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Power Loss Associated with Conducting and
Superconducting Rough Interfaces

Christopher L. HollowayMember, IEEEand Edward F. KuesteFellow, IEEE

Abstract—In recent work, a generalized impedance boundary
condition for two-dimensional conducting rough interfaces was
derived. In this study, the impedance boundary condition is ay
used to calculate the power loss associated with conducting P
rough interfaces. Results for two-dimensional conducting and fe——>]

superconducting roughness profiles are shown in this paper,
and comparisons to other results in the literature are given.
The importance of these roughness effects in microwave and
millimeter-wave integrated circuits is also discussed. Suggestions oB

are made to extend this study to three-dimensional random rough y @
interfaces.

Index Terms—mpedance boundary condition, power loss, (@)

rough surfaces, superconducting rough interface.

I. INTRODUCTION

HE standard procedure for manufacturing microwave and
millimeter-wave integrated circuits (MIMICs) involves a a

cycle of design analysis, production, and testing. This procedure a,,erﬁr T Y
is repeated until the circuit meets all designated specifications. \
As MIMICs become more and more complicated and expensive
to build, a need evolves to eliminate as many loops as possible in
this process. One important design concern is power loss associ- (b)
ated with the circuit, especially near its resonance frequencie®y. 1. (a) Geometry of a rough conducting interface. (b) Flat interface where

There are three basic types of loss in planar circuits: radiatid'ﬂ\e, equivalent boundary condition is applied to the effective field.
dielectric, and conductor loss. Radiation loss, such as excitation _ ) )
of surface wave modes along the dielectric substrate, is offjéreJ is the surface current density of a perfectly conducting
significant at discontinuities in planar circuits. This loss can &€, £; is the standard Leontovich surface impedance [3], [6],
lessened by reducing the substrate height, which decreasesi¢Zo is the characteristic impedance.
amplitudes and number of these modes. Dielectric loss has beehnis conventional approach is limited to situations where the
analyzed in the past [1]-[4], and in most MIMIC applicationg,_eontowch condition is valid. If_the thickness of th_e conduptor
this loss is small compared to the total loss. Thus, the domin&fcomes comparable to the skin defitthe Leontovich condi-
loss mechanism is the conductor loss, which is the emphasidigf Preaks down. Also, if the radius of curvature of the conduc-
this paper. torsis on the same order as (or smaller than) the skm depth, such

The conventional way to determine the conductor loss is & In the presence of sharp edges and corners, or if the conductor
use a perturbation approach. This method assumes that the fi§i4éace is rough, the Leontovich condition again fails. The pur-
of a line with small conductor loss are perturbed only slightlp0Se of this paper is to study the effects of surface roughness on
from the fields of the corresponding lossless line. The attend@SS mechanisms associated with planar circuits. The effects of

ay

tion caused by the conductor loss is then the shape of the conductor edges have been investigated sepa-
rately in [7] and [8]. Reference [7] also gives a generalized sur-
1 2 face impedance boundary condition for thin conductors.
e = WRS jé 1" di As the operating frequency of MIMICs is pushed higher and

higher, any type of surface blemish on the conductor can become
important. The effect of the surface roughness on the power loss
Manuscript received November 6, 1997. is explained by referring to Fig. 1(a). When the roughness di-
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roughness dimensions. In this case, the current and fields in the Il. POWERLOSS IN THECONDUCTOR
conductor are forced near the surface, and a larger fraction of th

total current “sees” the roughness, forcing the current to follog . i \vas used to derive the following GIBC for a two-di-

a different pat.h t_han_ when roughness is absent. Consequ_e énsional periodic interface between a dielectric and a highly
more power dissipation over that of the smooth conductor 'S&%nducting medium [see Fig. 1(a)]:

be expected.

