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Semi-Deterministic Radio Channel Modelling Basec
on Graph Theory and Ray-Tracing

Li Tian, Vittorio Degli-Esposti, Enrico M. Vitucci, Xuefeng Yin

Abstract—Graph theory channel modelling is an efficient future beamforming transmission technigues at mm-waves [6].
approach to simulate multipath radio propagation including the  The DC has been studied and modelled into existing channel
reverberation effect of electromagnetic waves. In this contribu- models in various ways. In experimental studies, the term

tion, without modifying the modelling framework, we proposed a . . .
semi-deterministic channel modelling approach by associating the dense multipath compone(®MC) has been used to identify

scatterers with realistic environment objects, and by calculating the propagating field that cannot be captured when extracting
the coefficients of the propagation paths on the base of a major propagation paths from MIMO measurements using
physically sound and proven diffuse scattering theory. The diffuse high-resolution algorithms. The DMC contains not only the

multipath components are then combined with the specular nc pyt glso the reverberating field due to waves undergoing

components simulated by ray-tracing to obtain a complete hioh b f lar int i let t
channel representation. The proposed method is evaluated in two & VETY NIgh NUMDEr Of Specular interactions, let us say greater

reference scenarios aB.8 and 60 GHz respective|y by Comparing than3 or4. Although theil’ f|e|d Contribution iS Sma” Compared
the simulated channel characteristics with channel measurement to the direct wave (when present) and to the waves undergoing
data. Results show that the proposed method can accurately 1 or 2 reflections, the number of such waves can be much
predict the channel characteristics in both the delay domain and higher in confined indoor environments, where a multi-path

the angular domain. The proposed approach is appropriate to . . T .
model multipath propagation in confined indoor or dense-urban background with chaotic characteristics is generated that is

environment at millimeter-wave frequencies and above, where Very “dense” and very “spread” in both time and space,
reverberation and rough-surface scattering can be important therefore similar to the DC. Separation of the reverberation

phenomena. component from the DC properly is very difficult if not
Index Terms—propagation channel modelling, diffuse scatter- impossible by experimental means, but studies have shown
ing, millimeter wave, graph theory, ray-tracing that the residual DMC power that cannot be resolved by the

measurement system can be estimated and modelled through
the RIMAX algorithm [7].

During the last 15 years deterministic models such as ray-
Rban multipath radio propagation can be studied hyacing (RT), have been extended to include diffuse scattering
dividing the propagating field into two components, th&rom building walls - and therefore the DC - with the “effective

specular componentSC) and thediffuse componen(DC). roughness” (ER) approach [2], [8] or the “multiple-facets ap-
From a propagation modelling point of view, the former corproach” [9]. Ray models including diffuse components yielded
sists of the direct wave and of the waves undergoing specutasre realistic simulation results than models accounting for
interactions such as reflections on surfaces and diffracticth® SC only when compared to measured data. Other studies
on edges. The latter consists of waves undergoing diffuseoposed comprehensive approaches to model indoor propa-
scattering due to interactions with small (compared to thyation that accounts for the SC and DC at the same time [10].
wavelength) objects and with irregularities in the surface or in In order to properly describe radio propagation in urban
the volume of walls and major objects, and differently frorand indoor environment, it is necessary to model both the SC
the SC it's a distributed process, e.g. every surface elemenid the DC, including multiple-bounce reverberation effects
of a rough wall is a source of diffuse energy. At millimetefor each one of them. While reverberation of the SC can be
(mm)-wave frequencies, due to the very limited through-wathodelled quite efficiently through ray tracing techniques, at
penetration and to the small wavelength, the DC is mainlkgast in small indoor environments, the same is not true for
generated by rough-surface scattering. the DC: since diffuse scattering is an intrinsically distributed

