
 

  

 

Aalborg Universitet

Polarimetric Room Electromagnetics

Pedersen, Troels; Adeogun, Ramoni Ojekunle

Published in:
I E E E Transactions on Antennas and Propagation

Creative Commons License
CC BY-NC 4.0

Publication date:
2024

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):
Pedersen, T., & Adeogun, R. O. (2024). Polarimetric Room Electromagnetics. Manuscript submitted for
publication.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 10, 2024

https://vbn.aau.dk/en/publications/a2f1ab8d-c7f4-43d2-9d55-06ddfb781623


1

Communication
Polarimetric Room Electromagnetics

Troels Pedersen and Ramoni Adeogun

Abstract—A polarimetric model for the power delay spectrum
for inroom communication is proposed. The proposed model
describes the gradual depolarization of the signal with delay. The
model is based on the theory of room electromagnetics, specif-
ically the mirror source approach, which is straightforwardly
generalized to the polarimetric case. Compared to the previously
known unipolarized room electromagnetic models, which are
contained as a special case, the new model holds one additional
parameter describing the polarization leakage per wall bounce.
The proposed model is found to fit well to two sets of polarimetric
data one mm-wave and one cm-wave measurements.

Index Terms—Geometrical optics, Indoor propagation, Mod-
eling, Multipath channels, Polarization, Radio propagation.

I. INTRODUCTION

Room electromagnetics [1] has attracted interest from many
authors for its ability to characterize the power delay spectrum,
i.e., mean power delay profile, of the inroom radio channel.
The power delay spectrum is important for the design of com-
munication systems as it determines the mean values of path
loss, mean delay, and rms delay spread [2]–[6]. Inspired by
methods from room acoustics, models have been derived based
on a power balance (or Sabine) approach as in [1], or a mirror
source (or Eyring) approach as in [3], [7], [8]. Of the two
approaches, it was shown in [3], [9] that the latter approach
yields more accurate results for the typical values of wall
reflection coefficients encountered in room electromagnetics.
The works on room electromagnetics have almost exclusively
focused on uni-polarized propagation for simplicity reason.
However, polarization is commonly considered important to
include in channel models [10] and indeed, numerous recent
geometry- and propagation graph-based stochastic channel
models such as [11]–[17] account for polarization effects.

An exception to the uni-polarized works in room electro-
magnetics is the [18] which proposed an polarimetric exten-
sion for the distance dependent power delay spectrum model
from [2], [3]. This extension was, unfortunately, obtained with-
out actually re-deriving the power delay spectrum from the re-
verberation theory. The resulting model does not, while being
able to fit measurements, link theoretically to the polarimetric
propagation mechanisms. Furthermore, the extended model is
rather complex in terms of the number of free parameters to
be estimated from measurements. This complicates its use as
an analytical tool to study how propagation scenario affects
the polarized channel.

Inroom measurements, such as [12], [17], [19] suggest
that the cross-polar channel, not only show higher power
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Fig. 1. Rectangular room with transmitter and receiver antennas. Here only
three of infinitely many propagation paths are shown.

loss, but also exhibit a more gradual onset of the power
delay spectrum. Although this behaviour affects important
parameters, such as the rms delay spread, a gradual onset is
not included in the model [18]. The gradual onset is predicted
well by the polarimetric propagation graph model [17] for
which the polarimetric power delay spectrum was derived
by approximating the graph structure, but not derived from
reverberation theory.

The present contribution extends the scalar mirror source
theory from [3], [4], [8] to the polarimetric case and derive
an analytical closed form expression for the power delay
spectrum. Compared to scalar room electromagnetics, the de-
rived expression contains, apart from antenna characteristics,
only one additional propagation parameter γ specifying the
polarization leakage due to wall interactions. The power delay
spectrum resembles the one from scalar room electromagnet-
ics, with power decay governed by a reverberation time T .
The polarimetric mixing occurs with a different rate described
by the polarimetric mixing time Tp given by the room volume,
surface area, and cross-polar leakage γ. Furthermore, the
cross-polarization ratio (CPR) is also derived for the model.
To demonstrate the model we fit it to two sets of measurement
data from [12], [17].

