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Power Dissipation in Reverberation Chamber
Metallic Surfaces Based on Ferrous Materials

Andrea CozzaSenior Member, IEEEFlorian Monsef Member, IEEE

Abstract—Models predicting the composite quality factor (QF) of reasons could explain disagreements between theory and
of a reverberation chamber (RC) consider, among several peh-  experimental results, it is important to notice that thevabo
tial contributors, dissipation in its metallic boundaries. The re- mentioned theoretical models require an accurate knowledg

lated partial quality factor, Q.,, is of fundamental importance, as f t h lectrical ductivit d fi
it controls the asymptotic high-frequency behavior of an RCand, Of parameters such as electrical conductivity and magnetic

ultimately, its ability to generate high-intensity fields. Yet, the Permeability of the metals involved. In practice, thesenjisa
current model has been known to overestimate in certain case ties are not easily accessible, and the values actually fesed

the composite QF by up to several dB. This paper provides inght  theoretical models are at best educated guesses, not aigess

into the causes of these disagreements by introducing geradized ; ; ; :
models of dissipation in ferrous materials found in RCs, by fist ﬁ;ﬁgﬁﬁ:d by experimental evidence or results availablaen

acknowledging that their magnetic permeabilities are comfex . . .
quantities, which is shown to theoretically boost dissipaon well This paper endeavours to show that these discrepancies
beyond the GHz range. A more general dissipation model is have two causes. First, we discuss what appears to be a

presented, taking into account the layered nature of steellptes. misconception about the high-frequency magnetic behavior
Among its predictions, confirmed by experiments, are extradsses of ferrous materials, which has sometimes been assumed

from steel surfaces in the lower frequency range and the lirer o . . .
increase in Q., over the GHz range, as opposed to a square- within the EMC community to be negligible at microwave

root dependence expected for homogeneous bulk metals. Méia  frequencies. Second, we argue about the fundamental role
coating layers, originally introduced to protect steel pldes, have played by metal coatings, mostly used for galvanic prooecti

therefore a more fundamental role to play, controlling disspation  of steel and iron plates. The resulting layered structutesie
levels by reducing interactions with ferrous materials andshould shown to have an effective response very different fromeeith
therefore be designed accordingly. metal when considered in bulk form
I ndex _Terms—Rev_erberation _c_hamber, quality factor, metallic The paper starts with a concise survey of the properties
boundaries, magnetic permeability. of ferrous conductors, presented in Sec. Il, in order to chvoi
unrealistic assumptions and serve as a basis for the definiti
|. INTRODUCTION of a realistic model and the interpretation of experimental

) ) results. In particular, the fundamental contribution cfiséve
T HEORETICAL models of average composite quality facmagnetic permeability at microwave frequencies, intradbic
tor (QF) in reverberation chambers (RCs) explain overgl{ sec. i1, appears to be unacknowledged in the context of
energy loss by breaking it down into individual contribu®0 eyerperation chambers. As a consequence, Sec. IV extends
[1]. For an unloaded RC, these basically amount to powg{e cyrrent dissipation model for metallic surfaces in otde
losses through antennas and Joule dissipation in metalic-s gescribe more realistically dissipation mechanisms. Give
tures, mostly coming as plates making up an RC boundarigg,tical impossibility of predicting the physical parasrs
e.g., walls. Theory predicts that wall losses dominate thg steel plates, Sec. V introduces an estimator of the appare
QF in the higher frequency range, imposing an asymptofignqyctivity of metallic surfaces in an RC, based on its com-
behavior expected to scale as the square root of the freﬂ-ue'b“osite QF. Sec. VI shows how this information, jointly with
The main features of the QF predicted by theory are indeggh proposed layered model, yields effective thicknessseo
broadly supported by experimental results, but non-nédég etallic coating that are consistent with common manufactu
disagreements have been reported in the past, e.g., [LIo[2] jng choices. Predicted effects, such as the linear eveiufo
ferrous_struetures. Steel is indeeq a typical choice folding _ the QF and higher-than-expected losses in the lower frezyuen
RCs, since it has good mechanical properties and_relatlvegﬁge are supported by experiments and results availathe in
low costs, compared to conductors such as aluminum afdratyre, reported in Sec. VII. Finally, Sec. VIl disces
copper, which are better conductors and have a negligifjgy the proposed model can be applied in designing optimal
magnetic behavior, but are handicapped by a relatively Igyetalic coatings that would reduce interactions with back
Young modulus (i.e., stiffness) and higher costs. ground ferromagnetic materials (e.g., steel plates)mesiig
Observations available in the literature basically pomt the minimum thickness for non-magnetic metallic coatings,
two issues: an overestimation of the QF when using typicgl order to still benefit from the mechanical properties of
conductivity values for wall metals and disagreements Heel plates while avoiding their excessive losses, ratiam
the frequency dependence of the QF [3]. While a numbgpjrely switching to more expensive, and mechanicallg les
A. Cozza and F. Monsef are with PIEM, GeePs (UMR 8507)eﬁecnve' metals Suc.h as alumlrjum. . :
11 ‘rue Joliot-Curie,l 91192 Gif-sur-Yvette, Férance. Contag-mail: ' The main conclusion from this StUdy is that steel coatings
andr ea. cozza@ eee. or g. need to be chosen carefully, not just as anti-corrosioreprot



tions, but mainly as they act by attenuating the ferromagnetlisplaying relative magnetic permeabilitigs. well above
behavior (and losses) of steel plates, while also providingity. Data are widely available for DC and very low frequen-
potentially better conductive surfaces where dissipatian cies, typically well below the kHz range. Ferromagneticaro
be lowered with respect to the case of steel, which showddties are of interest in EMC for shielding at low frequescie
only have a mechanical/ structural role in an RC. [7], [8]. Most reference books dealing with EMC shielding
In the rest of this paper dependence from the frequeniake the position of focusing on using steel for shielding at
variable v is mostly explicit, but may be omitted for thelow frequencies, where its high permeability allows a steep
sake of brevity. More importantly, all derivations are lhsereduction of the skin depth and therefore to reduce a shigldi
on the usual assumption of diffusive energy propagatiotickness. This is no longer an issue as frequencies reach
which therefore requires due care in the interpretation tife RF region, with skin depths well below a millimeter.

