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Abstract—A comprehensive polarimetric distance-dependent of DMC in the physical model implies that common radio
model of the power delay profile (PDP) and path gain is propost  channel parameters have to be re-evaluated. Indeed,ufaithf
The model includes both Specular Multipath Components (SM g5 of the DMC are critical to reproduce the propagation

d D Multipath C ts (DMC); the latter bei . . . .
;nodeleedn\?veith al:] ;pxionen?gfgggnpzw(er Iav3.’ Thee p:ra?rr]et;?%f characteristics of the radio channel in indoor scenariah su

the model were estimated from polarimetric measurements of ~ @s the path loss, mean delay, root mean squared (rms) delay
large hall radio channel under Line-Of-Sight (LOS) conditions at  spread. These characteristics are used for typical cogerag
1.3 GHz with a dedicated procedure. The validity and robustess analysis, network optimization, localization [4], or evamman

of the proposed approach is provided by the good agreement exposure analysis [5].

between the polarimetric data and models for the investigatd . - .
transmitter-receiver distance range. Furthermore, the decription To this end, various DMC models were developed for indoor

of the radio channel with path loss models is discussed for €nvironments [6], [7], [8], [9] from the room electromagicst
cases where the DMC is included and a two-step method to theory for diffuse scattering observed in reverberatioanch
compute the path loss characteristics directly from the mesured  pers [10], [11]. In those models, the DMC is typically obsstv
data is developed. The re_sults_of this _cor_1tr|but|0n highlidpt ;he as the decaying slope of the power delay profile (PDP) [12]
fact that a complete polarimetric description of all propagation - . . .
mechanisms and related path loss models is desired to designand CharaCte”Z?d by 't_s r(_averberatlon time [8]. It V\_’as giow
faithful polarimetric radio channel models. that the energetic contribution of the DMC to the radio ch&nn
Index Terms—Polarimetric measurement, Distance-dependent can vqry between 20% and 80% for indoor or industrial
channel model, Indoor environment, Dense multipath compoent, scenarios [2], [13], [14]’.[15]' A d!Stance'dependent mode
path loss model. was recently reported for indoor radio channels where the PD
is described as the sum of the early SMC part of the PDP and
reverberant component [16]. The early partppimary SMC
|. INTRODUCTION includes the Line-Of-Sight (LOS), if present, and first@rd

VER the recent years, extensive experimental studitgflections off the walls, floor, ceiling, and objects. Saniy to
O have been performed with the aim of providing a deepgpe room electromagnetics theory, the reverberant comypone
physical comprehension of the propagation mechanisms dfdhe remaining part of the PDP such that the DMC cannot be
developing physically-sound radio channel models foryales physically distinguished from the secondary SMC (higheord
of scenarios [1]. Originally, the radio channel was comngonfeflections, diffractions, etc.).
considered as a mere collection of Specular Multipath Com-Modern radio channel models are expected to encompass a
ponents (SMC) that have well-defined discrete locations Rplarimetric description of the physical radio link thattwbe
the different radio channel dimensions (e.g., space, #aqy Used for the optimization of diversity-based wireless camm
time, etc.). Furthermore, distributed diffuse scattengelec- Nications or dedicated applications. In our previous wilk,
trically small objects and SMC with low signal-to-noiseicat 9eneral radio characteristics, XPD statistics, and prapaig
(SNR) values are also included into the channel but wergechanisms were investigated from each estimated individu
historically interpreted as polluting noise. Nowadays,ist SMC and DMC as a function of distance and shadowing
understood that these effects cannot be distinguisheddemn conditions [17]. Inspite being appealing for the propawati
other and form the basis for the Dense Multipath Componerf@mmunity, polarimetric PDP and path gain models as well
(DMC). In other words, the DMC can alternatively be interdS Path loss models including both the SN@d DMC are
preted as the non-coherent superposition of paths with ereaklissing in the literature. Here, the contribution of the gap
SNRs than the SMC, which still follow the specular powedims at filling this gap and is two-fold:
decay as a function of distance [2], [3]. Hence, the intraidnc 1) First of all, a polarimetric model of the SMC and DMC

PDP/path gain is developed. The proposed model is a strongly
S. Cheng, D. P. Gaillot, P. Laly, and M. Liénard are with theiudrsity modified extension of [16]. In particular, it provides a finer
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to the original paper. The polarimetric path gain model ca

be used to describe any general characteristics such as 107

rms delay spread, XPD, or DMC fractional power. From thi ob v | gl’”"(ﬂ (f])

approach, single-slope path loss models are discusse#eot _ | A |77 Gd((TT(d))

into account the contribution of the DMC. Q 10} _G(Td) '
2) Furthermore, an additional important novelty of this =

work is the development of a two-step fitting method tc '@ -20

obtain jointly the path loss characteristics for the priynarg

SMC and DMC directly from the measured channels. Thi .2 -30¢

approach is validated with the measurement and modeled d: % -40

A connection between the DMC path loss characteristics a @

room electromagnetics theory is also highlighted. 50t '""-E'.:‘-;,‘._ -

The paper is organized as follows: the polarimetric distanc T =

dependent PDP and path gain models are proposed in Sec  -60 ‘ ‘ ‘ —

0 500 1000 1500 2000

II. Section Il presents the measurement scenario and t |
data processing is carefully detailed. The parameters @f t.. Delay (ns)

model and it validation are discussed in Section IV. Beforl‘—elg. 1. lllustration of the PDP behavior in an indoor scemafor a

concluding, SMC plus DMC path loss models are deriveglen transmitter-receiver distangk. The PDP includes the primary SMC,
based on the observation of the reverberation propertiegzondary SMC, and DMC.

