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Hybrid Model For Reverberant Indoor Radio
Channels Using Rays and Graphs

Gerhard Steinbdck, Mingming Gan, Paul Meissner, Erik Leitinger, Klaus Witrisal, Thomas Zemen, Troels
Pedersen

Abstract—Ray-tracing tools allow for deterministic simulation — off exponentially with delay, and generally the high power
of the channel impulse response. Studies show that these toolspeaks appear in the early part of the response.
work well when the impulse response consists only of a few * The nhenomenon has been studied in great detail in the past
distinct components. However, measurements of the channelt d d d . | fi for the effect h b
impulse response in indoor environments reveal a diffuse tail. wo ,eca €S and various ?Xp ana .lons F’r e_e ect have been
This diffuse tail is difficult to include in ray-tracing due to the ~considered [2]-[9]. The diffuse tail obviously influences the
computational complexity. We propose a hybrid model to include root mean square (rms) delay spread. The relevance of the tail
deterministic components and the diffuse tail by combining ray- for other parameters in communications, such as directional
tracing with a propagation graph. The recursive structure of  ghaaq capacity/mutual information and the channel diversity

the propagation graph allows for a computationally efficient . . .
calculation of the channel transfer function considering infinitely measure, has been investigated in [3], [4], [6], [10]. These

many components. We use ray-tracing and the theory of room investigations indicate that the tail is typ|Ca”y more important
electromagnetics to obtain the parameter settings for the propa- in nhon-line-of-sight conditions. The impact of diffuse multi-
gation graph. Thus the proposed hybrid model does not require path on indoor positioning has been investigated in [11]. These
new or additional parameters in comparison to ray-tracing. —ophservations have motivated the inclusion of the diffuse tail in

Simulation results show good agreement with measurements with | del 101 [12 d ref therei
respect to the inclusion of the diffuse tail in both the delay power several models, e.g. [10], [12] and references therein.

Spectrum and the az|muth_de|ay power Spectrum_ Ovel'a”, |t |S Observed that S|ng|e peakS can be attl’lbuted to
, . ) propagation via specific “paths” through the environment, with

Index Terms—Indoor environments, radio propagation, ray- . . . . N N
tracing, reverberation. limited number of interactions or “bounces”. Consequently

these components are efficiently modeled and simulated via
deterministic methods such as ray-tracing. A superposition of a

. INTRODUCTION : . .
) ) ) o reat many signal components has been considered to simulate
Modeling of radio channel responses is a prerequisite fortgﬁ impulse response which includes a diffuse tail [13], [14].

simulation and emulation of radio channels. Both stochasti¢,gse components may originate from propagation paths
and deterministic models [1] may be applied, depending on tignsidering specular reflections and scattering [13], [15]-[18].
considered system and objective of the simulation. In ge”erﬁbwever, it appears that the tail originates from myriads of
the computational complexity of such simulations depends @gmponents arriving at the receiver after a large number of
the particular channel model. Therefore, to allow for efficieng,ounces, see Fig. 1. Thus the tail may be attributed to a
yet realistic, simulation of radio channels, it is important te.yerberation phenomenon as described by the theory of room
select an ap_propriate modeling technique for the phenome@@ctromagnetics 18], [9], [19]-[22]. Obviously, modeling of
under investigation. _ N ~ such a scenario using ray-tracing methods, directly, results in
In this contribution, we turn our attention to efficient simuz high computational load. Furthermore, the great accuracy
lation of a phenomenon observed in indoor channel measWgim which each component of the diffuse tail is computed
ments. For measurements with sufficiently large bandwidfR,y pe in vain for simulation purposes, since there we care
the channel impulse response, or rather the power delaysily about the combined effect of the whole diffuse tail.
profile, appears to consist of a number of narrow peaks withcompinations of ray-tracing with stochastic models have

high power and a diffuse component or “diffuse tail” [2]-peen proposed to model the channel response. An exam-
[9]. The diffuse tail is sometimes called the dense multipath)e is the work in [12] which combines ray-tracing with a

component (DMC) [3]-{7]. Overall, the power appears to droygchastic model. Propagation paths obtained from ray-tracing
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An alternative model proposed in [24] effectively represents
the channel impulse responses of reverberant channels as
propagation graph. The recursive structure of the graph allow
for a computationally efficient simulation of an infinite number
of bounces and represents the diffuse tail well. =

S
=
€3]

Measurement
Ray-tracing spec. refl. 5th-order
Ray-tracing, only scattering

—10 4

These considerations motivate our interest in designing .
hybrid model considering both deterministic propagation path:
and a diffuse tail. In the present contribution, we propose
to combine ray-tracing with the propagation graph to obtair
a computationally efficient simulation model. Moreover, we 501
utilize the strength of both models, i.e. ray-tracing provides the
deterministic components and the propagation graph generat 60 1 j
the diffuse tail. The original work in [24] introduces the propa-
gation graph modeling framework. The work discusses how t
represent various stochastic models in the propagation grapn
framework. Here we build upon the propagation graph modeg. 1. Measured and simulated delay power spectra fromraajag with
obtained from the geometric stochastic representation in [zg?.ecular reflections up to fifth-order or scattering. To increase the delay range
| . 24 ili . h .. of scattering we considered first-order scattering, first-order specular reflection
n comparison to [ ! ], we uti !Ze ray-tracing togetner Wltri‘ollowed by scattering and scattering followed by specular reflection as in [10].
room electromagnetics to obtain all parameter values for thie model parameters for diffuse scattering are set according to [26] to the
propagation graph from the environment description used f@ues ofSpi¢ = 0.4 andap;s = 4 for all materials, except for metatip;
rav-tracing. In particular positions of vertices in the araph aandaDif are the scattering coefficient and th_e indicator of the scattering lobe