experimental results. Surprisingly, most EMC books neither cite references degali
with direct measurements [7]-[13] nor provide the freqyenc
[I. AN OVERVIEW OF STEEL PLATES at which the suggested value applies; [14] alone insists on

This section presents a short survey of information that ¥ extreme variability of steel properties. Moreover, st i
a direct impact on the way steel plates reflect and dissipa@© often postulated that a swift reduction in ferromaignet
electromagnetic energy. Results from the literature emjpig  fesponses takes place at higher frequencies, often sthtig
strong dissipation at microwave frequencies in ferrous-met- = 1 in proximity of the GHz region. As discussed below,
als are summarized, seemingly not well-known to the EMtis assumption is only correct for the real part jof, but
community, contradicting simplistic assumptions abowsth neglects the fundamental role of its imaginary part.
complex materials. The current unavailability of thearati ~AS most RCs are made of steel, the problem of knowing
models explaining dispersion in ferromagnetic behavior What value of permeability should be used appears when
discussed. Together with the high variability in the chtemc dealing with predicting their QF [15, Sec. 3.1.1]. The connmo
istics of iron alloys, these results suggest an imposgibif ~assumption ofu,. ~ 1 is also uniformly applied, to the best
accurately predicting power losses in steel plates. Furthee, Of our knowledge. A few exceptions exist [7, p. 264], [14, p.
the solutions currently used to passivate the surface ofdsr 914], where much higher values, e/g. ~ 50 at 1 GHz, are

metals are briefly summarized, adding further uncertaiaty feported. It seems reasonable to conjecture that the irgtecu
their electromagnetic response. reporting of the high-frequency magnetic behavior of steel

came about by the reduced need for high permeabilities in
A. Steel composition shieldings e_lbove the MHz range [6_]. _
Th q | stakenlv b K torri In fact, literature reports experimental data proving that
e wordsteelcan mistakenly be taken as referring to Ef’erromagnetism is not only still observable in the microeav

family of m_aterials with similar compos_ition and propestie ange, but is actually remarkably high at much higher fre-
The opposite rather holds, as there exist hundreds of typoé}lencies. The study of the magnetic response of steel was a

gies of steel, mainly depending on the mechanical progerti ajor issue in the 30’s and 40’s in the twentieth centuryhas t

_requw((jad fc_>r a gllven appllcztlofn_ [4, In;oNlote 1'_8]' W::leém?t nascent waveguide research community focused on preglictin
Is predominantly composed of iron, the latter Is too dudnle dissipation losses in ferrous waveguides. Of interest foriQ

be .used in most applications. Al ferrou$ materials_ areyalloRCS’ [16] presented an example of underestimated attemuati
of iron and other elements, the most important is arguab e to neglecting permeability and surface roughness. A

carbon, fc_>rm|ng. the_baS|s for all steels. An important POINLgistive (defined below) relative permeability of 250 isaal
for later discussions is to acknowledge the fact that veralbmthere reported for mild steel at 10 GHz, as derived in previou

variations in the fraction of carbon can lead to significa%Ork and is argued to be likely underestimated. The approach

modifications in the mechanical properties of a steel class, qinijar to the one adopted in the present paper, i.e., to
making it pass from a formable material for carbon fraCtior@stima‘te permeability from power attenuation, which wasnth

0 . . . L
below 0.3 %, to a hardly machinable material for a “ttl% ued to have good accuracy. [17] extended these results to

. L .ar
more than 0.6 %. This should not be dismissed as havi ggGHz and showed amplitudes of resistive up to 84 for
only an impact on steel's mechanical properties, since ta‘ﬁld steel

presence of carbon_ atoms dire_ctly impacts the crystat;katti A fundamental issue throughout this paper is the complex
i(:':ccflfjier:’ tzresct?rzl:?:\g?:}c;l:gg/?tmgr? darigrﬁgggtlezrmigé nature ofu, = u!. — ju!/, a counterintuitive idea first sug-
summar?zed in [5]. Other aIonyeIementsgare algo includid, | gested by W. Arkad|ew In 1926. Experimental eyldence of the

. . . ' soundness of this description was presented in a number of
Ch“’”_““”_" silicon, etc. leading t‘? a large spectrum of fesi papers where ferromagnetic effects were observed botheon th
combinations. As a result, m_aterlals Iabelleds_teelmay have resistance of inductors containing samples of ferrous risdde
any Of a number.of properties, hardly predictable, unless s their core, as well as in their self-inductance; see [a0&f
specific typology is known from the start [6]. concise explanation and an overview of previously pubtishe

) . results. Two values of relative permeability were therefor
B. Magnetic permeability estimated, referred to gsr and ur. The existence of two
Steel’s ability to respond with strong magnetization levedifferent coefficients was later proven to be consistent wie

when submitted to magnetic fields is know as ferromagnetisidea of a complex permeability, withr quantifying magnetic



10001 in the superficial regions of a ferromagnetic material [20],
together with relaxation models analogous to the Debye inode
for dielectric materials, as done by Becker. This latter edod
was shown in [18], [22] not to reproduce the actual frequency
evolution of i, which was found to be slower than predicted.
More accurate models were presented later, e.g., accguntin
for inter-domain friction, but were not considered comelgt
satisfying. [23] concluded about the lack of accurate quan-
titative models for magnetic losses, in spite of the clear
15001 ®) understanding of the physical mechanisms involved.