II. CONSIDERED SCENARIO

Consider the propagation of radio waves in a box-shaped
room with a transmitter and a receiver inside as the one
shown in Fig. 1. Waves emitted by the transmitter bounce
back and forth between the walls, ceiling, and floor (hereafter
referred to as “walls”). The volume of the room is denoted
by V and the total wall area is S. The walls are non-ideal
conductors and thus in wall interaction (or bounce), a wave is
partially reflected back into the room, attenuated, phase-shifted
and possibly with altered polarization state. In each bounce a
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part of the energy is lost due to absorption in the wall or
transmission through it. We assume that the room is isolated
in the sense that signals transmitted through walls does not re-
enter. Thus we do not distinguish whether signal energy lost
due to absorption or transmission.

Directions are specified by the real vector Ω defined as
Ω = [cos(φ) sin(θ), sin(φ) sin(θ), cos(θ)]T where θ and φ
are the coelevation and azimuth (in a right-handed coordinate
system with origin at the antenna). The polarimetric power
response of an antenna in a specific direction Ω is a two
dimensional vector defined as G(Ω) = [Gθ(Ω), Gφ(Ω)]T

where Gθ/φ(Ω) is the power gain in the θ/φ polarization
states. The mean polarimetric gain µ is defined as an average
over the unit sphere S2 as

µ =

[
µθ

µφ

]
=

1

4π

∫
S2
G(Ω)dΩ. (1)

For a vertically polarized antenna, µφ = 0. Similarly with
µθ = 0 we achieve horizontal polarization. For a lossless
antenna, µθ + µφ = 1 and we may write µ = [1 − ξ, ξ]T

for some constant 0 ≤ ξ ≤ 1. In the following, entities related
to the transmitter and receiver are subscripted by t and r,
respectively.

Average attenuation and power leakage between polariza-
tion states due to a wall bounce is described by a matrix

A = g ·M, (2)

where 0 ≤ g < 1 is the average power gain per bounce and the
2× 2 matrix M describes the leakage between polarizations.1

For simplicity, we model M as in [17], i.e.

M =
1

1 + γ

[
1 γ

γ 1

]
. (3)

The cross-polar leakage per bounce is controlled by the
parameter 0 ≤ γ < 1 which varies with the wall materials.
With γ = 0, no polarization leakage occurs whereas for
γ → 1, complete depolarization happens after one bounce.

III. POWER DELAY SPECTRUM MODEL FROM MIRROR
SOURCE THEORY

As in [4], [8] we consider mirror source analysis which
is easily applied to a box-shaped room. Iteratively mirroring
the transmitter in the walls, generates an infinite collection
of mirror sources. The signal from each mirror source under-
goes successive interactions (bounces) with the wall. In the
following, we first derive the power delay spectrum for case
where the transmitter is placed uniformly at random within
the room. Next, we introduce the necessary modifications for
the case where the transmitter-receiver distance is fixed.

1The two-polarized case is considered here for simplicity and consistency
with previous works on indoor polarimetric models. The model can be
extended to the tripolarized case, by replacing M by a 3 × 3 matrix and
using the tri-polarized antenna gain pattern in the following derivations. This
leads to only minor change in the resulting model, and is omitted here.

A. Uniformly Distributed Transmitter Position

By assuming the transmitter position to be uniformly dis-
tributed within the room, the mirror source positions form
a homogeneous point process with intensity equal to 1/V
[4], [8]. Assuming uncorrelated scattering, the power delay
spectrum is of the form

P (τ) = E

[∑
k

Gr(Ωr,k)T
ABkλ2

4π(cτk)2
Gt(Ωt,k)δ(τ − τk)

]
,

(4)
where the mirror sources are indexed by k and the expectation
is taken over the mirror source point process. The speed of
light is denoted by c and the wavelength by λ. The signal from
mirror source k has direction of departure Ωt,k, direction of
arrival Ωr,k and propagation delay τk. The signal is attenuated
due to the inverse squared distance power law and a number
Bk of bounces. Each bounce attenuates and depolarizes the
wave according to the matrix A.

The number of bounces can be approximated as a function
of the propagation delay [3]

Bk ≈
cSτk
4V

. (5)

As in [4], we assume the mirror source process to be homo-
geneous and thus the multipath components have uniformly
distributed directions of arrival and departure and arrival rate
of 4πu(τ)c3τ2/V , where u(τ) denotes Heaviside’s unit step
function. Furthermore with good approximation, the joint
intensity function of delays, directions of departure and arrival
factorize into a product of intensity function, with one factor
for delay, and one for each of the directions.