These blemishes can arise from different sources. The firstis
the condition of the substrate. If the substrate is rough, then thgx E(r,) = jwplaztmeBe(rs) + @t B.(r,)]
conductor/substrate interface will itself be rough. There are ba- —pteyay X Vi Ey(r,) (1)
sically three different materials used for substrates in MIMIC
applications: PTFEZ < ¢. < 7), AlsO3 (¢, ~ 10) and . _
GaAs ¢, ~ 12.9). Each of these has different roughness fe§nerep is the period of the roughness and = a,z + a.z.

tures. PTFE and unpolished 0, have rms roughness dimen-1 "€ COefficients ¢ey, ., cun2) in this boundary condition
sions on the order of 0.3—16m [1], [9]. However, AbO; can  €@N be interpreted as normalized electric and magnetic polariz-

be polished to roughness dimensions on the order of Qo4 ability densities; they are give_n in _[;2] and \_Nill_be defined here
[10], [11]. GaAs is the smoothest of the three materials and c&h needed. The electric polarizability density, is a pure real
be polished optically smooth, with roughness on the order @f@ntity and, as will be shown below, does not contribute to the
50—100 A. power loss. On the other hand, the magnetic polarizability den-
Surface roughness can also originate from the way in whiHfi€s €mz anda.,..) are, in general, complex, and do contribute
the metal is deposited onto the substrate. On PTFE ap@Al 0 the power loss. _ _
substrates, copper is usually deposited by either a roIIed—copPelrt was demonstrated in [12] and [16] that the electromagnetic
or electrodepositing process. Rolled copper usually has_'%'d scattered from _a_rough periodic interface can be approx-
smoother metal/substrate and metal/air interface than tH&gted (at least sufficiently far from the rough surface) by ap-

which results from electrodepositing. For rolled copper, tHdYing the GIBC given in (1) to a certain effective smooth sur-
roughness dimensions are on the order of r for the face [as shown in Fig. 1(b)]. This equivalent boundary condi-

metal/substrate interface and on the order ofirh for the tion along with Maxwell's equations are all that is needed to
metal/air interface. Electrodepositing results in roughness §termine electromagnetic interaction with a rough interface if
mensions on the order of 0.5 and % for the two interfaces, the fine details of the field near the surface are not needed. The
respectively. For GaAs, substrate metal is usually deposite@Wer dissipated into the rough surface in Fig. 2 can be obtained
by either electroplating or evaporation. Since GaAs is usuaffy €valuating the following integral:
polished, the metal/substrate interface is optically smooth,
and the only roughness occurs at the metal/air interface. Here, 1 .
electroplating results in roughness dimensions on the order of P= _QRG [/ (Ex H") -an dS}
0.1-0.4um, while for evaporation, the metal/air interface is 1
optically smooth. = —5Re [/ H" - (a, X En) ds} .

The goal of this paper is to predict the additional power loss
dissipated in a conductor with a rough surface compared to that o ]
dissipated in the same conductor with a smooth boundary. Ode integration in (2) could be carried out along the actual
analysis relies on previous work that characterizes a rough sigughness profile, but since the dielectric region is lossless,
face by a generalized impedance boundary condition (GIB€Juld equally well be done over a plane surface located high
for the effective (or average) fields outside the conductor [1§N0ugh above the rough surface that only the effective field
It should be noted that other recent work has appeared in whitg-» the field which enters into (1)] is required, rather than the
a rough conducting surface is described by an impedaﬁé’éa! flgld,wh|ch also mcIude; fine variations near the surface.
boundary condition (see, e.g., [13]-[15]). While this latter worl this is done, the mtegral_ using only effective flelds can then
also allows the effect of the rough surface to be accounted ff rélocated to the effective smooth surface (i.e.,sthe: 0
without the need to find the fields in the conductor, it differ@/an€) where the GIBC in (1) is enforced. By substituting the
from the approach in [12] in that the surface impedance is@&BC into (2), the following is obtained:
function of position, varying on the same length scale as does
the rough surface. While this does allow for prediction of higher 1 9