This brief overview is intended to make it clear that no
simple model can predict the frequency evolution of perme-
ability in steels, since it is not only affected by their chieah
composition, but also by the kind of metallurgical and tharm
processes they undergo, such as annealing and tempenmg; ho
the raw material is drawn, hot or cold, and so on, has an
impact, too. All these processes have a direct impact on the
distribution of magnetic domains. The only constant is et f
that|u,-| > 1 well above 10 GHz, a property exploited in Sec.
IV in order to derive a simple model not requiring a precise

eIf’nowledge of steel's permeability.
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Fig. 1: Complex relative magnetic permeability.(»/) for :
(a) bright iron and (b) medium-carbon steel, or mild ste
elaborated from data reported by R. Millership et al. in [18]
and interpolated with cubic functions. C. Electrical conductivity
The typical values found in the literature for the electrica
conductivity of steels range from 1.6 MS/m for alloy steels,

losses, hence its being referred to as resistive permiabifie in particular stginless steel, up to 6 MS/m for cast steel.
of the most detailed experimental studies of high-frequent/@lués exceeding 10 MS/m have been reported for purer
permeability in irons and steels can be found in [18], togethforms of iron. These values refer to bulk forms and are
with conversion formulae betweefyg, i} and {u., 1’} typu_:ally o_btamed at DC. Results at hlg_her frequency_, in
Results in Fig. 1 are obtained from data there reported aR@rticular in the microwave range are available but reqaire
show that indeed.. has a sharp transition to lower valuesareful interpretation, since the contributions of finikectrical
around 1 GHz bu? it is still well above unity. At the samé&onductivity and ferromagnetic behavior cannot be measure
time, 12/’ takes a dominant role, with very high values reportezgParately [17], [24], thus requiring assumptions. Redfuttm
well above 10 GHz; [19] states that the resistive permegbili’ON-magnetic metals suggest that the bulk conductivity is
reduces by half around 3 GHz. The same Authors also cREactically constant [24], with transitions rather exmetat
infra-red experiments that showed that the ferromagnetic f1€ar-optical frequencies. . .

havior subdued only above 10 THz, with — 1 andy” — 0. Apparent frequency-dependence in the conductivity of spec
A similar conclusion was reached in [20], together with th&n€ns with finite thickness was explained by the roughness
fact that magnetic hysteresis, a pervasive phenomenon-in f&f their surfaces. Relevant studies are [16]-[19], [24p][2
romagnetic materials, vanishes above 10 MHz. Also of isteréVhere the precision of machined surfaces was shown to impact
are the theoretical relationships summarized in [21], show the high-frequency conductivity and therefore power lass i
how high DC values of permeability necessarily imply highwav.egwdes.. References C|te.d in those paper pr_owde the .the
frequency magnetic losses. It seems therefore necessarP'fgfical basis for understanding how roughness impacts- hig

include the case of a complex. in QF models for an RC, as frequency conductivity. Those results prove that the ¢ffec

discussed in Sec. IlI. condugtilligy may bTTkreIduced a’;lrnost by;Sfac_lt_(;]r 2, Witrljvalges
With the discussion at the beginning of this section isroun -0 more fikely according o [ ] [nese re uctpn

. L - ctors will be shown in Sec. VI to be insufficient to explain
mind, it is ironic that the above results were surprising at

the time as it was not clear what phenomena should mamuch stronger reductions in the apparent conductivity éelst

the magnetic permeability decrease over frequency. One rlfci)%tes' thus_ pointing to _fer_rom_agnetm losses as the mayli

\ o . reason for increased dissipation.
the first attempts at finding an explanation was proposed I
[19], based on the idea that as skin penetration decredsed, t o )
number of magnetic domains taking part in the magnetizati&h Surface finishes and coatings
of a material would reduce till the point of concerning only Unless stainless steel is used, which is unlikely due to
fractions of the superficial domains. The resulting theoiiys higher cost, poorer conductivity, welding and struatur
predicted a reduction of:., but also predicted magneticstrength, standard steels need a coating layer in ordeotegir
resonances that were reported as not observed experitgenthlem against corrosion. Protective coatings include paint
in [18]. Other attempts were proposed, by invoking differe plating with pure metals (e.g., copper, zinc, etc.) or gaiva



protection with zinc and its alloys. This last option is by tlae expected, withu,-| = 20. These facts will be important in the
less expensive both at manufacturing and maintenanceslevaiterpretation of results shown in Sec. VI. The common ttirea
Zinc enables protection thanks to a passivation layer af zibetween the two galvanization technologies is the presehce
oxide of sub-micron thickness, and galvanic protectiouess a superficial layer of almost pure zinc across a few microns,
by the underlying zinc-rich layer, as an element more reaction top of a magnetic substrate, either bulk steel or zing-iro
than iron. The thickness of the coating layer changes aguprdalloys.
to the severity of the environment where steel parts will be
mounted, and on its required service life without noticeabl  |||. D|ssIPATION IN BULK FERROUS BOUNDARIES
corrosion [6], [26], [27]. For indoor applications (categ&1
in [26]) an average corrosior: 0.1 pm/year is expected,
implying that a3 pm zinc coating would last for at least
30 years. Pure zinc (98%) is the most common option f
unpainted plates in indoor conditions, while iron-zincog#

In light of the information summarized in Sec. II-B, a non-
negligible ferromagnetic behavior must be expected fozlste
based RC surfaces. Models predicting individual contidng
% power loss in an RC were discussed in [1], among which
eventually annealed are considered when paint is applig(ijSSipation in met_allic_ surfaces (e.g., walls) and throagten-

nas. These contributions are usually modeled under theeshap

Other alloys with aluminum (e.g., GalF&n ZincAl®) are : . _ Lo
also available but more costly as they ensure higher-le\%l partial quality factors{;(v)}, contributing to the overall

corrosion protection unnecessary for indoor applications composite quality factoq)(v), as

Zinc coatings are usually, but not only, applied to steel Ng
sheets either by means of electro-plating or continuoegish Q') =>_Q;'(v), (1)
galvanization [27]. Other mechanical processes also,exist i=1
are unlikely for steel plates. These two coating technolgsith N, the number of such contributions. In the following,
gies produce rather different morphologies and compastio (., will refer to the partial quality factor explaining boungar
as apparent from the micrographies in [27]. Coatings okelated losses in an RC with an internal volurie with
tained with electro-plating are typically below /#m, while metallic boundaries covering a surfase
continuous-sheet galvanization yields layers easilyk#nithan ~ The original derivation ofQ,, presented in [1] considered
100 ym [28]. The latter option demands a closer analysishe general case of magnetic surfaces, but the final expressi
as the coating is actually composed of 4 sub-layers, magkere derived cannot be applied to the case of a complex mag-
of iron-zinc alloys in varying proportions caused by irometic permeability, since it would result into a complex lifya
diffusion, of which only the superficial one can be regardefgctor. For this reason, this section extends the derinatio
as containing almost pure zinc [29], [30]. In both cases, f@1] to a more general configuration.
indoor applications, the actual zinc layer, i.e., the mag¢®al  Dissipation in metallic surfaces was modelled in [1] by first
one, is typically below Sum thick, with the GO1 class for computing the reflection coefficients for TELY and TM (|)
indoor environments displaying thicknesses within 0.4R-2incidences [34]