Invoking Campbell’s theorem (see e.g. [20]) and (1) yields

P (τ) =
cλ2

V
µTr A

cSτ/4V µtu(τ), (6)

Inserting the eigenvalue decomposition M = QΛQ−1 with

Λ =

[
1 0

0 1−γ
1+γ

]
and Q =

1√
2

[
1 1

1 −1

]
, (7)

gives after some manipulations

P (τ) =
cλ2e−τ/T

2V

[
(µr,1µt,1 + µr,2µt,2)×

(
1 + e−τ/Tp

)
+ (µr,1µt,2 + µr,2µt,1)×

(
1− e−τ/Tp

)]
u(τ). (8)

Here, T is the usual Eyring reverberation time2 [3]

T = −4V

/
cS ln(g). (9)

and Tp is a different time constant which we coin the polari-
metric mixing time

Tp = −4V

/
cS ln

(
1− γ
1 + γ

)
. (10)

2The approximation in (5) can be improved somewhat by using the Kuttruff
approach as described in [8]. This will result in a scaling of both T and
Tp by a factor depending on the geometry of the room. This modification
improves the model’s prediction accuracy but is omitted here for simplicity.
The modification is straightforward to introduce, if greater accuracy is needed.
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The value of γ affects the mixing time dramatically: γ = 0
gives no polarimetric mixing and Tp → ∞; γ = 1 gives
Tp = 0 and the mixing is instantaneous. Naturally, in realistic
scenarios, γ lies somewhere in between these two extremes.
Fig. 2 plots the model (8) for various parameter settings.

It appears that both reverberation and mixing time are
proportional to V/S. Thus, both time constants increase with
room size. Comparing rooms with fixed volume, flat and
elongated rooms have smaller time constants. We can then
define a mixing constant

Tp
T

= ln(g)

/
ln

(
1− γ
1 + γ

)
, (11)

which is only dependent on polarimetric leakage and not on
room geometry. Fig. 2(a) reports plots of the mixing constant.

The model in (8) contains the classical unipolarized room
electromagnetics model [3] as special cases. With γ = 0,
the classical model is recovered; γ → 1 gives instantaneous
mixing and results in the classical mode scaled by a constant.
In between these two extremes, P (τ) deviates from the usual
exponential decay. However, at large delay it approaches the
asymptote (included in Fig. 2)

cλ2e−τ/T

2V
×[(µr,1µt,1 + µr,2µt,2) + (µr,1µt,2 + µr,2µt,1)] ,

which equals the classical model up to the bracket term which
is unity for lossless antennas.

The power delay spectrum in (8) can be decomposed into
a co-polar term

Pco(τ) =
cλ2e−τ/T

2V
(µr,1µt,1 + µr,2µt,2)×

(
1 + e−τ/Tp

)
u(τ),

(12)
which has an abrupt onset at τ = 0, and a cross-polar term

Pcross(τ) =
cλ2e−τ/T

2V
(µr,1µt,2 + µr,2µt,1)×

(
1− e−τ/Tp

)
u(τ),

(13)
with a more gradual onset. Their delay-dependent ratio,

Pco(τ)

Pcross(τ)
=

(µr,1µt,1 + µr,2µt,2)

(µr,1µt,2 + µr,2µt,1)
× coth(τ/2Tp), (14)

approaches infinity for small delays and a constant given by
the antennas at large delays. The convergence rate of these
two terms and thus of the P (τ) to its asymptote depends on
the mixing time.

The CPR can be computed for the model as

CPR =

∫∞
0
Pco(τ)dτ∫∞

0
Pcross(τ)dτ

, (15)

which after some straightforward manipulations gives

CPR =
(µr,1µt,1 + µr,2µt,2)

(µr,1µt,2 + µr,2µt,1)
×
(

1 + 2
Tp
T

)
. (16)

Thus, the CPR is a function of antenna parameters and the
mixing constant. Considering the extreme cases:

CPR =


∞ γ = 0

(µr,1µt,1 + µr,2µt,2)

(µr,1µt,2 + µr,2µt,1)
γ → 1.