y g.Inp e p X e grap _(/ﬁdth, respectively. A total ok 48000 scattering paths are considered.
generated deterministically via ray-tracing instead of an orig-
inally proposed stochastic placement. This placement strateg ) o
aims at a more realistic generation of the directional behavigferen; is referred to as the switching order. In cases, where
of the diffuse tail. It mimics the observations described it iS not possible or inconvenient to model the two terms by
[2], [10], [25] that the diffuse components are related to dhe same method, it seems obvious to use a hybrid approach
follow the specular components. Furthermore, the decay ritéh one method for the first term and another for the second.
of the diffuse tail is predicted with room electromagnetic Such a hybrid model, the number determines the order
[21], [22]. This predicted decay rate is used to set gaff interaction where we switch from one model to the other.
values in the propagation graph. The proposed hybrid modeln the case of indoor channels, the first teHy.,, () may
does not require additional parameters in comparison to rdig modeled by ray-tracing for reasonably low Ray-tracing
tracing only. The predicted channel responses obtained frém for reasons of computational complexity, not practical to
the hybrid model show good agreement with measuremeriftodel the second terrl,, 1..(f) since it accounts for an
In particular the dispersion in delay and direction of thdnbounded number of paths. It is typically not of interest to

deterministic peaks and the diffuse tail are well representef?0del the exact behavior of each of these paths as would
be done by ray-tracing. It is however important to model the

behavior ofH,,, 11..0(f) as a whole. Therefore, the second

term is modeled by means of a propagation graph which takes
We consider the case of a time-invariant linear MIMO charinto account infinitely many propagation paths. Due to these

nel with a (matrix valued) transfer functidd(f). The signal considerations, we propose a hybrid model with the transfer

propagates via multiple paths from one of the transmitters fionction defined as

one of the receivers. As in [24] we decompose the transfer Hiry (f) = Hrom, () + Hpgon 100 (f), 4)

function as
> where the subscriptdlY, RT, and PG refer to the hy-
H(f) = X%H"(f)’ @ brid model, ray-tracing and propagation graph, respectively.
"= The transfer functionHgr .0, (f) Of ray-tracing contains
whereH,, (f) denotes the contribution of all paths with exactlyropagation paths of zero-order interaction (LOS) and paths
n interactions. Thud,(f) is the contribution of the line-of- with up to n, interactions (specular reflections, penetration,
sight (LOS) path and; (f) is the transfer function composedand diffraction). The transfer functioHpg ,_+1.00(f) of the
of all paths with single-order interaction. Furthermore, it igropagation graph corresponds to all higher-order interactions
convenient to consider the partial responses defined as [244nd constitutes the diffuse tail. By this way, we simulate the
diffuse tail of the overall channel, and not the tail of individual

N
Hyn(f) = Z H,(f). @) components as in [12], [23].
n=K

0 50 100 150
7 [ns]

Il. THE HYBRID MODEL

A. Used Ray-tracing Tool

We base our investigation on a three-dimensional (3D) ray-
H(f) =Hon, (f) + Hy 100 (f), (3) tracing tool proposed in [10], [27]. Ray-tracing relies on the

With this definition, we have

0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2016.2589958, IEEE
Transactions on Antennas and Propagation

description of the geometry and electromagnetic propertiggatrices can be found in Appendix A or in more detail in [24].
of the indoor scenario along with the radiation patterns dthe expression in (5) is obtained by solving the Neumann
the considered antennas. The propagation mechanisms tadenes generated by the recursive structure of the graph. In a
into account are: LOS, reflection, penetration, diffraction argimilar way, expressions for the partial transfer function can be
scattering. The complex dyadic reflection and penetratiobtained [24]. In this manuscript we consider partial transfer
coefficients are calculated applying Fresnel formulas [28lnctions accounting for interactions from + 1 to infinity:

while diffraction is implemented using the uniform theory n 1

of diffraction (UTD) [29]. The scattering components aim Hegnot1:00(f) = R(/)B™ (NI = B(NHITT()- (6)

to model reflections on rough surfaces or non-homogenqyghould be noticed that the full response of the propagation
materials. Scattering can be implemented by dividing thganh in (5) is recovered fat, = 0 and by adding the edges
surfaces into multiple tiles, whose sizes are determined ¥rresponding to the direct propagati@( f). This analytic
recursively dividing the surface until the far field condition i%xpression of the transfer function allows for an unbounded
satisfied for each tile [27], [30]. Adirectivg scattering patterqumber of interactions, as it is typically the case when
model, which assumes that the scattering lobe is steetgd reverberation effect occurs. This allows us to simulate
towards the direction of the specular reflection [17], is usedpjicitly the later part of the diffuse tail with the propagation
to evaluate the amplitude of the diffuse scattering field. Bas@?aph.

on the assumption that the scattered rays are incoherent, g, ,se the propagation graph for simulation, we must spec-
uniformly distributed random phase is associated with eagp the edge transfer functions. Here we follow the example
scattering ray [10]. However, we consider diffuse scatterirtgven in [24], where a geometric positian,, associated to

only in Fig. 1 to demonstrate that under typical computationghch vertexs € V, is used to define the edge transfer function
restrictions one cannot recreate the diffuse*tail

as
In the hybrid model we limit ray-tracing to only consider . .
LOS, specular reflection, diffraction and penetration propa- Ac(f) = {g?(f)eXp( jamref); e Gg (7)
gation mechanisms to obtain the channel transfer function ’ et
Hrr,0:0, (f) for paths up to ordems. The diffuse tail is wherer, = ||r, — r,/||/c and ¢ is the speed of light. The
generated by the propagation graph described in the ngases of the complex gains ih.(f) are solely defined via
subsection. the edge delays to simplify the multi-antenna case. Otherwise
random phases added to the edges as in [24] would require
B. Propagation Graphs a separate treatment ferc & ande € &,.. The edge gains
The model proposed in [24] mimics reverberation effects bye(f)} are defined as
means of a directed graph [31], called a propagation graph. 1. ec&y
In a propagation graph, verticag = V, U V, U Vs repre- Unfre®
sent transmitters (i), receivers (inV;) and scatterers (in 2(f) = Infu(Ey) S(i%); e €& ®)
V). Edges in the graph represent the propagation conditions € W(S) . Sf(eg 7 e€ &,
between vertices. An edge is denoted by an ordered pair of 2 ' ce
verticese = (v,v’). Thus the edge sét is a subset o¥ x V. odi(e) €€ Cs

