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Andrea Cozza,Senior Member, IEEE

Abstract—Antennas, and more generally any equipment under
test (EUT) capable of coupling to impinging electromagnetic
waves, are well-known sources of power loss in reverberation
chambers (RCs). As such, it is fundamental to model their
contribution to an RC quality factor. The standard model
available in the literature is based on power dissipated in
loads connected to an antenna. This paper argues about the
inaccuracy of this description, where internal dissipation within
an antenna (or EUT), associated to low radiation efficiencies, is
neglected. An alternative model is validated by showing itsself-
consistency in predicting change in loading effects as opposed to
the standard model. It is expected to have practical importance
for tests performed in the low-frequency range of RCs, where
antenna-related dissipation is the dominant loss mechanism, and
in particular for EUTs which can be expected to display poor
radiation efficiencies.

Index Terms—Reverberation chamber, quality factor, antenna
coupling, power dissipation, radiation efficiency.

I. I NTRODUCTION

Coupling to reverberation chambers (RCs) necessarily
passes through antennas, acting as gateways for microwave
power, especially so for injecting energy into RCs that will
build up into high-intensity fields. Their typically reciprocal
nature means that they also receive power at the same time,
with the same effectiveness as they radiate it into RCs, causing
power leakage which is typically dissipated into external loads.
But antennas do not simply behave as gateways: they may
introduce their own power dissipation mechanism, measured
by their radiation efficiencyηa. These observations also apply
to any receiver or EUT [1].

Since they contribute to the overall quality factor of an
RC, it is fundamental to know how to model their effect. The
standard model available for predicting antenna-related losses
was derived in [1]. Its main drawback is that it regards as lost
only the power dissipated onto antenna loads, a description
here argued to hold only for lossless antennas. Antenna
mismatch and radiation efficiency do appear in the standard
model, but they only modulate the power impinging on the
load, neglecting the fact that radiation efficiency is a measure
of internal power dissipation. Furthermore, reflection from
mismatched loads inevitably leads to a second lossy interaction
with the antenna.

This paper presents an improved model for antenna-related
losses, taking into account these observations. The accuracy
of the proposed model is demonstrated by its self-consistency
in predicting change in power loss when different loads are
connected to antennas. The two models disagree for weak
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radiation efficiencies, with the proposed model predicting
greater loading effects. This latter case can be expected for
imperfectly shielded EUTs, which are not designed to act
as efficient antennas. Applications also involve predicting RC
loading in their lower frequency range, where cavity-related
losses are no longer the dominant loss mechanism.

II. POWER TRANSMISSION THROUGH ANRC

The average-power transmissionσ2(ν) of an RC measures
the average power〈Po(ν)〉 at the output port of a receiving
antenna, as a function of frequencyν, when an available power
Pi(ν) is applied to the input port of a transmitting antenna,
assumed to be identical to the receiving one, with no loss of
generality. Brackets stand for the ensemble average.

The above definition corresponds to taking the variance of
theS21(ν) scattering parameter as measured, e.g., by a vector
network analyzer (VNA), hence

σ2(ν) =
〈Po(ν)〉

Pi(ν)
=

〈

|S21(ν)|
2
〉

, (1)

having assumed diffusive conditions, hence| 〈S21(ν)〉 |
2 ≪

〈

|S21(ν)|
2
〉

.
The actual power injected into the RC is notPi(ν), but

rather Pt(ν) = Pi(ν)ηa(ν)(1 − |ΓL(ν)|
2), with ηa(ν) the

radiation efficiency of the antennas andΓL(ν) the impedance
mismatch between the antennas impedances and their loads.
Similarly, the output antenna receives on average a power
〈Po(ν)〉 = 〈Pr(ν)〉 ηa(ν)(1 − |ΓL(ν)|

2), with 〈Pr(ν)〉 the
average power available to the receiving antenna.

As shown in [1], σ2(ν) can be expressed as a function of
the quality factorQ(ν),

σ2(ν) =
Q(ν)

Qo
a
(ν)

η2a
(

1− |Γa(ν)|
2
)2

, (2)

where
Qo

a(ν) = 16π2Vλ (3)

accounts for power leaked by a perfectly matched and lossless
antenna, expressed as a quality factor [1];Vλ = V/λ3 is the
electric volume of the RC, withλ the wavelength. Eq. (2)
assumes thatΓL(ν) ≡ Γa(ν), i.e., the free-space reflection
coefficient of the antennas, since the two RC-coupling anten-
nas are usually connected to matched measuring devices, such
as a VNA.