(17)

For the special case of lossless antennas with perfect cross-
polar isolation, the µ vectors have zero/one entries only. If
both antennas are vertically polarized, µt = µr = [1, 0]T we
obtain P (τ) = Pco(τ), Pcross(τ) = 0, and CPR is infinite;
the same results with horizontally polarized antennas, µt =
µr = [1, 0]T . Vertical transmit polarization µt = [1, 0]T and
horizontal receive polarization µr = [0, 1]T gives P (τ) =
Pcross(τ) and Pco = 0 and CPR = 0; the same results with
µt = [0, 1]T and µr = [1, 0]T . We remark that even in the case
of unipolarized lossless antennas, the power delay spectrum in
(8) deviates from the classical exponential decay.

B. Fixed Transmitter-Receiver Distance

Up until now, the results were derived assuming the trans-
mitter to be placed uniformly at random within the room,
irrespective of the distance to the receiver. Now, we modify
the expressions for the case where the transmitter is a fixed
distance d away from the receiver. This corresponds to con-
ditioning on the mirror source point process, so that a sphere
of radius d around the receiver is void of any sources. With
reasonably good approximation [4], the conditional intensity
of the mirror source process then is 1/V everywhere outside
this sphere, but zero inside the sphere. The transmitter lie
with certainty on the sphere. This gives power delay spectrum
conditional on the distance

P (τ |d) = P (τ)u(τ > d/c) + Pdir(τ, d), (18)

where Pdir(τ, d) describes the direct propagation. If the direct
path is completely blocked, Pdir(τ, d) = 0. For the line-of-
sight case, with fixed antenna orientation, we have

Pdir(τ, d) = Gr(Ωr,dir)
TGt(Ωt,dir)

λ2

4πd2
δ(τ − d/c). (19)

In the latter expression more parameters are needed as
we need to specify the value for the scaling constant
Gr(Ωr,dir)

TGt(Ωt,dir). If this information is available, it can
be included into the model. However, we shall for simplicity
assume this constant to equal µTr µt = (µr,1µt,1 + µr,2µt,2)
which corresponds to assuming uniformly distributed orienta-
tions. The simplified model reads

Pdir(τ, d) = (µr,1µt,1 + µr,2µt,2)
λ2

4πd2
δ(τ − d/c). (20)

We remark that (18) is the polarimetric extension of
the distance-dependent spike-plus-exponential model for the
power delay spectrum of inroom channels [2]. Note that the
time constants T and Tp remain unchanged, regardless of the
transmitter-receiver distance and antenna characteristics.

Plugging the distance dependent power delay spectra into
(15) yields

CPR(d) =
(µr,1µt,1 + µr,2µt,2)

(µr,1µt,2 + µr,2µt,1)
× (21)Q(d) +

1 +
Tp

T+Tp
e−d/cTp

1− Tp
T+Tp

e−d/cTp


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Fig. 2. Theoretical curves for the proposed model; (a) mixing constant with g as parameter; (b)–(d) Power delay spectra room with dimensions 3×4×3m3.
Solid lines: co-polar case with µt = µr = [1 − ξ, ξ]T ; dashed lines: cross-polar case with µt = [1 − ξ, ξ]T and µr = [ξ, 1 − ξ]T . Asymptotes are given
in dotted lines. One parameter is varied in each plot as stated while the remaining parameters are held fixed at values g = 0.4, γ = 0.04, ξ = 0. Co-polar
curves in (c) and (d) partly overlap as they vary only a little with the parameter.

with the direct propagation term

Q(d) =


0, in non-line-of-sight

λV
2πcTd2

ed/cT

1−
(
1+ T

Tp

)
e−d/cTp

, in line-of-sight.

IV. APPLICATION TO MEASUREMENT DATA

We fit the derived model to two sets (M1 and M2) of channel
measurements, both obtained with a vector network-analyzer
and virtual arrays of vertically and horizontally polarized
antennas. The data set M1 from [12] is collected in a furnished
meeting room of 3× 4× 3 m3 at center frequency of 60 GHz
with a 4 GHz bandwidth. A 5 × 5 virtual planar array with
inter-element spacing of 5 mm was used at both the transmitter
and receiver. The resulting 625 realizations were used to obtain
the average power delay profile (pdp) for the co- and cross-
polar channels. Measurements from both line-of-sight (LOS)
and non-line-of-sight (NLOS) measurements are included in
the data set. The second data set M2 from [21] is recorded in
a 6×10×3 m3 furnished conference room at center frequency
of 15 GHz with a bandwidth of 1 GHz. Using a virtual 10×10
array at the transmitter and a single monopole at the receiver,
gave 100 realizations per polarization. Further details of M1
and M2 are given in [12] and [21], respectively.