Finally, a two-step fitting method is proposed to obtain the
path loss characteristics for the primary SMC and DMC fro

the measured data. r:Phis modeling decomposition was shown to produce faithful

distance-dependent radio characteristics (mean deldsy de
spread, path gain, and kurtosis). However, the propagation

Il. POLARIMETRIC PDPAND PATH GAIN MODELING properties and mechanisms of the DMC and secondary SMC
A. PDP Model could not be individually assessed. Here, we propose tuialle
. . . . hi I i ing the followi iti
From the modeling point of view, the dlstance—dependeagetthésp%rgt_) em by introducing the following decompositio
PDP can be understood as the sum of the band-limited S '
and DMC PDP: G(r,d) = Gpri(1,d) + Goee(T,d) + Gprmc(r,d).  (6)
G(7,d) = Gsye(r,d) + Gpare(r, d). (1) As an example,the decomposition of the PDP into the

) primary/secondary SMC, and DMC is illustrated in this figure
Steinbocket al. [16] recently proposed to decompose the PDR an indoor scenario for a given transmitter-receiveratise
into a primary andreverberantcomponent which both display ;. As illustrated in Fig. 1, the secondary SMC includes a wide
a dependence to the distance: collection of high-order SMCs that have different timeaje
. _ and gains. It can simply be modeled as the superposition of
G(7,d) = Gpri(7,d) + Greu (7, d). (2) weighted single-Dirac terms with a power law model like with
The primary component describes the early part of the PFe primary component (see Eq. 3):
and includes the LOS and first-order reflections (if present) Newe d
o_ff the floor, ceiling, walls, and objects. It was proposedéo Gyee(T,d) = Z Gk;_’w(ﬁ)m.,.s(,a(g(T —7(d), (@)
simply modeled by: k=1
B do\n,,, d where ny .. and 7(d) are the path loss exponent and
Gopri(7, d) = GOJ’”'(E) o(r = Z)’ ®) distance-dependent time-delay for th& secondary SMC,
; : tivelyGy sc. IS the reference gain at reference distance
wheren,,; is the path loss exponert ,; the reference gain respec ) .
for the primary component at reference distadce dy, and d = dj for th_ek | seconaary _SMC ansec r']s thehnu_mber_of d
c the speed of light. In contrast, the reverberation componeﬂ\/'cj I_n a simple empty environment such as the investigate
is the remainder of the channel after the primary compone‘?ﬂeh't IS assume_dlt?m’se(j dofes not change W'thkthe d|stancéje.l
has been removed and describes the exponentially decay'w DeM%(ponhentcljal undct|on. rom Eq. (4) was kept to mode
behavior of the PDP tail as: t In the delay domain
: d
d Exp _ Exp —7/T “
Grev (Tv d) = GO,re'Ue_T/Ta T > Ea (4) GDMC (T, d) o GO’DMCe T c’ (8)
Pow i i i
where T is the reverberation time [8], [10]. From this pointVhereéGg ¢ is the reference gain at reference distarice
of view, it can be seen that the reverberation componentdgs FOr the sake of comparison, it is also suggested to use a

the sum of the DMC [12] and the secondary SMC (high_ordg,ower—lawto model each non-coherent path contributing to the
reflections, diffractions, etc.): DMC. Indeed, the development of path loss models are always

performed with this model and it can be useful to compare with
Grew(T,d) = Ggee(1,d) + Gppe (7, d). (5) already published path loss results for radio channels evher



DMC was identified as the strongest component. However, ttiee reference gain folf H and V'V at reference distancé=
authors would like to emphasize that the connection to roo# for the k' SMC. Finally,n;*} . is the path loss exponent
electromagnetics theory is completely missing when a power the k** SMC for each polarization link.
law is used. Similar equations can be derived for the DMC with power
Npume d law model whereathe distance-dependent polarimetric model
fo@vc(ﬂ d) = Z G,{_’DA,[C(i)WDMca(T — 7i(d)), for the DMC with exponential model is given by:
k=1

_ s /THH d
(9) Ggl\H/IC(T7 d) = XgI\H/IC(d)G(I)L{gMce /T yT 2>, (19)

considered, all components can be further decomposed into a
co-polar and cross-polar component : GYH o (rd) = (1= X5V o (d)GY Ypee /™" 7 > . (22)