Antenna losses also appear inQ(ν) as [1]

Q−1(ν) = MQ−1

a
(ν) +Q−1

c
(ν), (4)

whereQc(ν) is the cavity-related quality factor, better known
as intrinsic quality factor, whileQa(ν) accounts for antenna-
related losses.M is the equivalent number of antennas, which
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Fig. 1: Contributions to power dissipated by a loading antenna,
with events related to received power in blue, and those leading
to power radiated back to the RC in red. Three dissipation
events marked from 1 to 3 are detailed in the text.

needs to be increased by one due to coherent backscattering for
the input antenna, leading to a twofold increase in the power
leaking through it [2], [3]. Hence, the case of two coupling
antennas requiresM = 3.

The relation betweenQa(ν) and Qo
a
(ν) was also derived

in [1], following the same reasoning used in expressing the
injected powerPt(ν) as a function of the input powerPi(ν),
thus

Qa(ν) =
Qo

a
(ν)

ηa(ν)(1 − |ΓL(ν)|2)
, (5)

by considering the antennas only leaking power outside the
RC; a genericΓL(ν) is now considered. Thus, a weakly
efficient antenna is regarded as ineffective at leaking, thus
justifying a higherQa(ν) that would make it weight less in
(4).

III. POWER DISSIPATED BY AN ANTENNA/EUT

The standard definition ofQa(ν), as reported in (5) is here
shown to be inaccurate, since it neglects two fundamental
steps in the description of antenna-related power loss. Taking
the example of the receiving antenna in the previous section,
〈Po(ν)〉 only represents the fraction of available received
power 〈Pr(ν)〉 dissipated into the antenna load. Even though
radiation efficiency and impedance mismatch are taken into
account, they are only considered from the point of view of
the antenna load. In fact, forηa(ν) < 1, 〈Pr(ν)〉 (1 − ηa(ν))
represents the fraction of available received power dissipated
internally by the antenna, due to ohmic losses. This source of
lost power is currently not acknowledged in (5), being distinct
from the power dissipated into the antenna load.

For an antenna in receiving mode, the average available
power 〈Pr(ν)〉 undergoes a sequence of dissipative events
illustrated in Fig. 1, marked as1 → 3. Power is dissipated in-
ternally in 1, already described, as〈Pr(ν)〉 (1−ηa(ν)), leaving
〈Pr(ν)〉 ηa(ν) to impinge on the antenna load, of which only
〈Pr(ν)〉 ηa(1 − |ΓL(ν)|

2) is dissipated into the load, marked
as 2, the contribution acknowledged in (5). But for a general
reflection coefficientΓL(ν), part of this impinging power
wave will be subsequently reflected back and be available
for the antenna now in transmission mode. This amounts to
〈Pr(ν)〉 ηa(ν)|ΓL(ν)|

2, and will therefore be submitted again

to internal dissipation within the antenna, with a third contribu-
tion to dissipation equal to〈Pr(ν)〉 ηa(ν)(1−ηa(ν))|ΓL(ν)|

2,
while 〈Pr(ν)〉 η

2

a
(ν)|ΓL(ν)|

2 will be effectively radiated back
into the RC.

In the end, the total dissipation as due to the sum of the three
contributions described insofar corresponds to〈Pr(ν)〉 (1 −
η2
a
(ν)|ΓL(ν)|

2), i.e., the portion of available received power
not radiated back. As a result, (5) should be updated to

Qa(ν) =
Qo

a(ν)

1− η2a(ν)|ΓL(ν)|2
. (6)

Since (6) was derived by including two additional contri-
butions to dissipated power, (5) is necessarily a higher bound
to (6). In other words, the standard model underestimates the
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 received power
would be mostly dissipated within the antenna during two
interactions, first in receiving mode and then when transmitting
the power reflected by the load. This scenario is of practical
importance, sinceηa(ν) ≃ 1 only for devices designed to
radiate efficiently, i.e., antennas. But, as rightly pointed out in
[1], models such as (5) and, as a consequence (6), also hold
for any EUT capable of coupling to electromagnetic radiation.
In this case, though, an EUT is usually not design to radiate,
resulting in a likely low radiation resistance that may leadto
a low radiation efficiency. The extreme case ofηa(ν) = 0
corresponds to complete dissipation in (6), while in (5) it is
rather predicted to be vanishing.

