
waveguide of circular cross-section 4.5 mm I.D.
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Fig. 7 Attenuation constant of TE11 mode in 4.5mm I.D, electroformed
copper waveguide.
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IV. Concluding Remarks
In this section we attempt to draw some conclusions from the

earlier observations.
It is noted from Fig. 3 that one may obtain the empirical for-

mula

R/R,, = 1+A (£/100)% ,f in GHz (8)

for the waveguides of various surface materials as following
1) For cold drawn OFHC waveguide

A = 028, .82=0.5 (9)
(ii) For copper plated waveguide

A= 0,19, a=0.5 (10)
(iii) For silver plated waveguide

A= 0,17, a=0.5 CLL)

For cold drawn OFHC waveguide with a chromate coating the em-

pirical .formula reads as

€ 0.5
R /R, =1+ 0.21 (£/100)

o f in GHz (12"

As for the copper oxide system the situation is more compli-
cated. We are not able to obtain a simple empirical formula as (8)
and (12). But from Fig. 5 through Fig. 9 one clearly notice an ar o-
malous heat loss associated with copper oxide layer. That added
loss apparently depends weakly upon the copper oxide thickness. It
is noted that at 96 GHz the ratio RS/RSO obtained from Fig. 9 fof
waveguides with and without the oxide layer read as 1.44 and 1.25.
Hence the oxide layer is accounted for the approximately 20% gam of
added heat loss.
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Appendix

Derivation of (1)
Let the length of the single end cavity be L and is in.resonant
condition at a fequency fl we have
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2L Z _ g
2t 4 = (£,/2,)°. = n (A-1)

where fc be the cutoff frequency of the resonant mode.* n is the num-
ber of half wavelength. At a fequency slightly higher than fl the
cavity is again in resonant condition with the number of half wave-

lenghth increased by 1, i.e.,

2L 2 d;
= (1,+41)) /1-[fc;(fl+f_\f)] n+1 (A-2)

Subtracting (A-1) from (A-2) and after some algebraic manipulation
we have

A, = 2?1' /1 = geipe )t (A-3)

1
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Part Il. On the Anomalous Heat Loss in Waveguides with Copper Oxide
Layer at Millimeter Frequencies

ABSTRACT — Anomalous heat loss in waveguides with copper oxide

layer reported in Part I is further considered. Based on the obser—

vations made in Part I a model called variable conductivity model is

propered. According to that model the percentage increase of heat _
loss is propertional to the signal frequency,which is qualitatively

in line with the expérimental observatioms.

l. Introduction

In part I of this paper it is reported that a sizable amount
of an anomalous heat loss was observed in copper waveguide with copper
oxide layer, 0.6um to 1.2 pym in thicknesses. For example at 96 GHz
the added heat loss is about 20% of the loss in the same waveguide
with the copper oxide layer removed, irrespect to its thickness.
This unique loss characteristic seems warrant further studies. In
this paper we attempt to develope a theory for that anomalous heat
loss.

As is well known the copper oxides either cupric or cuprous
posses small conductivities, many order of magnitudes smaller than
the metals'. Together with the thickness of the copper oxide layer
mentioned above it becomes apparent that the copper oxide layer pro-
per can not contribute to the amount of the observed heat loss. On
the other hand it was reported in [1] that mechanical works could
introduce defects into the crystal structure of the metallic wall of
some waveguide cavities and in turn caused higher heat losses in those
cavities, The added loss can be removed by . removing the defect layer
Returning to the problem of the anomalous heat losses in copper wave-
guides with copper oxide layers we believe that the oxidation process
not only generate the copper oxide layer proper but also introduce
defects to the substrate copper in a region near the oxide layer pro-
per. The conductivity of that region is considered to be some what
smaller than the substrate copper but is in the same order of magni-
tude as the substrate copper. Preliminary computations based on bi-
metal system showed that a lower conductivity layer, a fraction of
skin depth thick can cause the amount of the added heat loss compa-
rable to the ,observed anomalous heat loss mentioned earlier. In sec-
tion II of this paper we further consider that the defect density
gradually diminishes with the depth of the substrate,i.e., the con-
ductivity increases with depth to the bulk value Op of the substrate
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copper. For convenience we shall refer this model as the variable
conductivity model. In section III we compare the calculated loss
characteristics with the experiments and draw the conclusions.