1.
Visual aspects of coatings obtained with the two procedures | pioky cos 9y — p1/ k3 — k3 sin® 0,

can be very similar, but the presence of spangled spots is a ) = S . s (2a)

clear indication of hot-dip galvanization. There is no aus pizky cos i 4 pay [ ky — ki sin® 9,

way of telling vyhat coating was apphed to a steel plate, agdi Jnk2 cos 0 — paks\/KZ — k2 sin 9,

to the uncertainty of the properties of a steel plate. F”(u) — (2b)
Sec. IV shows how a metal coating acts by attenuating the pi1k2 cos; + poky /k§ — k2sin2;

magnetic response of underlying steel surfaces. It is thexe

of importance to know the properties of zinc coatings. Elect where a plane wave impinges on medium 2 (metal) from
cal conductivity will depend on the fraction of zinc invotye medium 1 (air), with an angle of incidena®; k, and y,,
According to [31], the residual resistivity of zinc contarated for p = 1,2, are the wavenumbers and relative magnetic
by a 10 ppm concentration of Fe atoms is about 100 timggrmeabilities of the two media. In the context of this s&tti
higher than that of pure zinc. Results in [32] show thanetal-related quantities will be represented by:aubscript,
the room-temperature resistivity of iron-zinc alloys imases While those for air will use am.

approximatively linearly with the temperature. Hence, iet These formulae can be approximated for the case of well
absence of more specific results, it seems reasonable totexgenducting metallic surfaces, for whighy| > |k, as

ZnFe alloys to present a room-temperature resistivity éigh 1 N T~
than that of pure bulk zinc~ 16 MS/m), depending on Fe P2) = =1+ 2cosviy/ jweogm(v) (32)

concentration. D) ~ 1—2(cost) " Vjweoqm(v) (3b)
Pure zinc is not magnetic, but iron-zinc alloys found "Uvith

continuous-sheet galvanization are magnetic, as shown iIn () = 1 () [T (V) 4)

[33], with a permeability linearly proportional to the iron " " s

fraction. As a result, the layer just after that made of almothe only metal-related quantity in (3). As discussed, theegal

pure zinc, where typically a 6 % concentration of iron isase u,,(v) € C needs to be addressed, wiih,(v) =

found, a substantially higher magnetic permeability can hé, (v) — ju!’,(v), where u! ,u” > 0 for steels, but not
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Fig. 2: Effective relative magnetic permeabilify,,(v), as _. ) . del din the derivati f the of
defined by (9), for Millership's data [18] and for Kittel's Fig. 3: Cross-section model used in the derivation of the ef-

regression curves [19]. Dotted portions represent mattieaha fective reflectivityl",, of metal-coated surfaces. The reflection
continuation of experimental data coefficientsI'. andT",, are to be interpreted as local or surge

reflections, i.e., for half-space configurations acrossrfates
A and B.

necessarily for other composite materials characterized b
magnetic resonances, such as ferrites [35]. The complexenat
of ¢, (v) is a consequence of including, (v), a fundamental Which proves thatt,,(v) > &, (v), potentially by several
operation since it dominates the high frequency response@sflers of magnitude, and thus that the skin depth should not
soft ferromagnetic materials, as recalled in Sec. II-B. be regarded as an estimate of the effective thickness ofl meta
Hill's derivation in [1] calls for the computation of the Where dissipation occurs.

square modulus of the reflection coefficients (3). Two retati  Fig. 2 presents the results obtaining by applying (9) to
ships are here useful: a) for a complex numbefl + z|> ~ Millership’s data (cf. Fig. 1), where the effective permiigp
1 + 2Rexz, for |z| < 1, and b)Re vz = /(Jz| + Rex)/2. fim(v) > 100 still at 10 GHz. Further results from Kittel
Following step-by-step Hill's derivation, the more gerl@ase [19] are also reported, approximating data collected frésheo
of lossy magnetic materials straightforwardly result®int  literature. The three sets of data present very similaufeat

and would lead to considering that steel-based RCs should

/lm (V)

Qu(v) = 3V / ZTWO = 3_V , (5) present an almost fifty-fold increase in their boundaryesd
25V gm(v)  2tm(v)S dissipation with respect to assuming non-magnetic pragsert
where No such large disagreement has ever been reported to our
Gm (V) = |gm ()| — Im g () (6) knowledge, with typical disagreements between theorletica
and measured QFs rather smaller than a factor ten. The iason
and for this unmet prediction is explained by the fundamentéd ro
tm (V) =V Gm(v)/7VH0, (7)  played by metal coatings used in steel plates.

is the effective dissipation thicknéss

. Egs. (.5) and (6) can also be_ glternatively interpreted DYy, \j 1l -COATED PLATES APPARENT CONDUCTIVITY
introducing the effective conductivity
(V) = 1/Gm (). ®) In view of the common use of galvanized steel-plate sur-
faces (cf. Sec. lI-D), it is necessary to extend the stanhbesl
Since the conductivityr,, (v) of good conductors can bemodel (5) to include layered structures (cf. Fig. 3), indhgda
approximated by a real number, (6) leads to the definition ofetallic layer of thickness, conductivityo.(v) and relative
the effective permeabilityi,,, (v) magnetic permeability..(v), potentially complex. While the
~ ~ coating thickness is finite, the background ferrous metal is
fim (V) = Qm(¥)om (¥) = [pm (V)] = Impm(v),  (9)  assumed to be much thicker than its skin depth over the entire
which coincides with the resistive relative permeability],  frequency range, thus effectively treating it as a bulk make
Applying similar steps, the skin depi), of a magnetic ~ Apparent reflectivities for TE and TM impinging waves now

conductor should be updated as need to be derived for this layered structure. The local (or
surge) reflectivities at the two interfaces A and B in Fig. 3,
(V) = 1/ N/ T ptofim (v)om (v), (10) i.e., involving half-space bulk configurations, are rederto as
hence I'.(v) andT,,(v) for the coating and the background metal

b (1) = O ()i (V) (11) interfaces, respectively. These reflectivities involvdyotine
m\V) = OmV ) m V), two materials across each interface and will serve as partia
1Eq. (6) can also be stated &g ()| (1 — sin (1)), with a(v) the angle  "€SUlts in the computation of the equivalent reflectivioéshe
of the complex quantity;,,, () layered structure.