XY _ XY XY XY
G (1,d) = Gy (1,d) + Gl (75,d) + G (75 d), (10) where Y21 . and y¥Y, . are the distance-dependent polar-

where the subscriptX’ andY denote the polarization of theization coefficients fotf H and V'V, G{!parc and Gy pyc

transmitting and receiving antenna, respectivalyandY are the gain at reference distandg for HH andVV, andT*"
either horizontal {) or vertical (/). This decomposition is IS the reverberation time for each polarization link. Foe th
motivated by the fact that electromagnetic waves mightesufic@se where the room electromagnetics theory is vand”
strong depolarization mechanisms in highly-reflectiveienys linked to the geometrical configuration of the scenario
ronments like indoor scenarios. Necessarily, all comptme@nd should not depend on the distance. Whereas Eq. (6)
will experience depolarization effects but at differenales can provide a general description of the radio channel char-
due to the nature of each propagation mechanism. Heng@gteristics such as the path loss, mean delay, or rms delay

the proposed distance-dependent polarimetric modettfer SPread for example, the set of equations (11) to (22) provide
primary SMCis given by: a deeper understanding of the propagation mechanisms of the

polarimetric SMC and DMC.
do HH d

whereny, pac is the path loss exponent aé;, /¢ is the 2
reference gain for the DMC at reference distante= dy GHY o(7,d) = (1*Xgﬁc(d))GélgMce‘T/Tw,T >, (20)

for the k*" path, respectivelyNp ¢ is the number of paths ¢
for the DMC. Moreover, when polarimetric measurements are GVYV . (7,d) = x4V, o (d)GY Y 0e /T 1 > i (1)

) C

d

Gopi! (7.d) = Xppi' ()Gl (=) 0(7 = =), (11)
vhd c B. Path Gain Model
Gélr}i/(,n d)=(1- Xﬁfr{f(d))Gé{#i(@)”mﬁ(T - (_1)7 (12) From the develqped distance—depe_ndent polarimetric PDP
' d c model, the path gaiPX" averaged at distanckis derived by
do vv d integrating the PDP with respect to delay for each propagati
vV _ Vv vV O\nyY = i i X

Gt (72d) = X (d) G i ()" 0(r = —), - (13) mechanism and polarization state:

Gy (rd) = (1 x5V @)GE 5 (o) 5~ 9), 14 PXY (d) = / GXY (r,d) dr. (23)

Wherexlffr,’f andxl‘fr‘f are the distance-dependent polarizatioﬁonseque”tly* the following path gain models are obtaioed f

coefficients for H and VV, GEH and GYY,, the gain at HH, HV, VH, andV'V, respectively:
reference distancé = dy for HH and V'V, andn,} the PHH () = HH (q)GHH (D)t |
path loss exponent for each polarization link. pre

The distance-dependent polarimetric model for the sec- PH (q)
ondary SMC is given by:

Nows p xii?(d)Géfiic(g)”m + (24)
0 ILHU
Gl (r,d) = ; XEH(d)Ggi(:(F) seek 6 (T — 7(d)), PHH (d)
y (15) X (d) G T e
e d HV
GIY (r,d) = 3 (1—xf (@) GHEL (S0 k5 77 (@) PETow
k=1
(16) do v
New PV (d) = (1= xgri! () Glprs ()" +
GLA(rd) =Y (1=x{V ()G} Lo () ek (r =7 (d)),
o ’ Tt d pHY
k=1 (17) pri (d)
17 d
Necg 1= X (@) G (e +
d, v ( Xsec 0,sec
QLY (rd) = Y UV @GEE (%) ws(r — mi(a)). d (29)
pa o PAY (d)
] (%8). 1 HH «\\QHH mHV v
wherex# andyy" are the distance-dependent polarization (1 = xDire(d)Gopye €T,
coefficients forH H andV'V whereasG'[l. andG)’}, are PV (d)
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of the EuraTechnologies Center, Lille (France). Prior bein

do., v refurbished into a high-technology building, this threeele
PV (d) =(1— XXTY(d))GKXn(EO)"W + high environment was the host of a textile plant, explairtirey
V) presence of traditional brick walls, marble floor, large dows
pri surface, and metallic structure, as depicted in Fig. 2(a). A
(1— XZ;‘C/(d))GgXec(d—o)an + 5 few chairs, tables, benches, and decoration plants aréetbca
i d (26)  around the centre for social events such that the envirohmen
PY.H (d) can be considered as almost empty. Figure 2(b) presents the

13 LOS Tx-Rx positions in the hall with distances ranging

(1= XBlre(d)GY b TV emim .
: ’ between 10 m and 45 m. The measurement campaign was

PYH (d) performed at night without workers and visitors to ensue th
the radio links are static over time. The transmitting unétsw
PYV(d) = VY (D GV do . ,vv moved around the hall whereas the receiving unit was seteto th
(d) = Xpri () 04’”‘(3) + same position for all measurements. A virtual uniform diacu
PYY (d) array (UCA) was used for both Tx and Rx with dual-polarized
e d patch antennas (antenna Cross-Polar Discrimination XPD
X;/(;‘C/(d)Gé)/;/ec(FO)an + 27) 15 dB for the main beam directirlocated atl.6 m high.
P (d)
_—d__ Iy oa
XgVMC(d)GX,gMCTVVGCTVV . : 02 o3 :
PYY () ' on AR
The path gains for the DMC with the power law are Nog m e e T = ; orn |8
detailed here for spacing reasons but could easily be ﬁ» ’ . X
In total, 24 parameters, some of which are distance-depend egs B LI IR A S

are required to tune the PDP or path gain modeéisther the
DMC follows an exponential or power law model in the dela "“'“b
domain. All parameters are summarized in Tahldéspite @ ()

he hiah level of mplexi hi r h provi ig. 2. (@) Picture of the EuraTechnologies Center atriurtie(LFrance)
the ‘high level of complexity, this approach pro des deéf:om the receiving array point of view. (b) Tx (blue circlesRx (red cross)

information about each meChaniS_m_ for any F_)Olarizati_on-"nlﬁ\easurement pairs in the EuraTechnologies Center atritn®.black squares
For instance, the model grants flexibility to derive othesided indicate the vertical brick beams visible in (a).