<Iln[anw]/ |H.|* dS

fn previous work [12], the asymptotic technique of homog-

)

order Floquet modes and Bragg-type effects, it also means that £ = P latand 4

practical usage of the impedance condition will require very

fine spatial resolution of the fields in numerical solutions if the + Im[ov.] / |H.|? dS)

roughness scale is small. Our approach, on the other hand, is 1

limited to the case when the roughness dimensions are small + Zpaey,Re [/ H* . (a, x VE,) ds} (3)
compared to a wavelength and all other physical dimensions 2

of the structure, but also allows much simpler and cheaper
numerical solutions since the field does not have to be solvethereiq (= 1op-q) denotes the permeability of the dielectric
for in over-extreme detail. region above the conductor. Following a similar procedure to
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that used in [17], it can be shown that the last term in this ex-
pression is zero. Thus, the power dissipated into the rough in

terface is given by

a
Yy
P= %udwp <Iln[anw]/ |H,|? dS Ta":ay I

+ Im[amz]/ |H.|? dS)- 4)

For a smooth interface, the GIBC given in (1) can be shown
[12] to reduce to the standard Leontovich condition (indeed, we
think it rather remarkable that the Leontovich condition can be
viewed in terms of complex magnetic polarizability densities).

For a smooth interface, the magnetic polarizability densities aFriS. 2. Fictitiousy = 0 plane along the top of the roughness profiles.

[12]
j—1 .
Az = Qg = (J ) é fre (5) larl
2 P Hrd
wherep. (= popre) denotes the permeability of the conductor Bd
andé = /2/wpu.o. is the skin depth. By substituting this into
(4), the power dissipated into a smooth interface is given by the T ay, ay |
following:
1 6 pire 2 2
P, = —pqwp— |H: | dS+ | |H.|"dS ). (6)
2 2p pira an
Thus, the ratio of the power loss of a rough conductor to that of
the same conductor with a smooth surface is given by B
3
2 2
£ P e Im[ e / |Hx|* dS+Im[cem.] / |H.|* dS N Bc .
P, 6 fird / |H,|? dS+/ |H.|?> dS an an
(7
We will now separately consider the two possible polariza- 141,,

tions of the current flow.

. . Fig. 3. Periodic cell.
A. Power Loss Calculation for the Current Flowing Transverse

to the Rough Profil 1
o the Roughness Profile oo~ B

The polarization corresponding to current flow transverse to Hre
the roughness profile has onlyzacomponent of thed -field H.lop, =1 (10)

(we call this case aH-poIarized_V\{ave) in (7). This leads 10 theyneres B is the roughness profile boundary (see Fig. 1). Here,
following for the power loss ratio: ¢ is a scaled dimensionless space variable define§l Byr/p

P N 8 (see[12] and [16] for details) ardis the scaled wavenumber in

P, ~ s me:]. ®) the conducting region, which is expressed in termg/6f (see
In this analysis, itis assumed that. = ji,.4. In[12], itis shown [12] for details) as
thatco,,. i§ expressed in terms of dimensionless parameters by G=_j (1_,)2 . 1)
the following: 6

1 This is a straightforward boundary problem to solve numeri-
Oz = — [So + / B. dsf} . (9) cally. In[18] and [19], a variational expression ffy, 5. dS;
Hrd JB. is given by

The parametelS, is the area under the period cell (i.e., the 1

shaded area between the conductor surfaceyand reference
plane, as shown in Fig. 2), the integration is over the porBgn
of a period cell shown in Fig. 3, anfl, is a normalized peri- where

odic magnetic field in the conductor, which is governed by the s o
following eddy current problem: W= / (VeHT)™ dSe — G/ (HZ)” dSe (12)

(Vg + GYH. = 0in the conductor andHY is a “trial” function.