The proposed model also displays an interesting symmetry
between the role ofηa(ν) and of |ΓL(ν)|, as opposed to (5).
An intuitive understanding of the reason for this symmetry can
be gained by considering the case of an antenna with its output
port connected to an attenuator terminated by a load with a
mismatchΓL(ν). If A(ν) is the power attenuation, this setup
can be substituted by two alternative equivalent circuits.In the
first case, the antenna sees a load that now has an equivalent
power reflection coefficient|ΓL(ν)|

2A2(ν). Alternatively, the
attenuator can be paired with the antenna, resulting in an
apparent radiation efficiencyηa(ν)A(ν), while maintaining the
load reflection coefficientΓL(ν). The two equivalents must
yield the same results dissipation-wise, with the sameQa(ν).
Eq. (6) complies with this physical requirement, thanks to
the symmetry of its denominator. As a result, the case of a
perfectly matched antenna or of a low radiation efficiency have
the same effect, resulting into a strong dissipation and thus
Qa(ν) ≃ Qo

a(ν).

IV. VALIDATION PROCEDURE

The validity of (6) cannot be tested directly, sinceQa(ν)
cannot be estimated from experimental data without knowl-
edge of the radiation efficiency of an antenna, while any
estimate ofQ(ν) assumes a negligible impact of antennas to
an RC loading [4], [5].

One way of solving this conundrum is to compare pre-
dictions issued from the two models. SupposeN further
antennas were added to an RC, identical to the two used
for measuring power transmission. Their power dissipation
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would be manifest as the average-power transmission through
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 dissipation,
independently of their loads. The accuracy of (5) and (6)
requires thatηa(ν) estimated from power transmission through
an RC be independent from the loads connected to theN
loading antennas.

Concretely, this amounts to take two sets of measurements
of σ2(ν), as defined in (1): first with no loading antenna
(σ2

o
(ν)), and compare the results with the case whenN anten-

nas were introduced into the RC (σ2

N
(ν)). From (2),σ2

N
(ν)

is linked to the RC quality factorQN (ν), having updated (4)
with the contributions from theN loading antennas,

Q−1

N
(ν) = MQ−1

a
(ν) +Q−1

c
(ν) +NQ−1

L
(ν), (7)

with QL(ν) the quality-factor contribution of theN loading
antennas closed on loads with reflection coefficientΓL(ν),
whereasQa(ν) assumes 50Ω loads connected to the RC-
coupling antennas. Then

NQ−1

L
(ν) = Q−1

N
(ν)−Q−1

o
(ν). (8)

Recalling (2) and (6), it is possible to recast (8) as

N
(

1− η2a(ν)|ΓL(ν)|
2
)

= η2a(ν)
(

1− |Γa(ν)|
2
)2

∆(ν), (9)

where∆(ν) = 1/σ2

N
(ν) − 1/σ2

o(ν) measures additional loss
from theN loading antennas.

Solving for ηa(ν), yields

η2
a
(ν)/N =

[

(

1− |Γa(ν)|
2
)2

∆(ν) +N |ΓL(ν)|
2

]

−1

. (10)

Similarly, the standard model (5) founds

η2a(ν)/N =
1− |ΓL(ν)|

2

(1− |Γa(ν)|2)
2
∆(ν)

. (11)

V. EXPERIMENTAL RESULTS

Models (10) and (11) bind the variation in power trans-
mission∆(ν), due to antenna loading, with their termination
impedance, through the fact that antenna radiation efficiency
must be invariant to loading conditions. Therefore it makesfor
a good test of self-consistency, by comparing results obtained
with multiple terminationsΓL(ν).

Tests were carried out in an RC in CentraleSupelec, of
dimensions3.06×1.84×2.45m3, equipped with a mechanical
stirrer, here operated in 50 steps. This RC was shown to
approximate isotropic diffusion starting from about 0.5 GHz
[6]. In order to apply (10) and (11),N +2 identical antennas
are required. A total of six monocone antennas were used, as
those pictured in Fig. 2, with two of them used as transmitter
and receiver, while the rest were placed (not connected to any
cable) on styrofoam supports, acting at stand-alone loading
antennas. These were oriented in such a way to have their axis
orthogonal to their closest neighbours, in order to minimize
any direct coupling.