characteristics such as path loss models for each propagati

component which will be later discussed in the paper. The time-varying complex impulse response of the polari-
metric MIMO radio channeh*Y (7, ¢, m, n) can be obtained
TABLE | by Fourier transforming sampled versions of the frequency
MODEL PARAMETERS responséd XY (f,t,m,n) measured for all Tx - Rx links:
DMC hXY(Tatamvn) = ‘Fﬁl (HXY(fataman)) ’ (28)
Polar. Link | Pri. SMC | Sec. SMC| Exp. Law | Power Law . . .
HH HI W HH X B wherer is the time-delay} the sampled timef the sampled
. v v LHV X YV frequency,m the m!* antenna of the Tx array the n"
pri ‘sec "DMC . .
" VH VI VI X Wi antenna of the Rx array, af@~! the inverse Fourier operator.
pri sec MC . . . . .
vV e Vv X nov A major benefit of MIMO-based techniques relies in the
o HH Gl Gl | aif | GHH, _ measurement of a large set of data over frequency, time, and
G .DMC .DMC _ .
vV GYY, GVV. |GV ue | GYY e space, dependmg upon the sounder archltecture_, anteraya ar
HH HH HH HH HH and investigated scenario. When the channel is not varying
XY Xpri X““, XDamc XDnmc . . ; ; .
vV XY vV oV X0V with time (|.e.., static), _the dgpendence of the. rad|o. chbnne
HH X X THH X on the transmitter-receiver distanée&an also be investigated.
Sxv HY X X THV X The polarimetric distance-dependent PDFY (7, d) can be
VH X X TVH X obtained from the expectation of the squared magnitude of
% X X VvV X h*Y:

G*Y (7_7 d) = EHhXY (Ta d,m, Tl)|2] (29)

The expectation operator is applied over all Tx - Rx links to

. remove the small scale fading. As an example, Fig. 3 presents

A. Measurement Setup and Scenario the measured polarimetric PDP for position 6 (short Tx - Rx
The validity of the developed model is assessed with dadéstance) and 13 (large Tx - Rx distance). The exponential

collected by an 8 MIMO channel sounder at 1.3 GHz withdecay of the PDP indicates the presence of DMC for all

22 MHz bandwidth in the atriumdg.8 m x 36.35 m x 18 m) polarization links. In addition, SMC clusters can be clgarl

1. M EASUREMENT CAMPAIGN AND DATA PROCESSING



observed for the co-polar PDP but individual SMC cann@onsequently, the covariance matrix can be broken down into
be visually distinguished from each other due to the limitegblarimetric parts such that the DMC can be estimated for
bandwidth. each polarization linkX'Y" like reported here [17].

RYY =1, @y, @RFY. (32)

In addition, the antennas were de-embedded from the mea-
sured radio channels with the sampled polarimetric ratati
patterns of the patch antennas. The Effective Aperture Dis-
tribution Function (EADF) technique was used to store and

Relative Gain (dB)
Relative Gain (dB)

_ - interpolate the polarimetric gain for each SMC as a function

100} o0l o ofazimuth and elevation angles for both DOA and DOD [18].
pelay (1) Delay () RIMAX is an iterative algorithm wherein a fixed number of
@ () SMC are estimated for each iteration step along with the

Fig. 3. Example of measured polarimetric PDP for (a) posiband (b)) DMC. Here, the number of new SMC per iteration was set
position 13. to 5 as originally suggested in [12]. This number was chosen
as a good trade-off between the estimator computational tim
) and its ability to split coupled SMC. Note that no significant
B. Data Processing change in the results was obtained with a larger number.
In order to extract the model parameters from the measur€he reliability of each new SMC is checked with an SNR
radio channels, it is necessary to fit the path gain model withiterion [12], [14] and the algorithm stops itself when &ll
the SMC and DMC path gain estimates. This is performesMC fail the criterion. 50 iterations were chosen such that t
with the following procedure: maximum number of SMC was potentially 250. However, the
1) Parametric Estimation:Since we are solely interestedalgorithm stopped before reaching this limit for all pamits
into reconstituting estimated versions of the primarydselary and the mean number of estimated SMC per position was
SMC and DMC PDP and subsequent path gain, the pmund to be around 75. For the sake of comparison, this value
larimetric SMC and DMC parameters have to be initiallys in-between the number of SMC obtained by ray-tracing in
estimated with a high-resolution parametric estimatortfii® an empty parallelepipedic scenario with & %61) and 6"
end, the data were post-processed with a polarimetricarers{85) order of reflection.
of the Maximum-Likelihood (ML) parametric estimator Ri- 2) PDP Estimation: From here, the band-limite@XY