11. Variable conductivity model
In this section we model the gradually increasing conductivity
with the exponential function '

-z/z

o(z) = Ub[l—(l—(,csjcb)e o] (1)

for the transition region between the copper oxide proper and the
substrate copper. For convenience of analysis we consider an inter-
face which separates the transition region from the oxide layer pro-
per as shown in Fig. 1, O is the assumed conductivity at that plane,
%, }s the bulk conductivity of the copper substrate. We further con-
sider that o <<c,. Zo is a characteristic depth. It is noted from
Appendix I that the surface impedance at the interface of the vari-

able conductivity region is given by

mm :
Zg=-(1+3) ‘23-:— [Jge (-28) /33 (-28)] (2)
where | B =12 = jwuocb z, (3)

ngf—zﬁ)'is the Basse] junction of order 2EIand argument -2E. The
prime indicates the differentication of the Bessel function with res-
pect to the argument. For the case |120]<<1 one may employ the small
argument approximation for the Bessel function and arrives at

7 ¥y 2.2
zsa(1+j) EEE (1+TZQ-T 201 (4)
The surface resistance RS can be readily obtained from (4).
WY _ -
o 2
gs IEE; [1+2(wuocb)zo] . (5)

One notes that Rso defined in

,wuo
Reo = I35 (6)

is the surface resistance of an ideally smooth copper surface. Fur-
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ther we introduce the skin depth of the copper wall at a reference

frequency :EO

5o= v‘2/m0ucb

RS becomes
R_=R__ [1+2(z /6 )2(—)] <)
s so o' "o fo

In the subsequent section we shall compare (7) with the experimental

results,

111. Comparison with Experimental Results

In Fig. 6 through Fig. 9 of the part I of this paper the losses
of either T]E:01 mode or TE11 mode in copper waveguide of circular
cross-section with and without copper oxide layer are platted against
frequencies. In order to compare the percentage added losses due to
the presence of the copper oxide layer it isof interest to plot the
ratio of the losses in waveguides with and without the copper oxide
layer as a function of frequencies. To do so we drew the best fit
average curves for those figures and chose to consider at three dif-
ferent frequencies, the lower end, the middle and the lighter end of
the frequency range of a particular figure. The results are shown in
Fig. 2. 8Since (7) is obtained for the purpose of interpretation of
the added heat loss due to the oxidation of the copper surface, we
enter (7) in Fig. 2 with ZO/GO=0.33 for comparison. fo ol 1) is
taken to be 100 GHz and Go is the skin depth of an ideally smooth
copper surface at that frequency. Making use of the tabulated values
of the permeability and conductivity of copper it is noted that Goat
100 GHz is slightly larger than 0.2um. The characterisitic depth of
our model is 0.07um.
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Fig. 2 Comparison of the theory with measurement results
R52= Eff. surt. resistance of copper waveguide, circular cross-
section with copper oxide layer.
Rsl= Eff. surt. resistance of the same waveguide with oxide
layer removed.

It is interested to note from Fig. 2. that the exponent of the
empirical formal is 3/4 against unity as indicated in (7). Con-
sidering the ambiguous nature of the problem and the kind approxi-
mation we have made, we believe that our model is qualitatively in
line with the experimental observations.
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Appendix |. Surface Impedance of an Exponentially Varying Conductivity Substrate

1n reference to Fig. 1 we consider a plane wave incident from
the 2z<0 half space. For the half space z>0 the wave equation of the
electric field E, can be obtained from Maxwell's Equations [2] as

a’E '
?;1? o [1-(1-US/cb)e‘zf201Ex=o (1=15
=
where 12-= jwuoop (I-2)

In the text we indicated that GS is considered to be much smaller
than Ub’ the bulk conductivity of the substrate copper, hence (I-1)

reduces to

2
dE'x 2

—d—z— - T [1—8—2/20] Ex =0 (I_S)
Z

Making use of the substitution of variable
W= -Zzore"zfzzo (I-4)
the solution of (I-3) can be obtained as

£.C .4, (-2Tzoe‘zfzzo) (I-5)

The magnetic field is given by [2]

dEx
—quﬂy il m (1-6)
Substituting (I-5) in (I-6) ylelds

- _Ct _-z/2z 7 -z /2z b
Hy - Jow e o Jszo( 2rzoe o) (I-7)

The surface impedance at the interface is given by

Ll =—<.1+3)J——° T Ey (1-8)
T8 Hylz—o G or(-
where Es .z (1I-9)
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