According to (2) local reflectivities at the air-coatingent

face read
Pi() = VIelelv)cos— 1 (12a)
v jweoqe (V) cosd; + 1
1-/j ‘
rlw) = jweoqe(v)/ cos (12b)
1+ v/jweoqe(v)/ cosd;

where q.(v) = p.(v)/o.(v), with the subscript indicating
coating parameters. Transmission through an interfacedset
two half spaces must satisfy Snell’s law

/{1 sin 191 = kQ sin ’l%, (13)

wherek,, p = 1,2, refers to the wavenumbers of the two
materials, withks = k.; 9, is the angle of propagation of the
wave transmitted through the coating. At the air-coatirtgrin
face|k.| > |k1|, by several orders of magnitude at microwave
frequencies, thus allowing to approximat@J, ~ 0, i.e., a
practically normal incidence at the coating-metal inteefaAs

a result, the local reflectivity there simplifies into

_ 1 —/q:(v)/qgm(v)
1+ vy qc(v)/qm (V)

whereq,, (v) is defined in (4), whilel'},,(v) = Tk ().
Apparent (or effective) reflection coefficients can now be

r,.(v) (14)

computed by solving, for either TE or TM incidence, [36, 10° 10° 10" 10 10
Sec. 4.4.4] w/0
To(v) = Le(v) + P2(v)D(v) (15 Fig. 4: Effectiveq,(v), as a function of the thickness of the
L+ P2()Te(v)Tn(v) coating layer and of the contrast in the metal conductijtie

where P(v) = exp|—jk.(v)w] models the propagation of a®xPressed abg |q./qm/: (@) [¢a/qm| represents the apparent

plane wave through the coating layer; (15) takes into accodgduction ing,, for the background metal, due to attenuation

the series of inner reflections within the coating layer arfdy the coating layer, while (b /q.| is the apparent increase

partial transmissions back to air. in g. for the coating Iaygr, caused_ t_)y interactions with the
For the special case of galvanization, the above result d3ckground ferromagnetic metal, giving raise to an apgiaren

be simplified, sincer./we, > 1 well beyond the microwave relative permeability..

region. As a result

: L+ P*(1)0(v) of the effective properties of the surface. Care must betake
i) ~ =14 2cosVi\/jweoqe(V) ——=———""2 (16 X prop . ) i )
w(®) o8 Jweoge(v) 1—P2(v)Tp(v) (16) computing the square roots in the above expressions, i orde
which can in turn be expressed as to ensure thaim qa(u)_ < 0,. such that the operatipn _(6) will
lead to both real and imaginary partsg@f(r) contributing to
1+ v/qe/qm tanh(jk. issipati
Ti &~ —142cos9;\/jweods + V/@e/qm tanh(j w)’ (17) dlss!panon losses.
e/ qm + tanh(jk.w) Given that|q.(v)| < |gn(v)| for ferrous metals and non-
1 . - magnetic coatings, the squared ratio in (19) passes frotg uni
ggﬁrgl;‘:(tﬁ)f; (ti\e Jc)égii%y)’l\aj\mehr 0c(v) = 1//TVjioficoe the for w > 6., where the coating layer dominates the reflectivity
Pt g layer. of a metal surface, to values potentially several orders of
Following the same procedure

magnitude higher as/J. — 0. The impact of the coating
Pl (1) ~ 1 — g VA2Eo0e L5 Ve /qm tanh(jkew)

layer can be observed Fig. 4, whefg,/q,.(v)| acts as a
cosi \/qe/qm + tanh(jkow) (18)  reduction function and can be interpreted as a shieldirigract
) of the metallic coating layer that reduces interactionshwit
Egs. (17) and (18) can now be expressed in terms of (e packground ferrous metal. On the other hand, assuming
by introducing the apparent, (v) that waves mainly interact with the coating layer, this vebul

T~ . 2 be interpreted as an apparent relative permeabijlityv),
L+ vVee)/am ) tanhgk‘jw) . (19) according to (20), equal to
V4e(v)/qm(v) 4 tanh(jk.w)

. . ta(V) = Ga(v)/oc, (20)
As a consequence, (5) and (6) can still be employed, by simply
updatingg,,(v) ~ ¢.(v) together with definitions (8) and (9) that would be bigger than one far > .. This phenomenon

qa(V) = qe(v)




is represented in Fig. 4(b), where, = ¢./q. represents the
apparent relative permeability of the coating layer.

For the case of interest of a mild-steel surface coate
with Zn or Fe-Zn alloys, a contrast./q.,| < 10~2 can be
expected at frequency ranges where® §.. Uncertainty in
the actual thickness, together with the variability intrinsic in
the structure and composition of galvanized steel (cf. 8gc.
implies that any attempt at predicting the resulting reflégt
seems unlikely, making a compelling case for the use of th
empirical procedure presented in Sec. V.

Further insight can be gained by considering some useft 107
approximations of (19). Assuming.| < |g.(v)], i.e., for a

high contrast in the effective conductivities of the cogtand 10} ‘ ‘
background metals, 10° 10" 102
Ga(v) = g0/ tanb®(jkow). 21) o )

This approximation is shown in Fig. 4(b), and has the adfig. 5: Transition frequency, around whichQ,,(v) is ex-
vantage of not requiring prior knowledge of the magnetieected to pass from scaling asto »!/2, as a function of the
permeability of the background metal used in RC walls. foating thickness and its conductivity.

is valid only as long agq./¢n(v)] < |tanh(jk.w)|, i.e.,

Vv > vy, with
of at least one stirring procedure [38]. The overall comigosi
v1 = (27 ptopew? o gm(v)) . (22) quality factor can be expressed as [1]
For the case of steel walls wit}, (v) ~ 10~3 Qm and a non- Q7 '(v)=(N+1Q; ' (v) + Q. (v), (26)
magnetic coating withv = 10 pym, 0. = 1 MS/m, v; ~ 120
MHz. where@,(v) andQ,,(v) represent the partial contribution of
Over frequencies < vy, where|k.w| < 1, i.e., antenna- and boundary-related power loss, respectivélis
the number of identical antennas used during the measutemen
va = (2T popew’oe) ", (23) increased by one in order to account for the fact that the

excitation antenna sees twice the average received poveer du
to coherent backscattering [39]; thé antennas are assumed
to be identical for the sake of simplicity.