MAX [12]. For instance, the wideband MIMO measurementg}ggz’, and Ggﬁc can be reconstructed from the SI\I/){CL: and

performed in this work allow to access the Time of ArrivabMC parameters thanks to the estimator data model. At this
(TOA), Direction of Arrival (DOA), Direction of Departure point, it is necessary to define which SMC contribute to
(DOD), polarimetric complex gain for each SMC, as well aghe primary and secondary components. For indoor scenarios
the DMC. A deeper analysis of the estimates could be p&tith low room volumes, the LOS and first-order components
formed in terms of geometrical/stochastic channel modeglinypically arrive within a short delay period and contributi
clustering, or depolarization mechanisms like in [17] bsit ito the primary part of the PDP. However, for large volume
outside the scope of this paper. Typically, the sampledyarrgcenarios such as the one considered in this work, some of the
response vecton®* can be written as the sum of the SMGirst-order components may arrive much later than the LOS.
s¥¥ and DMCd*": This is particularly true when the Tx - Rx distance is shd li
hXY _ gXY | gXY (30) for position 6 (Fig. 3(a)). For this position, peaks are mbed_
180 ns (54 m) later than the LOS and attributed to reflections
In addition, the RIMAX data model assumes that theff the left and up walls. Here, only the SMC which contribute
covariance matrix can be factorized into a Kronecker produo the first observed peak of the PDP were considered for the
on the basis that all dimensions are independent [12]. primary SMC. This is done by picking all SMC within one
delay bin (45 ns) with respect to the LOS and all the remainin
R=lan @ lar @Ry, (31) SMg are (throwr)1 into thepsecondary SMC. This criterion wag
wherel| represents the identity matrix. The dense multipafiound to be simple to implement and in-line with the proposed
field is modeled as uncorrelated in the spatial (angular) dmodel. Figure 4 presents the estimated contribution of the
mains (a7, andl ) but correlated in the frequency (time-primary SMC, secondary SMC, and DMC to the total path
delay) domain(Ry). The isotropy assumption in the angulagain as a function of distance for all polarimetric links. It
domain implies that the DMC should be antenna independesitobserved that the primary SMC and DMC contribution is
as demonstrated in [14]. Originally, the DMC is estimatedot only dependent to the distance but also polarizatidtslin
from the covariance matrix of the complete data model (i.as it will be discussed later in Section V-A. In contrast, the
sum of all polarization links) such that the estimate is arontribution of the secondary SMC to the total path gain is
average across all polarization states. However, the DM@aker than the primary SMC and DMC with less than 9%
power characteristics are typically not uniform acrosspal on average for the co-polar and 4% for the cross-polar links,
larization links like for the investigated scenarios (sé&g B). respectively.
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P¥Vic/pac(do)

Vv —
100 e 100 r G’(),SI\/IC/DMC - XVV (d()) . (40)
e e sme SMC/DMC
80 Est. DMC 80
= g 4) DMC with Exponential ModelSimilarly, provided that
e E e TXY is a by-product of the estimatoy2 . andx¥Y, . are
Lo R _— given by:
= 20 = 20 XPDH
SN B o) = bug (41)
, , XbMmc o =4 (THV,THH) . )
c HV THH
o 10 20 DISlagge - 20 50 60 0 10 20 D‘Sujge o 40 50 60 <—THV ) e T T + XPDDZ\/IC
(@) (b) \%
4% XPDp e
100 100 — XDMC (d) = - —d (TVH,TVV ) v ) (42)
—e—Est. pri. -\ =vveave
o o TEn (TVH) e T/ + XPDpyc
= — s ' where XP and XP are also computed with
: Epmonc| | 2 NA \r Mc MC
» TR | s, /\ A4 Eqg. (37)-(38). _FinaIIy,Ggngc and Gy 5, are computed
= = at reference distanc&, from:
20 20
HH
ME: GHH _ Ppac(do) 43
OD 10 20 30 40 50 60 D0 10 20 30 40 50 60 07DMC - 74[) ) ( )
HH HH HH
Distance (m) Distance (m) XDMC (dO)T €cT
. . © I . “@ vV PVV C(dO)
Fig. 4. Estimated contribution of the primary SMC, secogd&MC, and Gy Ve = DM (44)

DMC (in %) to the total path gain as a function of distance fotapmetric

vV VV oo
links (a) HH, (b) HV, (c) VH, and (d) VV. Xpisc(do) TV Y eer

IV. RESULTS AND DISCUSSION

3) SMC and DMC with Power Law:After computing A. Model Parameters
P, PLY, andP3), . from their respective PDP, a linear

regression is performed to estimate the polarimetric pagh |
exponent XY nXY andnyY, ., respectivelyx 2 ., x¥ o

pri ? 'Ysec 1

First of all, the polarimetric path loss exponents were
fitted from the estimated primary, secondary SMC, and DMC
o e . i 1 ath gains. Then, the polarization coefficients as well as th
Xpac» @nd xpyyc, are obtained indirectly as a function ofieference gains were computed for the SMC and DMC from

the Cross-Polar Discrimination (XPD) and it can be show&3)_(44)_ It is shown in Fig. 5(a) and (b) that the primarglan

that: secondary SMC do not exhibit strong depolarization effects
N XPDE,,c(d) (33) (i.e. X34 = 1) over the whole distance range. In contrast,
SMC do\ (nEH o —nHY Y o ’ a larger depolarization is observed for the DMC but still
(7) +XPDgc(d) constant. It is only noted a slight change trend for the DMC
- XPDY 0 (d) with exponential model, greater for VV than for HH. This
Xsnmo(d) = (n¥Yo—n¥ie) o » (34)  change is too weak to be considered and the complexity of
() eme M) L XPDG e (d) the model can be decreased by taking the averaged value over
XPDH,,:(d) the studied distance range. SimilarlyXY was not found to
Xbie(d) = _— _DMC . (35) be distance-dependent across all polarization links. Adsted
(d—j)(n”’m_"”m) + XPDH,,-(d) deviation of 14.7 ns, 3.7 ns, 2.7 ns, and 5.5 ns was computed
XPDY,,,0.(d) for HH, HV,V H, andV'V, respectively. Hence, the averaged_
Xhao(d) = DMC ,  (36) value was also selected to tune the model. Moreover, this