The reference average-power transmission,σ2

o
(ν), was mea-

sured without the four loading antennas, while keeping the
styrofoam supports in place, in order to take into account

Fig. 2: Part of the experimental setup, with three of the loading
antennas mounted on top of styrofoam supports.

eventual loading effects. Subsequent measurements for the
loaded average-power transmissionσ2

N
(ν) were carried out

with the four loading antennas on the styrofoam supports,
closing each antenna on identical impedances, characterized by
a reflection coefficientΓc(ν) as defined with respect to a 50Ω
reference impedance. For the sake of applying (5) and (6), the
actual mismatchΓL(ν) observed from the antenna standpoint
needs to be defined with respect to its own impedance, in
general different from 50Ω. According to [7, Sec. 4.4.4]

ΓL(ν) =
−Γa(ν) + Γc(ν)

1− Γc(ν)Γa(ν)
. (12)

Power transmissionσ2

N
(ν) was measured over the frequency

range 0.6 − 6 GHz, with 60000 evenly spaced samples,
using a Rohde & Schwarz VNA, model ZVB8. Five differ-
ent loading impedances were tested: open circuits (as SMA
coaxial connectors), 50Ω loads, and coaxial attenuators left
in open circuit, with attenuations equal to 1, 3 and 6 dB.
The rationale behind these choices was to span a large panel
of impedance mismatches. In particular the open-circuited
attenuators simulate intermediate conditions between thecase
of an open-circuited antenna and a 50Ω impedance. Results
in Fig. 3 show how the free-space mismatchΓa(ν) (found
for Γc = 0, i.e., for a 50Ω load) is translated into a different
ΓL(ν) as soon as relatively high values of|Γc| are considered.
Of particular interest is the appearance of oscillations inthe
lower frequency range, indicating that the denominator in (12)
becomes partially resonant.

The resulting sets ofσ2

N
(ν) were smoothed over a 100

MHz sliding window, since cavity-dominated losses result
into asymptotically vanishing differences with respect tothe
unloaded case,σ2

o
(ν). The ratiosR(ν) = σ2

o
(ν)/σ2

N
(ν) =

Qo(ν)/QN (ν), for the 5 loading configurations, are shown
in Fig. 4, indicating how changingΓL(ν) leads to a varying
degree of antenna-related loading, not limited to the lower
frequency range, as often assumed. The case of open-circuited
loading antennas is interesting, as it was found to systemat-
ically result intoR(ν) > 1, in contradiction with standard
model (5), for whichR(ν) = 1 whenever|ΓL(ν)| = 1, inde-
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Fig. 3: Modulus of the reflection coefficients expected at the
port of each loading antenna, as estimated from (12).
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Fig. 4: Average power-transmission ratioR(ν) =
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(ν), measuring the increase in losses due to

antenna-loading dissipation, for each antenna load.

pendently fromηa(ν), pointing to an underlying dissipation
from the open-circuited antennas.

Estimates ofηa(ν) from (10) and (11) obtained from
these data are shown in Fig. 5. It appears that standard-
model results are afflicted by a strong sensitivity to antenna
loads, with oscillations in|ΓL(ν)| translated intoηa(ν). The
proposed model provides more consistent results, even though
minor variations are observed between 1 and 2 GHz. Another
measure of inconsistency with the standard model is thatη2

a
(ν)

in (11) had negative values, as well asηa(ν) > 1, as visible in
Fig. 5 below 2 GHz for the strongly mismatched cases of an
open-circuit and a 1 dB attenuator. These results confirm that
the proposed model is more accurate than the standard one,
as local differences are within a±10% range and physical
constraints onηa(ν) are respected. Finally, it can be noticed
that the standard model inaccuracy translates into what appears
to be an overall underestimation ofηa(ν), which could become
an issue when testing antenna efficiencies in an RC.
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Fig. 5: Radiation efficiency as estimated from: (a) the standard
antenna loading model, according to (11) and (b) the proposed
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,
as opposed to the standard one. These results are expected
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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