w
B, dS: =a,—
Hrd /BC ¢ G
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p/é
2.00 . ,
‘ Fig. 6. Grooves transverse to current flow withip = 0.5 andh/p equal to
1.90 _| | —— Finite-element (4=0.08) 0.25, 0.5, and 1.0.
1| —-— Finitedifference (4=0.02) |
R N . /’ Fig. 5 shows that ag/é = 0 (the skin depth is large com-
170 | - pared to the roughness dimensions), the r&ji&, = 1. This
. is expected based on our above discussion. On the other hand,
160 — asp/6 gets large, the currents are forced to follow the top of the
2° 150 roughness profile. The power loss ratio appears in all methods to
T i approach an asymptotic value in this small skin depth limit. For
1.40 —| this polarization, the asymptote is simply the relative increase
. in path length that the current must follow due to the roughness
190 profile. For a rectangular profile with/p = 0.5, the asymptote
120 _| iS two.
4 One important aspect of this paper is to determine which of
1.10 — the roughness characteristics contributes most to the power loss:
100 ] zZ the height, the width, or a combination of both. Fig. 6 shows
' Tttt results forw/p = 0.5 and three different values &f/p: 0.25,

000 10 200 300 ‘;,05 500 600 700 800 0.5, and 1.0, respectively. Each of these curves approaches a dif-

ferent asymptote for the small skin depth limit. Fglp equal to
0.25, 0.5, and 1.0, the asymptotes appear to be 1.5, 2.0, and 3.0,
respectively, as expected from the ratios of the path lengths on
the rough surface to that of the smooth surface. Fig. 7 shows re-

In [18] and [19], the implementation of the finite-elemensults forh/p = 0.5 andw /p equal to 0.25, 0.5, and 0.75. Again,
method to determine the value & for arbitrarily shaped as expected, all three curves approach the asymptote expected
roughness profiles is described. We have used this finite-efesm the added path length in the small skin depth limit. Even
ment code to analyze a rectangular roughness profile for varidheugh these three curves all approach the same asymptote, at
h/p andw/p ratios (see Fig. 4). Fig. 5 shows the results foany givenp/é, a profile with a larger top section has a larger
h/p = 0.5 andw/p = 0.5. Morgan, in his classic paper [20],l0ss. This seems to suggest that a major factor in determining
analyzed this same polarization and geometry by the finite-djjower loss is the shape of the uppermost part of the roughness.
ference method and the results are also shown in Fig. 5. The
two set; of results are seen to be in f_a|r agreement. A :?‘lmpEr Power Loss Calculation for the Current Flowing Parallel to
alternative to the variational formulation fqu B. dSg is the Rouah Profil

. . L . _ ghness Profile

to solve for the fields with a finite-difference scheme. This is
expected to be less accurate since itis not based on a variation@{n E-polarized wave (with théf-field polarized in thes-di-
formulation, but it is easier to implement. Results based orréction) has a power loss ratio of
finite-difference code are also shown in Fig. 5. It is seen that
these results are comparable to the finite-element results, but P D
required a grid size four times as small. P 251““[0‘"”0] (13)

Fig. 5. Grooves transverse to current flow fofp = 0.5 andw/p = 0.5.
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2.00 ([18] and [19]) that the these vector potentials are governed by
o] [~ -~ ne-050 wp=075 the following equations:
q | = Wp=0.50, wp=0.50 ViAq = 0 = defined in the dielectric
180 - | —--— Wp=050, wip=0.25 - ) ) )
] (Vi + G)A. = 0 = defined in the conductor ~ (19)
1.70
] whered is defined in (11). The boundary conditions for these
1.60 — potentials are
%o 150_— Ac_Ad:VE&/L’)BS
1'40_— an-VfAc—an 'V&Ad IDEan -ay|aBS. (20)
130 ] A variational expression faf is given by [18], [19]
120 ] I=W (21)
10 ] where
1.00 | l/ | T l T l T I T I T | T | T W = / (ngtr)Q dS& - kQG/ (AZT)Q de

0.00 100 200 300 400 500 600 700 800
pi3 / (A% + AF)D dl,

Fig. 7. Grooves transverse to current flow witfip = 0.5 andw/p equal to
0.25, 0.5, and 0.75.

an VfAt +a, - vatr)V dl&
where again it is assumed that. = 4. In [12], it is shown
thata,,.. is defined in terms of dimensionless parameters by the