(d_dO) (nbirc—mbhic) + XPDEMC(d) confirms the validity of the room electromagnetics theorg an
applicability of the proposed model but also that the ediiona

of T is more faithful for the cross-polar links. Finally, the
reference gains were computed from the data at reference
distanced, = 10 m for the SMC and DMC with the power

where the distance-dependent XPD with respect/tand V'
is computed from the estimated path gain for the SN ¢r
seg or DMC by:

HH = . .
XPDY, (&) = Porc/puc(d) 37) law and dp = 41 m for the DMC with the exponential
/DMC paV (d) ) law, respectively. Table Il summarizes the complete set of
SMC/DMC parameters required to tune the proposed PDP and path gain
v PsNic/pare(d) model for the investigated scenario.
XPDSMC/DMC(d) =\&ave ~ (38)
Psire/puc(d)

. . . 8 Model Validation
Finally, the reference gain for the primary/secondary SMC ) ]
and DMC are computed at reference distargdrom: Figure 6 presents a comparison between the estimated
- and modeled path gain for each propagation mechanism and
PSMC/DMC(dO) polarization link. In addition, Fig. 7 presents the dis&@nc

HH —
Go.sme/pue = XHH o pae(do)’ (39) dependent total path gain of the estimated and modeled data,
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Fig. 5. Primary/secondary SMC and DMC polarization coedfits for (a)
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TABLE Il
ESTIMATED MODEL PARAMETERS
o] [e3
Pri. SMC Sec. SMC Power Law Exp. Law

mod | G @8) | Y | Y | Gl @8) | XEY | Yo Gibawe ©@8) | xPYie | TNV () | Gibue ©@8) | xBlic
HH 219 0.9 0.99 2.88 -10.3 0.99 114 -6.88 0.91 125.6 60.9 0.88
HV 1.26 X X 1.26 X X 0.85 X X 126.6 X X
VH 111 X X 111 X X 0.78 X X 126.6 X X
Vv 1.56 -4.6 0.97 3.16 -14.2 0.99 111 -8 0.84 116 60.2 0.82
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Fig. 6. Estimated and modeled primary/secondary and DM@ gain as a
function of distance for polarimetric links (a) HH, (b) H\)(VH, and (d)

V.
respectively. The path gain models were built from (24)}(2?’
with the parameters listed in Table Il. The results show a

good agreement between the model and data estimated from
the measurements. The goodness-of-fit is demonstrateceby
root-mean-square error (RMSE) values computed between 1
path gain deduced from the models and measurements
dB) for each polarization link and shown in Table Ill. The;
RMSE values are found as good with a power law or a

exponential model for the investigated range. It is obskrve *
larger RMSE values for the cross-polar primary SMC tha .|
for the co-polar links. Conversely, smaller RMSE values ar.

obtained for the cross-polar DMC than for the cross-polar

links. The secondary SMC present almost the largest RMSF .
values across the polarization links. The large RMSE valu
for the SMC could be attributed to the time-gating approac [t
used to select the SMC which has not been optimized. It z o\
noteworthy a deeper analysis of the polarization mech&nisri_m
for each component is not discussed here since the pa
primarly focuses on developing and validating the model.

TABLE llI
RMSE [dB] OF PATH GAINS
il XY
| Py ‘ PXY | Exp. Model | Power Law | Exp. Model | Power Law

HH 3.41 4.31 1.16 0.72 1.76 1.75
HV 4.64 4.32 0.74 0.63 0.81 0.7
VH 5.65 6.45 0.73 0.63 0.46 0.48
Vv 3.55 6.73 1.53 1.22 1.39 1.42

V. SMC AND DMC PATH LOSSMODELS

Measurement

asurement
del Exp. Law
- - ~Model Power Law] 5

Model Exp. Law
- - ~Model Power Law|

-5

-10

(dB)

PHY (dB)

10 20 30 40 50 60 ) 0 10 20 30 40 50 60
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asurement Measurement
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- = ~Model Power Law 5 - - ~Model Power Law

& -10
s
20 20
-25 -25

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Distance (m) Distance (m)
(© (d)

Fig. 7. Estimated and modeled total path gain as a functiodistnce for
polarimetric links (a) HH, (b) HV, (c) VH, and (d) VV.

the logarithm of the distance [1]. A single slope model is
typically observed but multi-slope (or multiple breakpin
path loss models were also reported in office scenarios when
the distance was large or when the receiver (transmittes) wa
located at a different floor [19]. Obviously, the path loss
exponent retrieved from the measured channels must be a path

The development of faithful path loss models is criticdbss weighted by the contribution of the primary/secondary
to the deployment of wireless systems in indoor scenaricdC and DMC if present; contribution which will depend
For instance, indoor propagation models rely on the ermgdirioon the Tx - Rx distance, room configuration, shadowing
path loss exponent which links the received power with condition, etc. We note that this aspect is not well addesse



8 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NOXX, ? 2015

in the literature. Moreover, DMC path loss models are mgsin

to the knowledge of the authors. Hence, the computation ' U
the DMC to the total power ratio is a prerequisite to analys osf "7 08 52’1&{\

the contribution of each mechanism to the radio channel al
impact on the path loss exponent.