(21) further simplifies into
J4e

4a(v) = 2(w/8.)? 24) For real antennas, with an input reflection coefficEnfv)
remarkable as it is purely imaginary for the common case 8fid radiation efficiency, (v),
non-magnetic coatings. As a consequence, (5) becomes 0, = Q?° 7 @)
Qu(v) ~ §K7ruuowoc, (25) . t= ()T ()P
25 as proven in [40], where
jvf;]lfetl:g ;Qeécf'ocus from steel surfaces to their coating even Q°(v) = 1672V, 28)

This last approximation predicts that there exists a fraque with ¢, the speed of light in free space. Inserting (5) and (27)
range where),,(v) scales linearly with the frequency, rathefnto (26) yields

than with its square root, as usually expected for homogeneo

metallic surfaces. Fig. 5 shows that the transition fregyesn Qa(v) =(N+1)(1—n.)?Ta()]?)
between these two regimes should be expected around 1 GHz Qv) (29)
for a coating conductivity equal to 1 MS/m. Clear evidence of + S5/ qa(v),
this transition is presented in Sec. VI. with
3273/2
V. EMPIRICAL CHARACTERIZATION OF RC SURFACES a= 3¢3\/Tio. (30)

This section describes how the apparent conductivity %e ratio Q(v)/Q%(v) < 1 measures the average power
metallic surfaces of an RC can be estimated directly froﬂ]ansmission in c;sé\f — 9 and is also known as the RC
measured data, in order to counter the difficulties sumradriz

: . ; . ower gain. It will hereafter be referred to @%v).
in Sec. Il when attempting to model magnetic losses in ferroB Recalling (8), the apparent conductivity, (v) of the RC

metals. : :
. . metallic surfaces can be estimated from (29) as
The method calls for the average composite quality factor (29)
Q(v) to be estimated, either with single- or double-antenna aS15/? 2

methods [37], necessarily involving a randomization by nsea 70 (V) = 1/T(v)— (N +1)(1-n2()|Ta(v)|?) ]| ’ (31)



which can be simplified into
a?821° 10t
0a(V) ~ 5 (32)
[1/T(v) = (N +1)]
as soon as the termy (v)|T',(v)|? can be neglected. In order _ 192L
to bound the error on the estimate of the apparent condtyctivi %
0.(v) to less than 10 %, (32) and (31) must differ by less thar

0 - - i 3L
5 A:(.j_lt:_orv;/ell rr|1attch(_adtantennas, with, ()| < —10 dB, this 10 e 0.5-6 GHz data
condition translates into e 6-16 GHz data
T(v) <1/3(N+1) (33) 10 : :
, S 10’ 10"
which must be regarded as a worst case, since it assum v (GHz)
N = 1.

In practice, this condition is automatically met for an everFig. 6: Average power transmission (or gaififv), defined
moded RC. According to [41], T'(v) < 1/10, the RC can be jn (29). The solid line is the theoretical prediction conglit

expected to well approximate this condition with a prolapil from (26) using (5) for bulk homogeneous non-magnetic walls
of rejection< 10 %, if Ny > 50 independent random samplesyith a conductivity of 0.95 MS/m.

are available. Therefore, (32) will be employed throughout
Sec. VI

[44], [45], in order to avoid the uncertainties related te th
VI. EXPERIMENTAL RESULTS correction of the residual antenna mismatch and their tiadia

Experimental tests were carried out in CentraleSupelec, §iciencies. This last quantity is in particular known to be
an RC of dimensions.06 x 1.84 x 2.45 m3 made of steel affected by non-negligible uncertainties that would reslthe
plates. The inner volume is approximativelg.8m? with a &ccuracy of the validation of the models introduced in the