The edge sef is partitioned into four subsets, i.€q the set where odi(e) denotes the outdegree (number of outgoing
of transmitter-receiver edges; transmitter-scatterer edgesedges) of the initial vertex of edgeand for any&’ C &

&, scatterer-receiver edges, add scatterer-scatterer edges, 1

respectively. Signals propagate via the edges of the graph. (&) = — Z . and S(&) = Z 2, (9)
Thus, to each edge € £ we associate a transfer function €]
Ac(f). For convenience we sed.(f) = 0 for an e being
a vertex pair not ir£. The transmitter vertices emit a signa
into their outgoing edges and the receiver vertices sum u
the signals impinging via their ingoing edges. The scatter%

vertices sum the signals via their ingoing edges and re-er'ﬁ@"y correct as is done in ray-tracing (specular reflection,

i ; . . - diffraction, etc.). We only focus on modeling the reverberation
this into the outgoing edges. An illustration of the propagatio ! . X
. phenomenon, i.e. we are concerned with the overall physical
graph can be found in [24].

. . . propagation mechanisms which lead to the diffuse tail. The

[21—]he transfer functiortpc (f) can be derived analytically propagation graph mimics the reverberation phenomenon with
a geometric stochastic approach, since we typically can-

Hpc(f) = D(f) + R(f)[I - B(f)]'T(f), (5) not iistinguish b(ra]thef? speciflic ilaterac}f]tionsd and propagation
. mechanisms in the diffuse tail. Thus the edge gains, except

wherg thﬁ tracr;sfer matfncefD(f),. T(fﬁ)’ I(ig(f)gand g(g) for e € &, in (8) depend on the distance (delay). This leads
contam_t € edge traqs er functions &, 6 on ANA&s, 4 partial channel transfer functions of the propagation graph
respectively. An overview on the construction of the transf%th distance dependent power levels. We aim at power levels

1The used parameter values for diffuse scattering are specified in the capﬁ.&m”ar asin ra}y-tra_cing for appropriately comb.inin.g the partial
of Fig. 1. transfer functions in the hybrid model. Considering this, the

ec&’ ec&’

yvith | -] denoting cardinality.
With the propagation graph we do not aim to model
Eopagation mechanisms of a single propagation path phys-
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1 —— Wood

proposed edge gains fere £q correspond to Friis’ equation 94 1o — - —_Glass
with isotropic antennas. In a similar manner the productof the ¢ | = ¢ N — Metal
edge gains of € & ande € &, should resemble Friis equation s —— Blackboard
considering first-order interactions. This would require to 1 ° Concrete
sum the distances (delays) from transmitter to scatterer ar 61 R
scatterer to receiver. However, this is not easily achieved 2 . | N
the graph, in particular for higher-order interactions when ang o0 L55veees 175
e € & is connected viee € & to anye € &. Thus we g 44 ®

. . . . . [0
approximate the sum of specific distances by considering ti™ 3. &«
average delays:(&;) and p(&,) for the edge delays from 5
transmitter to scatterer and scatterer to receiver. In additio g
we weigh the edges according to their deviation from the 11
mean of the squared djgtances tgzreflect smaller or larger ed: | EV .
delays via the termsge= and ST(—g) Note that this choice | | | | | ftenani
of approximation for the edge gains ensures an appropria 0 2 4 6 8 10
power level of the diffuse t&il The edge gaing < & are Length [m]

CharaCt_e“SGd by the_decgy rate of the diffuse tail. ThI_S allovl‘f%. 2. The considered room with interaction points (blueles) up to
for a simple approximation of the slope. In comparison t@ird-order specular reflections obtained from ray-tracing. Line-of-sight and

[24], we extend the edge gains to be frequency dependent Hysgporder paths are indicated. The considered virtual array with antenna
displacement of tm is shown.

approximate them as
2 _ (&)
g (f) ~ e Trev() s (10)

where T, (f) is a frequency dependent reverberation time
which is one of the parameters to be specified. We deta
in Section IlI-C a method to predicti..(f) from the en-
vironment description required for ray-tracing. Note thaf)
depends on the average delay between scatterers and thug
a random variable when edges between scatterer vertices
obtained stochastically.

Vertice positions and corresponding edge sets can be ge
erated stochastically as in [24] or as we propose in Section |
as a combination of deterministic information from ray-tracing
and a stochastic edge set generation.

Ill. PARAMETER SETTINGS FOR THEHYBRID MODEL

We propose a selection of the parameters for the hybrid CY
model such that in comparison to ray-tracing there are onl
few additional parameters. These parameters are obtain
either from ray-tracing results or the theory of room electro-@
magnetics.