0.6

RAH
RV

0.4

0.2

A. Polarimetric Reverberation Ratio

Similarly to previous works [14], [17], [20], a polarimetri %0 100 ° 50 100

Distance (m) Distance (m)

DMC to total power ratio (or reverberation rati®* Y (d) can @) ()

be derived: . @
P d 1 1
XY (7  — 2 DMC\®) Ay | e
R*"(d) = PXY(d) : (45) y »M/ﬂ

Figure 8 presents the polarimetric reverberation rRi¢Y _os D L T | e
as a function of distance computed with the data and moc= ! ToE T

in which the power law and exponential model were bot

considered. A good agreement is found between the measu
and modeled data for the investigated distance range. Res! o o = é = o
with the exponential and power laws are similar for distance pistance (m pistance (m)

up to 50 m but differ greatly for larger distances. As oridipna © )

shown in [16] with an exponential modd®, XY tends towards Fig. 8. RXY as a function of distance for (& H, (b) HV, (c) VH, and
zero when the distance between the transmitter and receilfél V-

exceeds several hundred meters. However, the behavior of

R*Y is rather different with the power law and convergepxy . only the cross-polar link&/V with exponential law

towards unity without passing through a maximum value. F@ke treated in the discussion but the other links and model ca
the exponential model, the distance at whRRY is maximal pe derived in the similar fashion:

equals 50 m for bottHHV andV H but equals 75 m foH H
and 50 m forVV. However, it is noted that it is not possible PLBVc(dlas = ~[(1 = xBic)GiBuc TV ]as + wpmitamy-  (46)

at this ppint to experimentally verify which model holds folp, o\ iqed thamZV andy Y, . are constant like in this work,
longer distances.

it follows that the DMC path loss is linear with the distance

In contrast to the path gain models, a strong asymmely jnyersely proportional ta"’V. This proportionality pa-

(shape and distance at which the maximum value is Ofsmeter or DMC path loss factor denoted hefH)c is given
tained) is observed between all polarimetric subchanneds a,,, .

in particular, the co-polar ones. The fact that reverbenati ov 10
effects are non-uniform across all polarization links Higjtts Ibymc = ¢THV [0g(10)"

the complexity of propagation mechanisms even in simple . . . , I
scenarios and that polarimetric radio channel models iy =duation (47) establishes a direct relationship betw#

HY . . )
DMC must be designed with care. The measured reverberatf’d?ﬁj pic and prov!des an attractive approach ‘t/o l".]k the
room electromagnetics theory characterized BY¥" with

ratio values are ranging between 20 % and 75 %Rdf! _ _
andR"" similarly to other investigated indoor scenarios ([2]t"€ 0SS mechanisms of the ch}grfmel characterized by the
[13], [14], [17] and above 75 % up to 100 % f@®"" DMC path loss factor. Evidently;XY,~ will also change if

and RVZ . High reverberation ratio values are expected i€ 00 electromagnetics theory does not apfy' { not
indoor or industrial scenarios (when the room electromtigne constant across all polarlzatlo_n links). Finally, it is gtbrhe to _
theory applies) since intermediate distances are tygicaikd. reformulqte Fhe DMVC path gain model by substituting (47) in
Consequently, this result confirms the findings of all presio (19) t© highlightnp ;¢

studies on this topic. —nBY Ld.ogig
P PUYo(d) = (1= X GHE, THY ) e~ 22 (48)

(47)

. 2) SMC and DMC: The more general case appears when
B. Path Loss Mod.els \.N'Fh DMC_ . the primary SMC and DMC are both included into the radio
1) DMC only: First, it is considered that the radio channethannel like the co-polar links in this work (Fig. 8(a) ang)(d

only includes DMC or that the contribution of the SMC isas an example (all other polarization can be similarly dexi)y
weak compared to DMC. This case could happen if shadowifige path loss model foF H is given by:

conditions are harsh (strong Non-Line-Of-Sight NLOS) or if .

polarization coefficients are close to unity like in this wor — [PL*" (@) = - | GEL (4)™" +(x553wGé?§m,~T“)e< .
(Fig. 8(b) and (c)). For the latter case, the path gain model “(49)

for the channel could be simplified by taking into accourithe secondary SMC was omitted in Eq. (49) since its con-
only the DMC path gain. For instance, the polarimetric patiibution to the radio channel is marginal. This expression
loss PL),EXIC are obtained from the DMC path gain modelgrovides more insight about the path loss mechanisms of

HH
—npl pdtogio
S —



the radio channel and highlights the competition between th
two components. For instance, when the transmitter-recein | swcregon DM Region SMC Region DMC Region
distance is really short or really large (Fig. 8), the prignar
SMC dominates the DMC and the contribution of the DM(; *
to the path loss is small. Conversely, there is a transmitte- °
receiver distance range for which the DMC is the dominar”
propagation mechanism such that the contribution of th o —esuenen
primary SMC is now small. If the DMC is modeled with a /=S
power law, then the primary SMC dominates the DMC onl ™ rmance () “ ST e
when the transmitter-receiver distance is short. (@) (b)

Fig. 9. Example of the two-step path loss exponent fittingttier # H radio

- . channel. The dotted line (black) is the slope fit for (a) theGSkA, "'~ ')
C. Path Loss Parameters Fitting Technique and (b) DMC 22 -1T). The vertical line indicates the transition distance
The presented path loss models require the a-priori egtiwhichR = 0.5 (37 m here).