surface of36.4m?2 covered by steel plates, including a fourPr€vious sections.
plate stirrer. The time-domain approach estimates the QF from the
The experimental setup was a standard choice for measur¥§rage relaxation (or decay) time of the RC. This was
the QF of an RC. It employed two identical antennas installéPne by first computing the power-delay profile of the RC
within the RC, one used in transmission mode and the ott@fer bandwidths of 10 MHz and computing the best fitting
as a receiver. The tests covered the frequency range 0.6 -"@gression for a decaying exponential, covering an intes/a
GHz, using two sets of antennas: a) monocone antennas 18aUt27, in order to increase the accuracy of the operation;
wide at their top for the 0.6-6 GHz range and b) two ridgedhanging the bandwidth from 3 to 30 MHz had no major
horn antennas for the 6-16 GHz. The input matching wd@pact on the results. Notice that the regression was doee ov
verified to be better than -10 dB, thus ensurifig()[> < 0.1 the logarithm of the power-delay profile, since it is expedte
for all the antennas. As discussed at the end of Sec. Rresent random fluctuations well-approximated by a Ganssia
knowledge of their radiation efficiency has little importan distribution [46].
for the validation of the proposed models, thanks to their The QF thus obtained is discussed later in this section. As
sufficient impedance matching. Previous tests on the cbni§dggested in Sec. V, it was transformed into the averagempowe
antennas resulted in an efficiency higher than 0.7 over tHansmissioril’(v) = Q(v)/Qg(v). Fig. 6 shows the result of
0.6-6 GHz range, while the ridged-horn antennas are exgectdis operation, confirming that the RC can be considered as
to have an efficiency close to 0.9. The two sets of antenré¢ermoded for > 850 MHz, sinceT’(v) < 1/10 as discussed
were placed about 2 m away from each other, on styrofoghthe end of Sec. V. This result also implies that the raalati
supports about 1 m high, having taken care to have their agiéiciency of the antennas has less than a 10 % impact on the
orthogonal, in order to minimize any potential direct congl estimate of the apparent conductivity.
The stirrer completed a full rotation iV, = 50 steps that  Fig. 6 also reports the theoretical predictionZofv) com-
were checked as generating transmission samples with lagted using (5) for bulk homogeneous non-magnetic metal
1 correlation coefficients consistent with the hypothesia o walls with a conductivity of 0.95 MS/m, a value chosen as it
correlation coefficient smaller than 0.1 [42], [43]. fits the high-frequency end of the experimental results. The
S-matrix parameters were measured from the two anterfagt that it overestimates experimental results fofv) in
ports with the help of a vector network analyzer (VNA), modghe low-frequency end suggests extra losses not explained
E8363B from Keysight, to which a full two-port correctionby conductivity alone. As already discussed, a metal bulk
was applied. It was operated over with a frequency resalutiGonductivity is not expected to vary over the microwave oagi
of 100 kHz, corresponding to roughly 1/4 of the coherenend surface roughness would rather present higher lostes at
bandwidth of the RC. This choice is fundamental to avoidigh-frequency end.
time-aliasing when post-processing the data in time-domai The apparent conductivity,(v), estimated from (32), is
The S-matrix data were used in order to estimate the averaf@wn in Fig. 7. Two features are remarkable: @)v)
composite QF of the RC. A time-domain approach was uspdesents a linear dependence itobelow 6 GHz, steeply
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Fig. 7: Apparent conductivity, (v) obtained from the averageFig. 8: Average composite QF. The three solid curves are
power transmissioff’ (v) = Q(v)/Q%(v) applying the estima- predictions from (5) for bulk metallic boundaries, with) (i
tor (32). A second axis on the right of the figure shows the,, = 16 MS/m, u,, = 1 (pure bulk zinc), (ii)o,, = 0.95
apparent relative magnetic permeabijity(») needed in order MS/m, y1,,, = 1 and (iii) o, (v) = 1 MS/m, p,, given in Fig. 1
to explain the results when assuming bulk metal boundari@silk mild steel). The dashed curve corresponds to the éaiyer
with . = 0.95 MS/m. model (19), with parameters. = 0.95 MS/m, u. = 1 and

w = 6.8 ym.

decreasing at lower frequency, while b) it reaches a plateau

around 10 GHz. These results do not depend on the propopéated steel with an apparent 4 MS/m conductivity measured
layered model, since (31) and (32) are based on standatd.42 GHz was presented in [47], but no details were given
models that assume homogeneous metallic boundaries. ®bheut the zinc thickness and what galvanization technicage w
empirical observation of a reduction in the apparent condugsed; waves at this frequency would mostly interact with the
tivity explains the existence of extra losses at low freqiresy  zinc layer, with a skin depth of about 1;4n for pure zinc.

The non-trivial behavior of the apparent conductivity can b Fig. 7 definitely rules out surface roughness as a single
explained by means of the layered model (19), which requiresuse for a low apparent conductivity, since the range afesl
two parameters for the metallic coating of the plates, ngmedpanned by the conductivity is too wide (almost one order
thicknessw and conductivityo.. These parameters wereof magnitude) and most importantly because the apparent
estimated by means of a least-square regression, assuncimigductivity increases with the frequency, whereas sarfac
e =~ 1 and a mild steel background (cf. Fig. 2), resultingoughness would have the opposite effect, as recalled in
inw = 6.8 yum ando. = 0.95 MS/m. It is important to notice Sec. II-C. Sec. VII presents further examples taken from the
that an unambiguous choice aof and o. was possible only literature presenting data measured in RCs that corresfwond
because the results above 10 GHz deviate from a linear slogpparent conductivities even lower than 1 MS/m.

See Sec. VII for further discussions about this point. The results in Fig. 7 can alternatively be interpreted by

The same parameters applied to the approximate modssuming bulk homogeneous materials for the metallic bound
(21), for a high contrast in the effective conductivitiestie aries, with a conductivity.. In this case, an apparent relative
wall metals, is shown as a dashed line in Fig. 7, where permeability would be attributed to the metallic surfacas,
is confirmed to be an effective approximation that does nshown on the right axis in Fig. 7. These results cannot be
rely on hard-to-get a priori information on the steel magnetexplained assuming that waves mainly interact with theingat
behavior. layer, for whichy,. = 1 is expected. The effective permeability

More accurate estimates would require tests to be extenaddmnild steel could neither be used to explain this residual
beyond 50 GHz, where, (v) is expected to converge to thatmagnetic behavior, since it is much higher, as shown in Fig.
of a bulk coating, according to the theoretical results show 2. These results help to understand the fundamental rojegla
Fig. 7. The thickness found is consistent with typical valt@ by the metallic coating as a partial shielding of the undedy
electroplated steel plates for indoor applications. Thating ferromagnetic material and lend direct support to the leger
conductivity appears to be lower than that of bulk pure zinmodel introduced in Sec. IV.

(about 16 MS/m), and closer to that of bulk steel alloys (adbou The QF estimated from measured data is shown in Fig.
1.6 MS/m), in line with the arguments exposed in Sec. II-08, where it is compared to theoretical predictions from (5)
Similar examples of lower-than-expected conductivity b@n for different bulk metallic boundaries, with: (iy,, = 16
found in [24], where a conductivity of 0.8 MS/m for surfaceMS/m, pu,, = 1 (pure bulk zinc), (i), = 0.95 MS/m,
machined cold rolled steel at 24 GHz was reported, for whigh,, = 1 and (iii) o,,,(v) = 1 MS/m, u,, given in Fig. 1
around 3 MS/m were expected at DC. An example of zin¢bulk mild steel). The three curves for bulk models share the



10

v (GHz) v (GHz) v (GHz)

Fig. 10: Application of the proposed model to literatureutes from [37] (gray dots) and [48] (black dots), shown in tslo
(a-c) and [44] (gray dots), for plots (d-f). The original uéis were averaged over bandwidths about 200 MHz wide inrorde
to ease comparisons with theory. Refer to Figs. 7 and 8 fomtkaning of solid and dashed lines and Sec. VIl for details
about model parameters.