A. Settings for Ray-tracing

The geometric and electromagnetic parameters for ray
tracing are given by the considered environment. Note that
is a wide-spread practice in the literature to “refine” paramete
settings in ray-tracing, e.g. the considered maximum order
interactions, electromagnetic parameters, etc. by comparisc
to measurements. Here we avoid this practice since our foc
is on testing the prediction capability of the proposed hybric

2We considered to utilize the radar range equation instead of the proposed ‘
- - : ) (b)
approach. However, the diffuse tail is a mixture of specular reflections and
scattered components, as such the simulated power level of the diffuse Bg. 3. The measurement environment shown in (a) from lower right corner
appears to be too low when considering the radar range equation. Note #nad in (b) from upper left corner of the room
in other applications the radar range equation may be better suited.
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TABLE | where we average the received power of the antennas within
PARAMETERS SETTINGS OF THE HYBRID MODEL each sub-array to suppress small scale fading. The mean delay
n,s and rms delay spre n,s are the first- and second-
Material e o(S/m) S md)  a HRT,n,s y spreatkr,,
order moments of the delay power spectrum
Concrete 6 0.08 144.36 0.39
Wood 2.1 0.05 18.16 0.46 A
Glass 5.5 0 15.79 0.4 P , 1 =
Metal (PEC) 27.43 0 Tnsll] = —
R ,rL,s[ ] As Z
Mean outdegred[odiy, ] 5 a=1
Switching orderng 3 . R 2
Reverb. time Eyringlyey (fe) 22.9ns [IDFT {HRT,():n,s,a[Z] W[ (13)

IDFT{-} is the inverse discrete Fourier transform with re-
spect toi and W{i] denotes a Hann window introduced to
] reduce sidelobesPrr . s[¢] is similarly discretized as (11)
model. Instead, we set the electromagnetic parameterstccqlith A+ — % and index/. To estimate mean delay and rms
7 .

ing to values from literature [10], [32]. delay spread we consider only sampleg#- . .[(] exceeding
We reconstruct the scenario according to the measurememy) 133 from the peak power itPgr. .. [(]. '

environment shown in Fig. 2 and Fig. 3. We make a few Sim- \y calculate the ratio of the additional power generated by
plifications in the reconstruction for ray-tracing. One exampi@ea ,,th interaction over the total power as

is the cylindrical pilar shown in Fig. 3a which is reconstructed

as a cuboid. The blocks, including doors, walls and pillars, Rp.o(n) = PR1n s — PRTynflys_ (14)

are made of different materials, such as concrete, metal, wood ' Prron,s

and glass. Metallic blocks, i.e. the radiators, the door, apg a similar manner as (14) we calculate the ratids, (n)
the blackboard, are considered as a perfect electric conducipy » (n) for the mean delay and the rms dela;}k spread
(PEC). The values of relative permittivity. and conductivity respecffvely. For the choice of the switching ordes, we

o of other materials are presented in Table I. In the simulatiop§sider a threshold of 1% (020 dB) to be an appropriate
the transmitter and receiver antennas are assumed to be i@ﬁ@ﬁce

omnidirectional dipoles.

The results of this simulation study are shown in Fig. 4
and summarized here. We observe a sharp increase of the
B. Setting of the Switching Order, rms delay spread up to order three. After that stabilizes the

) .rms delay spread quickly. A variation of approxng is
One parameter of the hybrid model, common to ray-tracing,seved among subarrays as fading is not entirely removed

and the propagation graph, is the switching oreerTypically ., yhe spatial averaging procedure. As expected from the
the computational complexity sets an upper limititoin ray-  Jbcarned rms delay spread values, the r&tio,(n) has large
tracing. However, we consider channel characteristics obtair\%ques at lower order of interactions and aecreases quickly
from ray-tracing such as the simulated received power, Mg ends of received power and mean delay are similar
delay and root mean square (rms) delay spread to seleGh,gphe rms delay spread, however their respective ratios are
value forn,. We select by considering only simulations, i.€. oo 11y pelow—20 dB from third-order interactions onwards.
we do not compare to measurements in the selection procegg, efore, we omit presenting these figures. Note that we
We.lflnhd thel s.ettmgf;‘or the sgwtchmg o;der.by ;ncrgasm_ simulate up to fifth-order of interactions to illustrate the trend
until the relative difference between the simulated receive(f \he channel characteristics and provide the reader with a

power, mean delay and rms delay spread obtained frf@yer intyition even though the threshold is already achieved

Hrr 0. (f) andHrr 0., +1(f) are below a certain threshold.q i For the received power we observe that the LOS

This procedure allows us in the hybrid model to Stop ray,nnanent carries a large portion of the total power. The

tracing as soon as the additional contributions are below tl?jﬁm power increases only marginally. The total change is
threshold. ) . _approx.2.2 dB from LOS only to fifth-order interaction. The
For the comparison of channel characteristics we considgg, delay and the rms delay spread, which characterize the

the discretized channel transfer function obtained from raysay dgispersion, are more sensitive to the order of interaction
tracing as than the received power. However, as mentioned and shown in

: -1 : Fig. 4, only the rms delay spread appears to provide relevant
Hrr oo alll = Hironsalfe = FoAF +EAS), - (11) ra?ios for kﬁgher—order int)éraztions. (F:)gnsidering the impact of
where i is the frequency index ofl frequency samples increasing order on the estimated rms delay spread values, we
separated byA f in the frequency band centered aroufid observe in Fig. 4b that the change is similar or less than the
We partition the 175 receive antennas shown in Fig. 2 inwariation among sub-arrays from third-order onwards. Thus the
seven non-overlapping sub-arrays indexed wittEach sub-

array consists ofd, = 5 x 5 antennas indexed with. The 'In the simulation study to obtaing we are not Ilmltt_ad by measurement
. . . noise. Thus we choose this large dynamic range to include as well weaker
received power is obtained for each subarray components. One of our previous simulation studies for reverberant models
has shown that dynamic ranges30dB are required such that the estimated
As -1 rms delay spread coincides with the theoretical value, namely the decay rate
1 1 9
Prrpns = T 7 Z [HRr,0:n,5,0[1] |, (12) of a “simulated” exponentially decaying tail.