The DC has been found to have an important impact on theenomenon, computing multiple-bounce scattering for all the

time-, space- and polarization-dispersion characteristics of thessible combinations of surface elements and small objects
urban propagation channel [1]-[5]. The ratio of the DC vs. thegould require a huge computational effort. Recently, a new
SC has an important impact for example on the performanceggfometric-stochastic channel modelling approach based on

graph theory has been proposed, which allows to simulate
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|I. INTRODUCTION
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impulse responsgCIR) can be calculated analytically with a
limited computational cost, even taking into account an infinite
number of bounces. Several publications have dealt with the
GM approach [12]-[14] and results have been shown to be
consistent with the WINNER 1l model [15]. The graph-theory
channel models proposed so far however are not based on
a rigorous description of the propagation mechanisms and are
therefore not suitable for deterministic propagation modelling.
In this contribution, without modifying the modelling frame-
work, we propose a new generation of semi-deterministic
graph-theory models based on the proven ER diffuse scattering
theory where the scatterer’s distribution and the correspondifigure 1. A configuration example of propagation graph.
propagation coefficients are jointly defined so as to satisfy ba-
sic propagation theory laws, such as the power-distance decay
law, power balance, transmission attenuation, etc. Theref n
the need for measurement-based parameter tuning shoular;%g
reduced to minimum. Unlike in the original stochastic prop EM
gation graph modelling, the graph in our method is set up
the aid of digital maps: walls and buildings are discretized in

scatterers whose spatial distributions over planes or volu ) ands — 5 scatterers have been configured. The transfer

reflect the .shape of the actu_al qbstacle th(_ay represent. iR tion can be calculated in the frequency domain as [11]:
an alternative, our approach is directly applicable when the

environment database is obtained through laser scanning as aH(f) = D(f) + T(f)(1 +B(f) + B(f)? 4+ --)R(f)
point-scatterer cloud, which is an increasingly popular and fast =D(f) + T(f)1 —B(f) 'R(f), (1)
technique to derive accurate environment descriptions [16].

The SC, which cannot be easily modelled through the graptere f is the specific frequency ban®(f) with the size
theory approach, is computed using RT and then combin@dm x n represents théne-of-sight(LOS) part of the trans-
with the DC. The latter, thanks to the infinite-bounce simunission, and the rest items are then-line-of-sight(NLoS)
lation capability of the graph-based approach, can model t@mponents induced by the reverberation of EM waves among
reverberation effect. In highly diffuse propagation conditiongcatterers. In (1)T (f) with the size ofm x s, R(f) with the
where the DC is dominant, such as propagation at terahe§tze of s x n and B(f) with the size ofs x s denote the
frequencies, the whole radio channel might be modelled usifighsmission matrices with entries representing respectively
the modified graph-modelling approach without resorting #§€ propagation coefficients of the links from individual

the RT integration [17]. The implementation procedure of tH&ansmitter to scatterers € ), from scatterers to individual
proposed method is illustrated using a single wall scenariofg€eiver ¢ € ¢,), and among scattererg (€ ¢,). £ with

3.8 GHz and an indoor office scenario@t GHz respectively. different subscripts represent the sets of different propagation
The two frequency bands represent good candidates for futlifks determined by the pairs of the link end3(f)" refers
generation wireless systems. Performance is evaluated tBythe matrix for thenth bounce interactions between the
comparing the channel characteristics in both the delay and fif@tterers. The transfer function of a propagation path that
angular domains with complete RT simulations and empiricegPresents a link in Figure 1 can be calculated as:

results obtained from real channel measurements. : :

The organization of this paper is as follows: Section Il intro- Aclf) = gel ) exp(=j2m7ef +50). @
duces briefly the basic idea of propagation graph modellinghere A.(f) depends on the elements of the matrices
In Section lIl, the procedure of the proposed determinist(f), T(f),B(f) and R(f) according to different kinds of
graph modelling and the corresponding scattering theory dirgk ends, 7. is the propagation delay or time of arrivad,
elaborated. The experimental evaluations for the performarged random phase rotation, which is uniformly distributed on
of the proposed method in two reference scenarios are pitee interval[0, 2m), and g.(f) is the propagation coefficient
sented in Sections IV and V respectively. Section VI brieflgepending on different kinds of links. The definition @f( f)
investigates the different characteristics between SC and B@s originally proposed in [12]. In this contribution, we pro-
with multiple bounces of reverberation. Finally, conclusiveose a modified deterministic definition, as will be discussed
remarks are addressed in Section VII. later in Section III-B.