mation of the SMC and DMC path gains from the measured

poIanmanc rﬁ.d'ﬁl channells. Itis kr}emmdedl that the esmma_ _procedure for each polarization link. For the sake of cornpar
process is a highly complex mathematical treatment reagiiric ) xv  xv XY (Table I1), andnXY;

- N : , N A () computed with
_ pri DMC DMC
huge computational post-processing time especially when tEg 47) from the values GFXY, . (Table II) were also added.

da_taset COMPIISES hundr(_ads or even thousands measureiREMiscussed at the beginning of this section, it is confirmed
points. In addition, modeling errors due to the antennayarrﬁ,]atnxy is in-betweem XY andnﬁ}@c but also in line with
pri

calibration or assumptions in the data model could result Rives reported in [1], [17], [21]. Hence, the need for path
degraded estimates [18]. In contrast, classical log-uégtpath loss models where DMC is included is clearly demonstrated.

loss m_odels_ have been W|dely7 used because they_follow rthermore, a relatively good agreement is obtained katwe
opposite philosophy. They don’t make any assumptions at alky with nX¥—1 and an excellent fit is obtained between
pri

about the propagation mechanisms and the fitting _stgps@xhhm)\/w and n3Y /', This latter result indicates that the
low complexity and fast processing time characteristioaret| everberation time can be estimated with great accuradphéor
we explore the possibility to use the SMC plus DMC patfl 9

loss models as fitting metrics for the measurement data. T%;(%Z;F;?:iirgg?mngglosnf:g?hﬁq'u(:g) without applying comple
motivation is to develop a low complexity technique to obtai® ques. - .
Overall, the results show that it is possible to grasp the

joint estimates of the SMC and DMC path loss parameters g . .
without the need for estimation technique. path loss characteristics of each mechanism with the two-

The joint analysis of the reverberation results and SMC pll%ep fitting approach which is a strong contribution of this

DMC path loss models reveals that the characterizationeof tWO”‘- Finally, even if the investigated distance span afated

. ) measurement dataset were limited, it was sufficient to devel
path loss parameter for each propagation mechanism can, bé

split into two fitting steps. Two cases can be distinguished the' model since the measured data overlap over both regions.

Fig. 8. In a first caseRX" is below 0.5 (see horizontal line) This method is general and could be applied to any path loss

such that the SMC power is larger than that of the DMC (C(()jata already collected in indoor environments wherein room

polar links). For the second cadg;XY is above 0.5 such that electromagnetics applies.
the DMC power is now much larger than that of the SMC
(cross-polar links).

As an example, Fig. 9 illustrates this two-step fitting proce

-1
“MDAIC

PHH (dB)

20 | |—e—Measurement]
——NModel
- - - Slope Fit

TABLE IV
PATH LOSSPARAMETERS

dure for the measuref H radio channel data. In a first step Meas. Pri. SMC DMC

(Fig. 9(a)), the path loss exponent for the primary SMC noted nXY | Xy [ Xy-r Xy ‘ Y ‘ Y
(o ~1'is computed from the linear region of the log-distance = =

curve for distances where the SMC gain is greater than the?H | 1.63 | 219 | 217 114 0.12 0.17
DMC. In a second step (Fig. 9(b)), the DMC path loss factor zv | 0.88 | 1.47 0.95 0.85 0.11 0.11
npwc | is computed from the linear region of the linear{ [ oss | 153 | 0.9 078 | ow o1l
distance curve where the DMC gain is greater than the SME:

It is observed that the fitting slope follows well the asyntjoto | V'V | 1.21 | 1.56 | 1.89 111 | o413 0.17

behavior of the model for each region (power law for the

SMC and exponential law for the DMC). In addition, the

SMC to DMC transition distance between the two propagation V1. CONCLUSIONS

mechanisms can be obtained with the intersection of the log-A comprehensive polarimetric distance-dependent model of

and linear-distance lines. For this case, a transitioradi the PDP and path gain is proposed for large hall scenarios

d = 37 m is obtained in agreement with the value in Fig. 8(ahcluding DMC. The model is validated with polarimetric mea

(see vertical line). surements of a large hall radio channel under LOS conditions
In summary, Table IV presents the SMC path loss exponaitl.3 GHz. The measured MIMO channels were processed by

XYy-—-1I XY —-I1

n,.; ~ and DMC path loss factony,,,-~ fitted from this RIMAX to separate the polarimetric primary/secondary SMC



10

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NOXX, ? 2015

and DMC from which the parameters of the path gain modgb] A. Richter, “Estimation of radio channel parameters pdéls and

were retrieved. The validity and robustness of the proposed
approach is provided by the good agreement between pﬂg

polarimetric data and models. In particular, the desaiptf

the radio channel with path loss models is discussed forscase
when the DMC is included. Furthermore, a two-step methgg,
to compute the joint path loss characteristics of the SMC and
DMC directly from the measured data has been developed

and validated. In conclusion, the article highlights thedé&o

include a complete polarimetric description of both the SMC
and DMC into polarimetric radio channel models such as the
COST2100 [22] but also that polarimetric SMC plus DMC
path loss models must be carefully thought. Future work witie]
focus on checking the validity of the exponential model or

power law for larger Tx - Rx distances.
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