S

a=1 =0
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Sub. Array 1
—— Sub. Array 2

Sub. Array 1
—— Sub. Array 2

RMS Delay Spread; [ns]

RMS Delay Spread Ratifi,(n) [dB]

4 |
Sub. Array 3 —90 | Sub. Array 3
Sub. Array 4 Sub. Array 4
2 Sub. Array 5 - Sub. Array 5
Sub. Array 6 =25 Sub. Array 6
Sub. Array 7 Sub. Array 7
0 , ; : : . -30 , ; ; : :
0 1 2 3 4 5 0 1 2 3 4 5
Interaction orden Interaction order
(@) (b)

Fig. 4. Rms delay spread (a) for different number of interactions simulated by ray-tracing. The ratio of additional rms delay spread is shown in (b) for vario
number of interactions. The assumed threshold of 1% corresponds #&B-20

additional contributions appear to be marginal with increasing
order of specular interaction in ray-tracing and cannot account
for the observed diffuse tail.

Considering these results, we choose in our particular case
ns = 3 for the hybrid model. Note that this is not a
general value to be considered for all environments, however
a simulation study with ray-tracing, as proposed here, can be
used to find the appropriate value.

C. Settings for the Propagation Graph
e ; . P _ Fig. 5. Representation of the edges of the graph. Some of the first, second
1) Position of Vertices:The positionsr, of scatterer ver and third-order interaction points obtained from ray-tracing are included in

tices Vs in the graph are obtained from the set of interactioRd, green, and blue, respectively. Solid and dotted lines correspond to parts
points calculated by ray-tracing. This inherently defifigg. of paths obtained from ray-tracing which, respectively, are used or not used

: : : : in the propagation graph. We only consider the first and last interaction points
We focus on the first and last interaction points of th%’rius the crossed out interaction point of the third-order propagation path is not

propagation paths since these characterize the main featyesof the graph. Dashed lines indicate edges with probability of visibility
of the directional power spectra seen from the transmitt€is- The double arrows graphically indicate edges in both directions. For
and receiver. Note that this keeps the number of scatterifiy’¥ & omit some possible edges.
vertices low and thus the size of matri8(f) small, in
particular forns > 2. This is beneficial for the computational
complexity asB(f) needs to be inverted. Fig. 5 indicates a feW [24]. In this case, edges if; are drawn independently
propagation paths originating from first- to third-order speculd¥ith probability P;s, see the grey dashed edges in Fig. 5.
reflections, together with the interaction points on the walls &urthermore, we apply the additional restriction that we do
a rectangular room. These interaction points are obtained fr&¥t allow edges between vertices on the same surface.
ray-tracing for antenna position 88, indicated in Fig. 2 by the As shown in Appendix B, the choice d?;s controls, via
red dot. All 175 receive antennas are considered as receithe® mean outdegreB[odiy_| of scatterer vertices the rate by
vertices in the propagation graph. which signal components arrive at the receiver. In particular,
2) Edge SetsThe edge sef; is obtained from ray-tracing if E[odiy,] = (|Vs] — 1)Pyis > 1 the rate will increase
and contains the edges from the transmit vertices to theponentially with the number of interactions. Oppositely,
scattering vertices corresponding to the first interaction poinfer E[odiy,] < 1, the rate decreases exponentially. Thus,
see Fig. 5. Similarly the edge sét contains all the edges motivated by this direct impact on the rate, we follow the
from the subset of scattering vertices corresponding to the lagproach to specify the mean outdegree and use this & set
interaction points to the receiver vertices. is created for We observe by (10) that|odiy_] can be set without affecting
all receive vertices according to ray-tracing results of antenttee power decay of the tail. Therefore, the power decay
position 88. Choosing edges & deterministically requires exponent and the arrival rates may be adjusted independently.
a large number of visibility checks, i.eVs|(]Vs| — 1). For From our experience, the setting &fodiy,] is not overly
the purpose of generating the diffuse tail it is computationaltyritical with respect to generating a diffuse tail. With that in
simpler to interconnect scattering vertices stochastically asnd, we take the simplistic approach to d&odiy, | = 5,
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we obtain the average absorption coefficient by averaging the
specular reflection coefficients over all incoming andgless:

a(h) = [0 = HDs0. 1) + [P0 NP
15 | /) S~ cos(0) sin(0)dg. (18)

20 4

N The plane wave reflection coefficients for horizontal and
04 ~. vertical polarization, denoted a3, ;(0, f) andT ;(0, f), are
calculated according to the Fresnel formulas [28]. The integral
_ in (18) is solved numerically for all materials in the room
T pred.Eving considering their respective electromagnetic properties.
¢ Estimate Note that Eyring derived his model under the assumption of
specular reflections using the mirror theory for different room
shapes, e.g. spherical, cylindrical, cuboid. Thus reconstructing
for ray-tracing a specific room with all its material properties
Fig. 6. Predicted reverberation tin&..,(f) considering the proposed allows to predict the exponential decay rate. We calculate the
mrfthOdt'Witrt]eljy:zl\?e’fbr:rc;ctjizlnaggﬁ ;hzfeofrlwh%rigﬁlr]gggri'db{ei?g:bf?eetuzlﬁc[%iespective absorption coefficients based on the materials’ rel-
gareld\?vsic;trﬂa}s included. This value and similar not shown estimateqs for ())/th ﬂ/e permittivities and conductivities using (18) and report in
center frequencies are close to our predicted value and do not show fr@ble | their total visible surface areas. With these parameters
frequency dependency predicted by Bamba et al. [33]. we predict the reverberation time using Eyring’s model (15)
versus frequency. As shown in Fig. 6, the proposed prediction
method ofT:..(f) shows practically no frequency dependency