/ (A% — A%)a,, - VAP di;

following: (AT — A)an - Ve A dl, (22)
O = —[So + I] (14) WhereD andV are defined in (20).
References [18] and [19] also describe the use of finite ele-
where ments to numerically determine the valué®ffor an arbitrarily
1 shaped roughness profile. The resulting code was used to ana-
1= i </B B, dS¢ +/B B ng) (15) lyze arectangular profile for different/p andw/p ratios. Fig. 8
T 4 e

shows results fok /p = 0.5 andw/p = 0.5. Asp/é approaches

The paramete$, is as before, and the integration is over the pezero, the power loss ratio approaches one, as expected. The ratio
riod cell in both the conductor and dielectric (shown in Fig. 3exhibits a sort of resonance behavior with a peak/ét = 4

B, is anormalized periodic magnetic field, and for this polarizand a broad valley ai/§ = 8. From this minimum out to the

tion is thex-component of the field governed by the followingvery small skin depth limit, the loss appears to approach some
eddy current problem: asymptotic limit. Unlike for the other polarization, Morgan did
not present numerical results for this case, but by using a stan-

Ve -Ba=0= &€ By dard wall loss perturbation procedure, he was able to determine

VexHy=0=¢€ By a high-frequency asymptote. For this geometry Morgan’s cal-
(vg +H. =0= ¢ € B. (16) culated asymptote is 1.36. The numerical results presented here
appear to approach that value.
with constitutive equations As with the other polarization, it is important to determine

which of the roughness characteristics contributes most to the
By = praMa = £ € By - P
power loss. Fig. 9 shows results fat/p = 0.5 andi/p equal
B, = prcHe = € € Be (17) to 0.25, 0.5, and 1.0. Even for/§ = 16, it is not yet clear
what the asymptotic values of the power ratio will be, but they
will clearly not differ greatly from each other in the three cases
X (Hylecon, — Helecop,) = —an X a, examined here. Fig. 10 shows results figp = 0.5 andw/p
(18) equal to 0.25, 0.5, and 0.75. Each curve now appears to be ap-
proaching a different asymptote in the small skin depth limit:
where the subscripté and ¢ indicate the dielectric and con-for w/p = 0.75, this asymptote is less than 1.2, while for
ductor regions, respectively. w/p = 0.5 and0.25, its value is significantly larger. When
In this polarization, the fields in both the dielectric and conw/p is large, the fields do not penetrate very deeply into the
ductor are needed to determing,,. and, as a result, this is atrough because they must do so essentially as TM modes of the
more complicated boundary problem to solve than in the othgarallel-plate waveguide formed by the vertical walls, and these
polarization. Especially for numerical purposes, it is more comodes are cutoff. As /p gets smaller, the fields penetrate more
venient to solve for the potential. and A,. It can be shown deeply into the trough, “seeing” more lossy wall surface and,

and boundary conditions

Aap - (lgd|f€()BS - Bc|fEDBS) = —HrdQn - Az
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Fig. 8. Grooves parallel to current flow fér/p = 0.5 andw/p = 0.5. ) .
Fig. 10. Grooves parallel to current flow wittyp = 0.5 andw/p equal to

0.25, 0.5, and 0.75.

1.60
sented. There has been some work in the past on the subject of
1 - - - hp=1.00, wip=0.50 roughness effects in superconducting materials [21]-[24]. The
1.50 — H/p=0.50, wip=0.50 theory presented in this paper is general enough to handle both
| —-—  Wp=0.25, wip=0.50 standard conductors as well as superconductors, thus, a com-

parison will be made to the results in the literature for supercon-
ducting materials. Only the case when the roughness troughs are
parallel to the current flow will be considered in detail here.