The model in Section III characterizes only the propagation
effect. The effects of the transmitted signal and measurement
noise are included according to

Py(τ |d) =

∫
P (τ − t|d) · |s(t)|2dt+ Pnoise, (22)

where s(τ) is the transmitted signal and Pnoise is the power
of the additive white measurement noise. Information on the
antenna responses are unavailable. Thus we set µt = µr =
[1 − ξ, ξ]T and µt = [1 − ξ, ξ]T ;µr = [ξ, 1 − ξ]T for the co-
and cross-polarized channels respectively.

Parameters g and γ, ξ and Pnoise are estimated by non-
linear least squares fitting (22) (in dB) to the average pdps

of the measured co- and cross-polarized channels (also in
dB). For M1, the parameters are estimated from one NLOS
measurement shown in Fig. 3(a) and used to predict the LOS
measurements in Fig. 3(b and c). For M2, the fit is shown in
Fig. 3(d). The noise power differs between measurements and
therefore adapted to each case.

Fig. 3, show clearly that the cross-polar power is present
in all four cases. The model fits well both M1 and M2 data
as can be seen in Fig. 3(a) and (d). Moreover, the predictions
shown in Fig. 3(b) and (c), are also quite accurate. Thus the
model allows for making predictions of the LOS case based on
data from an NLOS scenario. We remark that model appears
to have slightly different slopes of the co- and cross-polarized
power delay spectrum at the plotted delay range. However, it
can be verified by setting Pnoise = 0 in (22) that indeed, the
two slopes coincide at later delays. The mixing constant has
values 11.5 in M1 and 3.7 in M2. Thus gradual polarimetric
mixing occurs in both measurements but occurs faster in M2
than M1. We conjecture that this difference is in part due to
the difference in frequency and in part caused by clutter from
furniture present in the M2.

V. CONCLUSION

The polarimetric room electromagnetic model was derived
based on reverberation theory to describe the power delay
spectrum for an inroom channel. We find that depolarization
affects the power delay spectrum and thus derived parameters
such as rms delay. Depolarization occurs gradually over time
due to wall interactions, and is specified in the model by a
single leakage parameter. The proposed model is a general-
ization of the traditional unipolarized room electromagnetic
model which is included as a special case. We introduce
the polarimetric mixing time to describe the speed at which
depolarization occurs. Remarkably, the ratio of mixing time to
reverberation time, termed the mixing constant, depend only
on material parameters and not on room geometry. We fitted
the model to data from a 60 GHz measurement performed
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Fig. 3. Comparison of measured average pdp (solid line) to the power delay spectra model (22) (dashed line): (a) Data from office room M1, NLOS,
d = 1.8 m with fitted model; (b) Data from M1, LOS, d = 1.8 m and prediction of model from (a); (c) Data from M1, LOS, d = 1.35 m prediction and
model prediction of model from (a); (d) Data and model fitting for conference room M2, NLOS, d = 3.3 m. The parameter fitting in (a) gives T = 6.8 ns,
Tp = 78 ns and mixing constant of 11.5. For (d) T = 12.3 ns, Tp = 45 ns and mixing constant of 3.7.

in a small meeting room and a second data set from a 15
GHz measurement obtained in a larger conference room. The
model fits well for both data sets, and was successfully used
for prediction of unseen data. The mixing constant was found
to be eleven and four for 60 GHz and 15 GHz measurements,
respectively. These high values indicate that the gradual depo-
larization is significant for the considered scenarios.

With the proposed model we attempt to capture the average
depolarization behaviour using a single free parameter. Thus
our derivation relies on a simplistic modelling of depolariza-
tion due to wall interactions in a clutter-free environment.
Despite the simplistic assumption, we found that the model
fits well data from real scenarios where clutter is present. The
accuracy can potentially be improved by using a more detailed
model at the price of increased complexity, making the model
less suited for analytical work.
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