) ) ) in the considered frequency band. Thus we considgr(f)
corresponding to assuming a room with 6 plane walls and thgtpe constant in our simulations and evaluate itfatThis

a scatterer vertex placed on one wall can see one scattergt aliisferent to the empirical model by Bamba et al. [33]

each of the other walls. However, for some applications wheysg; Tree(f), which shows a clear frequency dependency (see

accurate modeling of the arrival rate is needed a more carq{%_ 6).
sefting of this parameter could be considered. Not shown here, we conducted a similar investigation as
3) Edge Gains:The edge gains foe € &4, ¢ € &, and iy [33] to estimateT,.,(f) for sub-bands filtered with a
¢ € & are specified in (8). The edge gains &; are obtained Hann window (500MHz bandwidth). The center frequencies
from (10) with a predicted value of the reverberation time. Wgs the sub-bands are chosen to cover the total measure-
obtain this predicted value by utilizing room electromagnetigent pandwidth. The estimated reverberation times from our
models [8], [9], [19], [20] which we detail in the following. measurement data do not agree well with the frequency
The reverberation time can be predicted using reverberat@@pendency predicted by [33]. Although the estimates vary
models, e.g. by Sabine [34] or Eyring [35]. The input param@yer the entire measurement bandwidth and are typically
ters of these models are the volume, surface area and avelggigw our predictions, a frequency flat model appears to be
absorption coefficient of the room. Results in [19] indicate thgigre appropriate for our data. The discrepancy between our
for room electromagnetics the average absorption coeffici¥imates, the proposed prediction method and the empirical
is typically in a range where Eyring's model predicts thghodel by Bamba et al. [33] may be due to the frequency
reverberation time more accurately than Sabine’s. Thus Wependency of materials in the different environments. Note
focus on Eyring’s model [35] which predicts the reverberatiofat frequency dependent material properties, if available,

Trev (f) [115]
/

o

4 6 8 10 12
Frequency (:Hz]

[

time as can be readily included in the proposed prediction method.
Trev(f) = #V_ (15) The proposed hybrid model can easily accommodate such a
¢S In(1 —a(f)) frequency dependency in case this is found necessary for other

with the room volumé//, total surface area propagation scenarios.

S=Y_5, (16) IV. MEASUREMENTSETUP

o o _ We use a subset of the measurements reported in full detail
considering surfacewith areaS;, speed of light: and average i [36] to validate the proposed hybrid model. The considered

room absorption coefficient measurements were obtained with a single antenna at the
Y S ai(f) transmitter and a virtual planar array at the receiver in a room
a(f) = % (17) with dimensions6.2 m x 9.5 m x 3.5 m, see Figs. 2 and

3. The virtual array consists of 175 grid points withcrih

We predict the average absorption coefficient of the differespacing as shown in Fig. 2. Self-made dipole-like antennas,
surface areas by the method proposed in [21], [22] relying omade of Euro-cent coins have been used at the transmitter
the electromagnetic properties of the materials. For surfacand receiver. These antennas have an approximately uniform
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TABLE I TABLE Il
SETTINGS OF THE MEASUREMENTS AND THE POST PROCESSING ESTIMATES FROM MEASUREMENTS AND SIMULATIONS OF RAYTRACING
CONSIDERING ONLYLOS,UP TO THIRD-ORDER AND THE HYBRID MODEL.
Measurement Value
Transmit power 18dBm Estimates RTo RTo.3 Hybrid Meas.
Chip clock rate 6.95GHz o PSim _
Chip sequence length in samples 4095 Power Ratioz ecas 0.38 0.63 0.69
Full measurement bandwidth 3AHz to 10.6GHz Mean delayu [ns] - 20.2 24.6 28.7
Maximum excess delay 589.2ns Rms delay spread [ns] - 8.2 16.7 17.35
Post processing Value
Carrier frequencyf. 7GHz
Pulse widthT}, of Hann pulse 2ns . .
Number of Tx antennasV 1 for the simulated data for easy comparison.
Number of Rx antennad/g 175
V. RESULTS
0 In the following we present the simulation results predicted
Measurement by the hybrid model and compare them to the measurements.
=5 E%:&amgm In particular we focus on the delay power spectra and the
—104 Propagation Graph azimuth-delay power spectra. The measurement bandwidth
~15 1 was reduced to fulfill the narrowband array assumption and
T o0 | to apply a conventional Bartlet beamformer to estimate the
N% . " azimuth-delay power spectra. For details on the estimation
S o5 | ol ;
= W“‘VV\M\/\‘ A procedure see Appendix C.
= _« N Y . .
= 301 v \’\J\/\ Fig. 7 shows the measured and simulated delay power

spectra, obtained by averaging over the 175 receive antennas.
From these delay power spectra we estimated values for the
mean delay and rms delay spread. We consider a threshold of

—45 . L . .
j n —30 dB from the peak power due to noise limitations in the
-0 ‘ ‘ ‘ ‘ ‘ ‘ measurements. These estimates are reported in Table IIl to-
0 20 40 60 80 100 120 X - ; X p
7 [ns] gether with the power ratio of simulated power over measured

power. The power is estimated similar as in (12), except we
Fig. 7. Measured and simulated delay power spectra. ArourthdZhe consider the average over all antennas. Note that our particular
g??ﬁgbgfé%”e ?rf] tgfn:‘;;iesc')rr‘] ttget}?;eﬁz}‘sr:_rﬂggtziﬁuﬁz?c:'g’sf"s'b'e in the chang® malization to the line of sight propagation path allows for
such a comparison.