A superconductor can be characterized similarly to a standard
conductor by replacing the original conductivitypy a complex
conductivity, which results in a complex skin depth [25]-[27]
given by

PP,

oo = — (23)
62

1 R
t e

000 200 400 600 %/Og 1000 1200 1400 1600  whereé is the skin depth for a standard conductor arid the
London superconductor penetration depgth.is dominated by
Fig. 9. Grooves paralel to current flow witn/p — 0.5 andh /p equal to the smaller of the two quantitigsand \. For the standard con-
0.25. 0.5, and 1.0. - ductor,A — oo andé,. = 6.
To solve fore,,, for a rough superconducting surface, the
o N fields in the superconductor must be found, which requires the
thus, resulting in greater loss. In addition, the smaligp be-  scaled wavenumber for a superconductor. This quantity is ob-
comes, the more pronounced the resonance behavior becogfsed by replacing the standard conductor skin depth in (11) by
This may be due to the partial reflection of a TM waveguidge superconductor skin depth given in (23), which gives
mode from the bottom wall of the trough region. In any case,
r\° o (P\? &
5Sc> = -i2(§) {1 * 2j)\2} - (@4

it appears that, for this polarization, the width of the roughness
has a greater effect on the power loss than does the height. G= —j2 <

The magnetic polarizability density for a smooth supercon-
ductor is found either by obtaining thé-field in a smooth su-

perconductor (see [25]-[27] for details) and then evaluating the
In this section, the additional power loss at a rough supercantegral in (15) or by simply replacing the standard conductor
ductor for the currents flowing parallel to the roughness is prekin depthin (5) by the superconductor skin depth givenin (23).

I1Il. POWER LOSSCALCULATIONS FOR A TWO-DIMENSIONAL
ROUGH SUPERCONDUCTOR
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Either approach gives the following for the magnetic polariz 150
ability densities for a smooth superconductor: .
145 —|
_ _ (1 - 1) 6 1 7 ——— Thispaper
Mz = OUmgp = 2 5 62 M (25) 140 —: - - - Mende and Spitsyn [23]
14+ —— —
+ 22 135

In the limit of a standard conductoi (— o), this expression o -
reducesto (5). The power loss ratio fofpolarized fieldsisthen & 125

P P Im[c]

— ~ 2= , . 26 a
P, 6 = (26) 115 |
Im & a
Mo 110
-, | | 05 ]
In the limit of a standard conductoi (— o), this expression J
reduces to (13). 1.00 — T T T T T
For good superconductor§,> A and the power loss ratio 0.00 1.00 2.00 300 4.00 5.00 6.00
becomes P/
P p §2 Fig. 11. Loss calculation for a superconducting interfacedfpp = 0.5 and
FO ~ X <ﬁ) IIn[amm]. (27) h/p = 0.5.

two unknown constants can be obtained. By applying the stan-

Results for a rectangular superconducting surface iyith= . .
0.5 andw/p = 0.5 with 5 = 10X are shown in Fig. 11. This dard Rayleigh—Ritz prqcedure, the unknown constéhitand
Cﬁscan then be determined from

case was treated by Mende and Spitsyn [24], and these restu

are also shown in Fig. 11. As seen by the curves, the two results ow -0
agree well with one another. 9Cy
oW 0
IV. APPROXIMATIONS OF THEPOWER LOSS 9C>

. . . This results in the following expression f@r for a rectangular
In the previous three sections, we showed that numerical re- .. . - ..
L . o Proflle with w/p = 0.5 andh/p = 0.25:
sults based on a variational formulation used in this paper agree
well with other published data. We will next attempt to obtain 1 etoh
. . . : W=—-|—4+h———]|. (29)
simple analytical expressions for the power loss by making rel- r, (14 eTol)