10°: GHz between curve (i) and experimental results; curves (i)
* 0.5-6 GHz data . and (iii) are clearly unable to explain the results, confirgni
® 6-16 GHz data O the inadequacy of bulk metal models. In particular, intéoas
- - -eq.(19) limited to the coating layer, expected above 10 GHz, would be
systematically overestimated assuming a pure zinc layfer (c
Sec. II-D). On the contrary, predictions from the proposed
layered model closely agree over the entire frequency range
The accuracy of the proposed model can be better appreci-
ated in Fig. 9, where the wall-dissipation contributiQn, (v)
to the composite QF is shown, estimated from (26) as

Qu(v) = [Q'(v) = 3Q; ()] . (34)

Fig. 9 clearly proves the existence of two regimes for
Qw(v): below 6 GHzQ.,,(v) ~ v, as predicted by (25),
while Q. (v) ~ v'/? above 6 GHz, as expected for bulk
non-magnetic metals. The proposed layered model accyratel
Fig. 9: Wall-dissipation contributior®),,(») to the QF, esti- reproduces the transition between these two responses ob-
mated from measured data by means of (34). Refer to Figs@rved in the experimental results, based on the two eftecti
for the meaning of curves (i)-(iii). parametersy ando..

v (GHz)

VIl. FURTHER RESULTS FROM THE LITERATURE

v/2 dependence typically expected, which is supported by The accuracy of the proposed model was further tested by
the experimental results only above 10 GHz &g = 0.95 applying it to results available in RC literature. Data mead
MS/m; the results for configurations (i) and (iii) are almosat IETR, France, have been presented in several papers, but
one order of magnitude off the experimental results. At low¢hose in [37] were chosen as they were cross-checked by
frequenciesQ(v) moves to therv® behavior expected for using a number of estimators, thus more reliable than single
antenna-dominated losses. Discrepancies are visiblevb&lo configuration test campaigns. Even though they are limited t
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about 5 GHz, similar measurements were carried out aneivsteel. It seems appropriate to recall that this is in fact
up to 12 GHz in [48], for a similar configuration. The twoan apparent conductivity. The assumption of a non-magnetic
data sets are shown in Figs. 10(a)-(c), and closely overlepating is not necessarily accurate, e.g., in case of layar
over a large frequency range. Data below 450 MHz wemsffusion of iron, as discussed in Sec. II-D. As such, eveakve
excluded as they did not fulfill condition (33), for whichmagnetic responses from the coating would result in a lower
antenna radiation efficiencies are not needed when estighatapparent conductivity. This conjecture would need furtbets

the apparent conductivity, (v). in order to confirm its accuracy and is left for future work.

As in the previous section, the proposed layered model wasThe coating-layer model has direct application in RC de-
fitted to the data, resulting im = 18.5um ando,. = 0.195 signs, e.g., in order to estimate the minimum coating thésksn
MS/m. The thickness is compatible with both electroplated,,;, needed in order to avoid extra losses from ferrous
or hot-dip galvanized steel plates (cf. Sec. 1I-D). Simiaw  materials. An example is presented in Fig. 11, where results
values of conductivity were already tentatively used in][48were computed by forcing a loss of 1 or 3 dB in the power
using a bulk metal model; similar results of apparent cogain 7'(v) in (29) between the case of a bulk metal with
ductivity were reported in [47]. Furthermore, it is notetyr conductivityo. and a steel plate with a coating of the same
to recall how the Authors of [48] expressed what appeansaterial, but of finite thicknessi,; a total metallic surface
to be surprise at the very slow convergence(f) to the S, = 100 m? was considered, together with the presence of
v1'/2 dependence expected from bulk models, since a lingaro well-matched antennas. The minimum thickness peaks
frequency dependence fitted more accurately to descrilde trebout 1 GHz, and rapidly decreases at lower frequencies
results. Also these results feature a transition between twhere antenna-related losses take effect, as well at higher
regimes in@,, (), with the transition occurring around 5 GHzfrequencies where dissipation within the coating layeuoes
in Fig. 10(b). The apparent conductivity decreases at lowiateractions with the background steel. The results in Fig.
frequencies to values as low as 0.02 MS/m, explaining thd are independent of the RC volume and can be extended

extra losses observed in Fig. 10(a) below 3 GHz. to other configurations for a surface and frequencyr by
A second case from the literature is taken from [44], wittooking up for
data measured in NIST's RC. A number of papers report data vo = 1(5/S,)%/5. (35)

measured in this historical chamber, but those in [44] stand . .
. ) . : These results show that there is not need to use expensive
out as they where obtained using a time-domain approach for . .
. .. . . solutions based on non-ferromagnetic bulk metal platesemad
the estimate of)(v), thus avoiding the issue of correcting forof e.q. aluminum. brass or copper. Instead. these medald ¢
non-ideal antennas [44], [45]. This data set spans a |Imlt%d 9. ’ PPE. y

i . € used as thin coatings that would be effective in avoiding
frequency range, approximatively going from 1 to 7 GHz. o : .
! . . .~ . extra losses with just a thickness of a few microns. Sted¢tpla
The results obtained with this data set are shown in Figs, . . . .
. o ould then only contribute to mechanical stiffness, while
10(d)-(f). In this case the apparent conductivity does not . . . .
) . . waves would mostly interact with thin non-ferromagnetic
converge to the fixed value representing the effective ngati .
L ) : ) . coatings.
conductivity. It is therefore not possible to find a uniquedfe ; - . . N
. I~ . Notice that the minimum thickness estimated in Fig. 11
optimalw ando. fitting the data. Instead, an optimal product

wo. = 3.3 S was found. The theoretical results in Figs. 1O(di§ not overly conservative, since it is not necessarily darg

(f) were obtained choosing — 6 um ando, — 0.55 MS/m. han the penet.ratlon glepth._ In our investigations zincingat
Independently from this choice, the linear regime € (v) potenna_lly .SUb]eCt to iron diffusion, appear to lead to agmt
: . : T conductivities below 1 MS/m, even above 10 GHz, where
is experimentally confirmed also in this case. . . X

interactions with background steel can be expected to be
negligible, thus leaving room for improvement by using éett

VIII. DI1SCUSSIONS AND CONCLUSIONS 3 . o
. . . .conducting metals less prone to iron diffusion.
The introduction of an estimator of the apparent conductiv-
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