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Abstract—Antennas, and more generally any equipment under radiation efficiencies, with the proposed model predicting
test (EUT) capable of coupling to impinging electromagneti  greater loading effects. This latter case can be expected fo
waves, are well-known sources of power loss in reverberatio imperfectly shielded EUTs, which are not designed to act

chambers (RCs). As such, it is fundamental to model their . S . .
contribution to an RC quality factor. The standard model as efficient antennas. Applications also involve predicfC

available in the literature is based on power dissipated in loading in their lower frequency range, where cavity-redat
loads connected to an antenna. This paper argues about thelosses are no longer the dominant loss mechanism.
inaccuracy of this description, where internal dissipatian within
an antenna (or EUT), associated to low radiation efficienci is II. POWER TRANSMISSION THROUGH ANRC
neglected. An alternative model is validated by showing itself- -
consistency in predicting change in loading effects as opped to The average-power transmissiofi(v) of an RC measures
the standard model. It is expected to have practical importace the average powe{P,(v)) at the output port of a receiving
for tests performed in the low-frequency range of RCs, where antenna, as a function of frequengywhen an available power
antenn_a-related dissipation is the dominant loss meqharms, and P;(v) is applied to the input port of a transmitting antenna,
in particular for EUTs which can be expected to display poor assumed to be identical to the receiving one, with no loss of
radiation efficiencies. .
) _ generality. Brackets stand for the ensemble average.

Index Terms—Reverberation chamber, quality factor, antenna  The above definition corresponds to taking the variance of

coupling, power dissipation, radiation efficiency. the Sa; (v) scattering parameter as measured, e.g., by a vector

network analyzer (VNA), hence

[. INTRODUCTION 5 (P,(v)) 5

i - - o*(v) = = = (ISa (v)[) 1)

Coupling to reverberation chambers (RCs) necessarily Pi(v)

passes through antennas, acting as gateways for microwgggmg assumed diffusive conditions, hendesy, (v)) |2 <
power, especially so for injecting energy into RCs that Wi|{|521(u)|2>.
build up into high-intensity fields. Their typically recipeal The actual power injected into the RC is nBt(v), but
nature means that they also receive power at the same ti'??ﬁherPt(u) = P()na(v)(1 — [T1(¥)[?), with 54 (v) the
with the same effectiveness as they radiate it into RCS,i0QUS 5 gjation efficiency of the antennas afig () the impedance
power leakage which is typically dissipated into exteroalls.  ismatch between the antennas impedances and their loads.

But antennas do not simply behave as gateways: they M@\iiarly, the output antenna receives on average a power
introduce their own power dissipation mechanism, measurag ) = (P,w)) na(v)(1 — [CL)[?), with (P.(v)) the

by their radiation efficiency),. These observations also applyavoerage power available to the receiving antenna.

to any receiver or E_UT [ _ As shown in [1]0?(v) can be expressed as a function of
Since they contribute to the overall quality factor of ag,q quality factorQ (v)

RC, it is fundamental to know how to model their effect. The

standard model available for predicting antenna-relatsdds 2(v) = Q) n2 (1 - |pa(y)|2)2’ 2)
was derived in [1]. Its main drawback is that it regards as los Qa(v)

only the power dissipated onto antenna loads, a descripti@here

here argued to hold only for lossless antennas. Antenna Q°(v) = 1672V 3

mismatch and radiation efficiency do appear in the standard
o accounts for power leaked by a perfectly matched and Iassles
model, but they only modulate the power impinging on thé . } 3
. o - ; antenna, expressed as a quality factor [4];= V/\° is the
load, neglecting the fact that radiation efficiency is a meas : .
) Lo . electric volume of the RC, with\ the wavelength. Eq. (2)
of internal power dissipation. Furthermore, reflectionnfro

mismatched loads inevitably leads to a second lossy irtterac assumes thal'; (v) = Ta(v), €. the free-space rgflectmn
with the antenna. coefficient of the antennas, since the two RC-coupling anten