atively crude approximations for the fields in the variational % he first term is the flat surface value &F (what W would
pressio_n; fofV. This _approach v_vould e_Iiminate t_he need fOBe for a smooth interface), and the second term is a correc-
dete_rmm_lngW numgrlcally. In this section, t_WO _dn‘f(_ergnt_ aP-tion. Fig. 12 shows the results using (29) to determine the power
prOX|_rnat|ons to the fields are used to determine if this is mde? s ratio. Also plotted in this figure are numerical results. For
pOSSIblle. . , L . ﬁ/& < 2, this approximation shows fairly good agreement.
In this section, we consider only the polarization for Wh'CHowever, for larger values gf/s, the approximation signifi-
the grooves are parallel to the current flow. In this case, it Z:Santly overshoots the numerical results
more conve_nleqt to work with the potentlak; ar_1d Ad. The . The second approximation (which we will refer to as RR) is
first approxmatlon_assumes that the potentials in the dlelectﬂgsed on the Rayleigh-Rice perturbation procedure [28], [29].
and conductor region are nearly those for the case of a plaurlk?lre basic idea is to assume that the slope, or the haigitthe

interface..These are co_nstant in t_he dielectric region, and eXh%Eghness is small, such that the potentials in both regions can
the following exponential decay in the conductor: be expanded in a series in increasing powers a$

AT = Ae ~ A5+ hAL 4+ O(h?)
AP = CyeTov (28) Ag ~ AG+ hAL + O(h?).

Substituting these into (19) and (20), and grouping like powers

where of h, we obtain

—QnY

r, = jVa. e
an + Ty

1 o>
A= ¢ o hCo Y
These expressions for the potentials can be substituted into (22), =t
and the resulting integrals evaluated over the actual roughness . { Fon €08(n ) + fon Sin(ana:)} (30)
profile. Once this is done, an expression fgrin terms of the
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Fig. 12. Approximation for the power loss for a rectangular profiledfgp =
0.5 andh/p = 0.25.

and
—Toy g —Tny
tr __ c _ c
. {fcn cos(n) + fsn sin(ana:)} (31)
where

o, =2mn [y =4/a2 + 12
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V. DiscussiON ANDCONCLUSION

In this paper, we use a previously derived impedance-type
boundary condition to analyze the effects of surface roughness
on the power loss in MIMICs. We have shown that the results in
this paper correlate very well with other published results.

The purpose of this paper was to determine whether surface
roughness will significantly affect the power loss associated
with planar circuits. We have shown that, as the roughness di-
mensions get large compared to the skin depth, there are indeed
noticeable roughness effects. Thus, the practical question to ask
is: What are typical values far/é associated with MIMICs?
Most MIMICs are currently fabricated on GaAs; in Section I,
we showed that common roughness dimensions on quality ma-
terials are on the order of 100 A. With present technology, one
cannot expect MIMIC circuits to operate at frequencies much
higher than a few hundred gigahertz, sfy.. = 200 GHz.
Therefore, one should expect the ratjg/6),,.x to be on the
order of 0.05. In the analysis of the two-dimensional periodic
roughness, we showed that, fofé in this range, negligible ad-
ditional power loss results.

Typical surface roughness cannot in reality be represented
accurately by two-dimensional periodic profiles, but are instead
more likely to have three-dimensional random profiles. For
the very smallp/é ratio, which is usually seen on GaAs
substrates, there is no physical reason to expect that the more
general random profiles will exhibit drastically differeRy P,
behavior from that of the two-dimensional periodic surfaces.
As a result, we conclude that for MIMICs fabricated on most
commercial available GaAs substrates, surface roughness effects
are negligible and, for the most part, can be ignored.

Although the above roughness dimensions for GaAs are the
general rule, exceptions do exist. Mickelson [32] has shown that
on some very thin commercially available GaAs wafers, the
roughness parametgré can be on the order of 1-6, and he

The expressions fa#, and A4 given in (30) and (31) are now has observed loss increases in this material compared to other

used as trial functions in the expression &t given in (22).