Azimuth-delay power spectra obtained from measurements
and simulations are shown in Fig. 8. The figures also include
the azimuth of arrival angles and the delays for the propagation
paths obtained with ray-tracing. The result of the hybrid

radiation pattern in the azimuth domain and zeroes in theodel is shown in Fig. 8b, which is achieved from the partial
direction of floor and ceiling. responses of ray-tracing and the propagation graph in Fig. 8c
The channel was measured with a UWB channel soundwtd Fig. 8d, respectively.
developed byllmsensas described in [37], [38]. The mea- We do not provide estimates of the rms azimuth spread.
surement principle is correlative channel sounding. A binatyigh sidelobes from the beamformer strongly influence the
code sequence with suitable autocorrelation properties (a larggults. The high sidelobes are due to the particular geometry
peak-to-off-peak-ratio) is transmitted over the channel. A&f the used array. The sidelobes can be seen in the azimuth-
the receiver, the channel impulse response is recovereddgjay power spectra considering the LOS component (indi-
correlation with the known code sequence. Transfer functioggted with a black circle around the cross) in Fig. 8. At a
of connectors, cables, and the device itself have been calibradétfy of approx. 1&s we observe the main lobe at approx.
out. The transmit and receive antennas are considered to-b°. Multiple peaks from sidelobes are observed just around
part of the propagation channel. A static environment has begse—45°. Due to the array geometry the sidelobes do not
ensured during the measurements, i.e. there have beenr@lboff and thus we see strong peaks at apprex30° and
moving persons or objects. In the postprocessing, we seldgt as well.
a frequency band with center frequeng¢y and bandwidth
B = 1/T,, by filtering with a Hann pulse with pulse duration VI. DiscussIoN
T,. Details on these parameters can be found in Table Il.  The delay and azimuth-delay power spectra estimated from
One characteristic of this particular measurement systenth& measurements show some low power contributions prior to
that the measured responses are not obtained in absolute pbw-LOS component in Fig. 7 and Fig. 8a, respectively. These
ers. The measurement data is normalized such that the eadntributions are possibly caused by insufficient calibration
and strongest peak in delay power spectrum, correspondingltda. We consider these contributions as negligible for our
the line of sight path, is unity. The same normalization is donevestigations.
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Fig. 8. Azimuth-delay power spectra from measurements (a) and models (b)-(e). The azimuth-delay power spectra of the different subfigures are shq
for (b) the hybrid model adIrr 0:3(f) + Hpa,4:00 (f), (C) ray-tracing onlyHgr 0.3(f), (d) propagation graph onlfpc 4.0 (f), and (e) ray-tracing

only Hrr,0:5(f). The crosses mark the propagation paths’ angles and delays simulated with ray-tracing for the respective order of interaction ((a) to
third-order and (e) up to fifth-order). The combination of a circle and a cross marks the line-of-sight component.
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A. Dispersion in Delay The azimuth-delay power spectrum obtained from the prop-
Referring to Table Ill, 38% of the measured power j@gation graph provides the contributions for the diffuse tail,
contained in the LOS component; ray-tracing up to third-ord&f€ Fig. 8d. We observe that the diffuse contributions spread
interactions covers 63%; and the hybrid model captures 699t in delay according to the main directions of the scattering
The missing power may be contained in some missing specuf§ftices provided by ray-tracing, €.¢.150°, —50°, 757, etc.
components or the simulated ones have too low power gBs is in accordance with previous observations and models
Fig. 7. Although most of the power is contained in a few dd2roposed in [10], [12], [25] and their respective references.

terministic paths, the dispersion in delay is not modelled well The results for the hybrid model are shown in Fig. 8b. For
considering ray-tracing only. Ray-tracing achieves only 47% detailed analysis we may consider the delay dispersion in
of the measured rms delay spread whereas the hybrid moghe) azimuth range frorfi0° to 150°. It appears that the hybrid
has 96%. Considering that 38% of the total measured poweni®del lacks some power at apprdXi0° to provide a better
contained in the simulated LOS component, it becomes cleasual fit to the measurements in Fig. 8a. On the other hand
that the importance of the diffuse tail, with respect to receivegtound—150°, the simulations exhibit more power in compari-
power and the rms delay spread, is even more pronounceddh to the measurements. Additionally, the measurements have
non-LOS situations. contributions around-120° following the above mentioned

As expected from the reported rms delay spread valugsissing component from a fourth-order interaction. In general,
in Table llI, it appears from Fig. 7 that the diffuse tails obur measurements do not show a focus of the delay dispersion
the delay power spectra of the measurements and the hyhod few main angles as suggested by our simulations and the
model coincide. The early “deterministic” peaks, simulategroposals in [10], [12], [25]. It appears the power is more
with ray-tracing appear at the same delays as observed in #igpersed in direction. Note that it is clear that the proposed
measurements. However, the power of some of the simulaidddel cannot achieve an exact match of the spectra as i)
peaks differs from the measurements. A better calibration efiges are generated stochastically in the propagation graph
relative electromagnetic properties for some of the materialad ii) receiving angles are limited to the interaction points
used in ray-tracing may improve the similarity in power. Howeonsidered in ray-tracing. Considering this we perceive the
ever, we intentionally did not fine-tuneffit the electromagnetigimulated diffuse tail as an overall good representation of the
properties to the measurement data in order to rely only efeasurements.
model predictions.