This paper presents an improved model for antenna-relafed 'S usually connected to matched measuring devices, suc
SE . as a VNA.

losses, taking into account these observations. The amcura Antenna losses also appearGiiv) as [1]

of the proposed model is demonstrated by its self-consigten

in predicting change in power loss when different loads are Q'(v)=MQ'(v)+ Q. (v), (4)

connected to antennas. The two models disagree for W%ﬁerch(u) is the cavity-related quality factor, better known

A. Cozza is with PIEM, GeePs (UMR 8507), 11 rue Joliot-Cugao2 @S intrinsic quality factor, whil&), (1) accounts for antenna-
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<B>naITL\2(1—na) to internal dissipation within the antenna, with a third tdou-

r E) tion to dissipation equal toP,.(v)) n, (v)(1 — 1, (v))|TL (v)]?,
<_IL<P.> P / while (P,.(v)) n%(v)|T'(v)|? will be effectively radiated back
el el into the RC.
equiv. [ (PAN2 L) In the end, the total dissipation as due to the sum of the three
load ) contributions described insofar corresponds(f (v)) (1 —
~~ n2(v)|TL(v)|?), i.e., the portion of available received power
\ not radiated back. As a result, (5) should be updated to
(Byna(1-r2 ) (B (1-n) Qav) Qa(v) (6)

L—nZ(W)ICL(w)?
Fig. 1: Contributions to power dissipated by a loading anéen  Since (6) was derived by including two additional contri-
with events related to received power in blue, and thosangad butions to dissipated power, (5) is necessarily a highentou
to power radiated back to the RC in red. Three dissipatian (6). In other words, the standard model underestimates th
events marked from 1 to 3 are detailed in the text. contribution of antennas to dissipation phenomena in an RC.
An example should help in understanding this situation.-Con

sider a poorly efficient antenna: the available receivedgrow

needs to be increased by one due to coherent backscat®ringfouid be mostly dissipated within the antenna during two
the input antenna, leading to a twofold increase in the powggeractions, first in receiving mode and then when trartamgit
leaking through it [2], [3]. Hence, the case of two couplinghe power reflected by the load. This scenario is of practical
antennas rgquweM =3. ) importance, since),(v) ~ 1 only for devices designed to

The relation betweed),(v) and Q7 (v) was also derived ragjate efficiently, i.e., antennas. But, as rightly poiheait in
in [1], following the same reasoning used in expressing trrf], models such as (5) and, as a consequence (6), also hold
injected powerF; (v) as a function of the input powef;(v),  for any EUT capable of coupling to electromagnetic radiatio

thus Q°(v) In this case, though, an EUT is usually not design to radiate,
Q.(v) = o a TP (5) resulting in a likely low radiation resistance that may l¢ad
K A a low radiation efficiency. The extreme casemgfiv) = 0

by considering the antennas only leaking power outside thgrresponds to complete dissipation in (6), while in (5)sit i
RC; a genericl'z(v) is now considered. Thus, a weaklyrather predicted to be vanishing.
efficient antenna is regarded as ineffective at leakings thu The proposed model also displays an interesting symmetry
justifying a higherQ,(v) that would make it weight less in petween the role ofy, () and of |I';,(v)|, as opposed to (5).
(4). An intuitive understanding of the reason for this symmetw c
be gained by considering the case of an antenna with its butpu
I1l. POWER DISSIPATED BY AN ANTENNAEUT port connected to an attenuator terminated by a load with a