GaAs wafers. It is believed that these large roughness dimen-

The unknown constants; andC, are again determined by thesions were the result of the polishing process for certain less
Rayleigh—Ritz procedure. We wish to emphasize that our “RRXpensive GaAs wafers.

method isnotthe same as the classic Rayleigh—Rice technique,The situation is quite different if circuits are fabricated
but merely uses the fields of the latter as trial fields in a vari@n PTFE and AIOs. For these kinds of substrates and the

tional expression.

metallization procedures used with them, roughness dimensions

The resulting value fof¥ in the RR method is rather in- are expected to be on the order ofih. At typical microwave

volved and is not given here. However, resultsdgfp = 0.5

and millimeter-wave frequencies, this corresponds tp/é&

andh/p = 0.25 are shown in Fig. 12. Whep/§ < 1.5, our Valueranging from 1to 6. From our analysis of two-dimensional
two approximations are essentially the same. For larger valliegghness, we see that under such conditions, the additional
of p/é, the RR approximation tries to correct for the overshogower loss resulting from a rough interface can be significant.
seen in the flat surface approximation. However, the RR pro-At these relatively large values of ¢, the additional power
cedure eventually overcorrects and produces values much less associated with a randomly rough surface is also expected
than the numerical results. to be significant. However, quantitative predictions of this loss
Forp/é < 2, both of these approaches give good results, beannot be made from our analysis of the two-dimensional
forp/é > 2.5, even the RR procedure fails. The problem witprofiles. The random profiles will have different contributions
the RR approximation is that the slope is not small for a redrom the different possible polarizations of the incident fields.
angular profile; rather, the slope is, in places, infinite. A bettdrherefore, for planar circuits fabricated on PTFE and@y,
trial field would be needed to achieve more accurate results. Foture work is needed to handle these more realistic random
profiles that are not so steep (say, sawtoothed or sinusoidal) slugfaces.
RR approximation may indeed be a viable alternative, and thisRandom roughness profiles can be analyzed in different ways.
will be the topic of future research. The first is based on the periodic analysis performed in [12].
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Even though the true surface is randomly rough, there will be[s]
no major variation of the roughness along the surface. That is to
say, for most processes, the roughness will have an rms height,
and the peaks and valleys of the roughness will be on the samgs]
order along the whole surface and will be local to the rms height.m
Therefore, for a random surface, one could choose a small por*
tion of the surface that is typical of the total surface profile
and then assume that the surface is periodic with the profiled®
of one period being that of the small portion chosen. With this
guasi-periodic surface, the procedure shown in [12] can be usedg]
The width of this quasi-periodic surface needs to be small com-
T . : 10]
pared to a wavelength and other circuit dimensions, as dlscussb(%
in [16]. [12]

Another approach involves analyzing the random roughness
directly. The first approach is based on the Rayleigh—Rice
technique. Research by Sanderson [28] shows that th&3]
Rayleigh—Rice perturbation technique gives good results for
periodic surface roughness whose slopes are small to moderajgy
Sanderson [28] and Rytost al. [33] speculate that this may
also be true for random or nonperiodic roughness. Itis beIieveﬁS]
then, that the Rayleigh—Rice theory could be used to obtai
an impedance boundary condition for such random roughnes$ss]
profiles.

A third approach would be based on the work by Biot [30],[17]
[31], Twersky [34], and Wait [35]. This technique involves re-
placing a typical roughness “bump” (or boss) by the induced*®!
dipole electric moment caused by an incident field onto the boss19
By summing over all the induced dipoles caused by randomly
shaped bosses at random intervals, it may be possible to deter-
mine an effective impedance boundary condition for the rangq)
domly rough profile.

However, no matter what technique is used to treat the caéczal]
of random roughness, we must first extend the solution to
handle the three-dimensional problem. Most importantly, @22l
general three-dimensional periodic eddy current solver must
be developed before we can hope to tackle random roughnegs]
profiles.

The results in this paper were obtained using a previously dé?‘”
rived impedance boundary condition [12]. This boundary con425]
dition is such that it can be implemented into numerical codeg26
to analyze roughness effects. A similar surface impedance ob- ]
tained for edge shape effects has been implemented in a mp7]
ment-method code [6]. In closing, the research presented hefzes
is general enough to allow the analysis of conductors with mul* ]
tiple-metallization layers (commonly found in MIMIC circuits).

This will be the topic of a future paper. [29]

[30]
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