B. Dispersion in Angle

As mentioned in Section V, the array geometry leads
to beamforming results with high sidelobes. Therefore we VIl. CONCLUSION
do not report the narrowband azimuth power spectrum and
estimates of the rms angular spread. Instead, we rely on visual

comparison between the azimuth-delay power profiles. In thi d a hvbrid model for the simulati
When inspecting the azimuth-delay power spectrum esti- n this paper we presented a hybrid model for the simulation

mated from third-order ray-tracing in Fig. 8c, we see that ra f indoor reverberar_1t channel_s. The hybrid model_ consists of
0 parts. Part one is ray-tracing to model deterministic com-

tracing does not capture the diffuse tail and its direction . . )
behavior. Even for ray-tracing up to fifth-order, the tail iponents and part two is the propagation graph which generates

not covered, see Fig. 8e. This is expected, considering 6q?td|ffuse tail in the channel impulse response. All parameters
e

observations with respect to the delay dispersion. We s he. p.ropagation grap_h are obtained from the environment
from Fig. 8a that the early “deterministic’ components u escription via ray-tracing and room electromagnetics. We

to third-order are a good match in angle and delay. T oposed a method to select the scattering vertices of the

power of several of the components appears to be stron ?Eh zgf(r:h that_lthe o_bt_z?med a§|muth-?elay power spectrum
in the measurements, see Fig. 8a vs. Fig. 8c. This is simigr '€ dffuse tail is similar to the one from measurements.

to what we observed for the delay power spectrum a e recursive structure of the propagation graph yields an

might be improved with a dedicated calibration procedu icient simulation of the diffuse tail. The selection of only
for ray-tracing in this environment. The azimuth-delay pow e first and last interaction points of ray-tracing allows us to

spectrum obtained from the measurements exhibits only §ep th? co_mputatioqal complexity low. _The USl.JaI prok_)lem in

few peaks which are not covered by ray-tracing up to thir(ﬁ;-iy't_raCIng IS .the chmce of the prder of |ntgract|on§. Different

order interactions. Not covered is one particularly strong per(emCS were investigated for this purpose, i.e. received POWEeT,
at approximately—120° and 65 ns. Upon investigation, this mean dglay and rms delay spreaq. We found that ray-tracing
strong peak appears to be a propagation path generateo“B o_thwd_—order a_nq the prt_)paganon graph fr_om fourth-order
four bounces and is consequently not included when ra&g’- hfinity is a sufficient choice for our scenario.

tracing is limited to order three. The path is generated by Our simulation results, obtained by prediction only, show

specular reflections, first on glass (internal wall ah); then good agreement to measurements. In particular the diffuse
the metallic blackboard, glass (window to outside) again, amail is well predicted with respect to its decay rate and its

finally the wall framing the window. Fig. 8e includes this pealdirectional behavior.
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APPENDIX A APPENDIXC
DEFINITION OF THE PROPAGATION GRAPH'S TRANSFER ESTIMATION OF THE AZIMUTH-DELAY POWER SPECTRA
MATRICES Azimuth-delay power spectra are estimated from measure-

The transfer matrices are defined in [24] according to  ments and simulations. These spectra are obtained by applying
the Bartlet beamformer [39] for the virtual receiver array with

D(f) € CV X1 connecting; to Vi, (19) 4 — 175 antenna elements shown in Fig. 2, at each delay. The
R(f) € CV:IxVsl - connectingVs to V;, (20) three dimensional position vectors of the antennasndexed
T(f) € CIVslx Vsl connectingV; to Vs, and (21) with a = 1... A, are relative to the chosen center of the array
Wolx Vel i . at antenna position 88 indicated with the red dot in Fig. 2.
B(f)eC Interconnecting’s, (22) We first calculate the discrete channel impulse responses

with entries defined as the edge transfer functions in (7). F6@m the channel transfer function similar as in (13) as
matrix B(f), hiry.o[€] = IDET {Hiry.o[i] Wi} (). (28)

[B(f)]nn’ _ Ae(f), €= (vn-v Un/) S 5s; (23) and definehyy [f] = [hHYJ[E], RN thyA[g]]T. In general
0 otherwise, the discretized azimuth-delay power spectrum is estimated by

. . . averaging over the coelevation angles as
i.e., entryn,n’ of B(f) is the edge transfer function from ging 9

scatterer vertex,, to vertexv,,, provided edg€v,,,v,/) is in 1 Q'
the edge sef; and zero otherwise. The matric@&g f), R(f) ADPSuy[l,q| = Iz Z

andD(f) are defined in a similar manner. =1
a(¢q . 0)" by [(Ihiiy[(] a(dy . by)
APPENDIX B - a0y, 0,2 L sin(pg),  (29)

THE PROPAGATION GRAPH'S APPROXIMATE NUMBER OF

COMPONENTS WITHINTERACTION ORDER N with the array steering vector

Considering a stochastic edge set generation, we approxi(¢q ,0q) = [ K@y 0a)rr | pi%re(@y,00) AT | (30)
mate the number of components for one pair of transmitter a
receiver vertices for interaction order We assume indepen-
dent generation of edges &, &, and&, with probability of  e(¢,,0,) = [cos(8,) sin(¢, ), sin(8,) sin(¢yr), cos(dy )] .
visibility Pyist, Pvis, andPys », respectively. For zeroth-order, (31)
the approximate number of components corresponds to fhiee coelevationp is indexed withg’, the azimuth anglé is
probability of LOS in the propagation graph. The approximaiadexed withg and\ is the wavelength. In the presented results
number for first-order interactions is of Fig. 8 we select the coelevation equal td9Considering
) an interval for the coelevation showed no major differences
E[Npc(1)] = Elodiv,] Pris,r, 29 in the spectra except that the azimuthal concentration of the

where E[-] is the expectation operatoE[odiy,] is the ex- lobes was less. This dispersion of the power makes it slightly
pected number of edges from the transmitter to scattefgpre difficult to discern peaks and thus we consider only a
vertices which will reach the receiver vertice with;, .. The single coelevation angle.

expected number of edges from transmitter to scatterer, also

denoted as the mean outdegree of the transmit vertices, is given REFERENCES
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