The standard definition af,(»), as reported in (5) is here Mismatchl', (v). If A(v) is the power attenuation, this setup
shown to be inaccurate, since it neglects two fundamenf@n be substituted by two alternative equivalent C|rcd11t$he.
steps in the description of antenna-related power Ioss'nijakf'rSt case, thg antenna sees a load that now has_ an equivalent
the example of the receiving antenna in the previous sectigipwer reflection coefficient’,, ()|>A*(v). Alternatively, the
(P,(v)) only represents the fraction of available receive@iténuator can be paired with the antenna, resulting in an
power (P, (v)) dissipated into the antenna load. Even thougiPParent radiation efficienay, (1) A(v), while maintaining the
radiation efficiency and impedance mismatch are taken irlRfd reflection coefficien’, (v). The two equivalents must
account, they are only considered from the point of view ¢fi€ld the same results dissipation-wise, with the sapmeév).
the antenna load. In fact, fof, (v) < 1, (P,(v)) (1 — 14 (v)) Eq. (6) complles_wnh this _phy5|cal requirement, thanks to
represents the fraction of available received power digsgp the symmetry of its denominator. As a result, the case of a
internally by the antenna, due to ohmic losses. This source Rrfectly matched antenna or of a low radiation efficienoyeha
lost power is currently not acknowledged in (5), being disti the same effect, resulting into a strong dissipation and thu
from the power dissipated into the antenna load. Qa(v) ~ Q4(v).

For an antenna in receiving mode, the average available
power (P,(v)) undergoes a sequence of dissipative events IV. VALIDATION PROCEDURE
illustrated in Fig. 1, marked as— 3. Power is dissipated in- The validity of (6) cannot be tested directly, sin€e (v)
ternally in 1, already described, éB.(v)) (1—n,(v)), leaving cannot be estimated from experimental data without knowl-
(P-(v)) na(v) to impinge on the antenna load, of which onlyedge of the radiation efficiency of an antenna, while any
(P.(v))n.(1 — |TL(v)|?) is dissipated into the load, markedestimate ofQ(v) assumes a negligible impact of antennas to
as 2, the contribution acknowledged in (5). But for a generah RC loading [4], [5].
reflection coefficientl';,(v), part of this impinging power One way of solving this conundrum is to compare pre-
wave will be subsequently reflected back and be availaldections issued from the two models. Suppaode further
for the antenna now in transmission mode. This amounts datennas were added to an RC, identical to the two used
(P.(v)) 1o (v)IT' ()], and will therefore be submitted againfor measuring power transmission. Their power dissipation



would be manifest as the average-power transmission throug
the RC would change, depending on the loads applied to
the antennas port. An accurate model of antenna dissipation
must then provide consistent predictions of their dissypat
independently of their loads. The accuracy of (5) and (6)
requires that), (v) estimated from power transmission through
an RC be independent from the loads connected toNhe
loading antennas.

Concretely, this amounts to take two sets of measurements
of o%(v), as defined in (1): first with no loading antenna
(02(v)), and compare the results with the case wheanten-
nas were introduced into the RG%(v)). From (2), 0% (v)
is linked to the RC quality facto) (), having updated (4)
with the contributions from théV loading antennas,

QN () = MQ; (V) + Q. (v) + NQ; ' (v), (7) Fig. 2: Part of the experimental setup, with three of the ilogd
antennas mounted on top of styrofoam supports.

with @, (v) the quality-factor contribution of théV loading
antennas closed on loads with reflection coefficiEn{(v),

whereas, () assumes 5@ loads connected to the RC-gventual loading effects. Subsequent measurements for the

coupling antennas. Then loaded average-power transmissiof (v) were carried out
NQzl(V) _ QXII(V) — Q). 8) Wlth_ the four loading ar_ltenn_as on the styrofoam supports,

closing each antenna on identical impedances, charaatdriz

Recalling (2) and (6), it is possible to recast (8) as a reflection coefficienF,.(v) as defined with respect to a 5D

2 2 2 212 reference impedance. For the sake of applying (5) and (6), th
N (1 =mTL@)*) =) (1 - Ta@)*)"AW), ©) zeal mismatch',, (v) observed from the antenna standpoint
where A(v) = 1/012\[@) — 1/02(v) measures additional lossneeds to be defined with respect to its own impedance, in

from the N loading antennas. general different from 5@). According to [7, Sec. 4.4.4]

Solving forn,(v), yields L) + Tu(v)

ov) = 1-T(v)Ta(v)”

. (12)
R0)/N = [(1- Lu@)P)’ A0 + NTE0)P?] . (20)

Similarly, the standard model (5) founds Power transmission3; (v) was measured over the frequency
range 0.6 — 6 GHz, with 60000 evenly spaced samples,

n?(v)/N = 1- |FL(V)2|2 (11) using a Rohde & Schwarz VNA, model ZVB8. Five differ-
(1= Ta(@)]?)” A(v) ent loading impedances were tested: open circuits (as SMA
coaxial connectors), 50 loads, and coaxial attenuators left
V. EXPERIMENTAL RESULTS in open circuit, with attenuations equal to 1, 3 and 6 dB.

Models (10) and (11) bind the variation in power transthe rationale behind these choices was to span a large panel
missionA(v), due to antenna loading, with their terminatiorof impedance mismatches. In particular the open-circuited
impedance, through the fact that antenna radiation effigierattenuators simulate intermediate conditions betweerdise
must be invariant to loading conditions. Therefore it makes of an open-circuited antenna and a G@Gmpedance. Results
a good test of self-consistency, by comparing results nbthi in Fig. 3 show how the free-space mismatth(v) (found
with multiple terminationd’, (v). forI'. =0, i.e., for a 5002 load) is translated into a different

Tests were carried out in an RC in CentraleSupelec, bf.(v) as soon as relatively high values|df.| are considered.
dimensions3.06 x 1.84 x 2.45 m3, equipped with a mechanical Of particular interest is the appearance of oscillationshie
stirrer, here operated in 50 steps. This RC was shown lver frequency range, indicating that the denominatod2) (
approximate isotropic diffusion starting from about 0.5 sHbecomes partially resonant.

[6]. In order to apply (10) and (11)y + 2 identical antennas  The resulting sets of3% () were smoothed over a 100
are required. A total of six monocone antennas were used,Mslz sliding window, since cavity-dominated losses result
those pictured in Fig. 2, with two of them used as transmittérto asymptotically vanishing differences with respecte
and receiver, while the rest were placed (not connectedyto amloaded caseg?(v). The ratiosR(v) = o2(v)/o% (v) =
cable) on styrofoam supports, acting at stand-alone lgadi@Q,(v)/@n~(v), for the 5 loading configurations, are shown
antennas. These were oriented in such a way to have their ami$ig. 4, indicating how changin@;,(v) leads to a varying
orthogonal to their closest neighbours, in order to minenizlegree of antenna-related loading, not limited to the lower
any direct coupling. frequency range, as often assumed. The case of open-eitcuit

The reference average-power transmissigity), was mea- loading antennas is interesting, as it was found to systemat
sured without the four loading antennas, while keeping theally result into R(v) > 1, in contradiction with standard
styrofoam supports in place, in order to take into accountodel (5), for whichR(v) = 1 whenevenI';(v)| = 1, inde-
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Fig. 3: Modulus of the reflection coefficients expected at the 0.8

port of each loading antenna, as estimated from (12).
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Fig. 5: Radiation efficiency as estimated from: (a) the stadd
antenna loading model, according to (11) and (b) the prapose
model, according to (10). Refer to Figs. 3 and 4 for shade
coding.

VI. CONCLUSION

The proposed model for antenna/EUT dissipation within
an RC was proven to be self-consistent in its predictions,

o2(v)/o% (v), measuring the increase in losses due ®° opposed to the standard one. These results are expected

antenna-loading dissipation, for each antenna load.

pendently fromn,(v), pointing to an underlying dissipation

from the open-circuited antennas.

Estimates ofn,(v) from (10) and (11) obtained from
these data are shown in Fig. 5. It appears that standafd-

to be of interest in application of RCs where power loss
is not dominated by cavity surfaces, with antennas/EUTs
contributing to it, a situation known to occur in the lower

frequency range of use of RCs.
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