The graph modelling approach is promising because of
the following advantages. First, an environment can be easily
modelled by either specifically or randomly generating a graph

By adopting graph theory, the propagation graph modellinvghich contains the location information of the transceivers and
approach has first been applied to predicting CIRs in [11]. #catterers. Second, CIRs with infinite bounces of propagation
so-called propagation graph can be generated by taking ieteents are calculated in closed form based on the EM-wave
account the geometry of the environment, the setup of theverberation theory. Third, the models can be generalized for

Scatterers

sceivers, the mobility and visibility of the nodes, the scat-
rs’ distribution, as well as the scatterers’ electromagnetic
) properties.

YFor example, as shown in Figure 1, the position and visi-
Rlity information of m = 4 transmitters (Tx)n = 4 receivers

Il. FRAMEWORK OF PROPAGATION GRAPH MODELLING
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Table | A. Deterministic graph modelling procedure
COMPARISON OF THE COMPUTATION TIME(MINUTES)WITH DIFFERENT . . . .
NUMBER OF BOUNGES OF DIFFUSE SCATTERING The procedure for graph modelling in a given propagation
environment consists of the following steps:
Method Bounces| g 1 2 3 0 Step 1:Set the vertex information of the polygonal surfaces
Ray-tracing T T 15 T Toos s i0r T NA basgq on the digital map of the given scenario, anq set the
Graph modelling NA T 35 | 54 £ D) positions of the transceivers according to the scenario;

Step 2:Generate the locations of the scatterers, e.g. dis-
cretize every surface into multiple small tiles and assign a

specific frequency bands. Moreover, the complexity of grapﬁ;;atterer to represent each tile. Record the coordinates of the
modelling approach is limited. For e;<ample the computatio??atterers’ and the normal directions of the surfaces are also
time of a single snapshot simulation with different number (gecorded.and assigned to the corresponding scatterers;
bounces of diffuse scattering for an indoor office scenario with SteP_3:Evaluate the visibility for every pair of two nodes
the area x 5 x 3 m? is compared in Table- I. The consideredi-€- @ Txand a scatterer, a scatterer and a Rx, or two scatterers)

RT model is a full-3D Ray Tracing where the coherent Con@_cqording to their_positions and tht_e positions _of the surfaces,
ponents (specular reflection, diffraction) are computed usiM§lich can be realized by the algorithm detecting whether the
the classical Image Theory approach, in combination witgctor cqnnectlng _the two nodes intersects the surfaces. A
Geometrical Optics (GO) and Uniform Theory of DiffractionProPagation graph is now set up; .

(UTD). Diffuse scattering is also taken into account, and the Step 4:Calculate the propagation coefficient f) for each
scattering rays are computed using a ray-launching approa@ypilable link and generate the matrid@§f), T(f), R(f) and

i.e. launching rays from Tx/Rx towards the walls/edges witR(/) according to (2) for specific frequencies; _

a fixed angular discretization, both in azimuth and elevation. St€P S:Embed the antenna radiation pattern for the matrices

Further details about the RT model can be found in [18-]-.(f) andR(f); ]
To be fair, in graph based simulation the environment is Step 6:Calculate the channel transfer function based on

discretized into1000 scatterers in order to have the samgl): the CIR is the inverse Fourier transform of the transfer

angular resolution 1¢) as that used in RT simulations. Itfunction. _ _ .
should be noticed that we did not count the time in building More detailed implementations can be found in Section
the visibility between the scatterers for the graph modellingl and Section V for two specific scenarios. The framework
since it was settled down once we got the digitized magj the propo:_ae_d deterministic g_raph modelling is S|m|lar_ to
From Table. I, it can be found that the computational cost 812t of the original graph modelling. However the calculation
graph model is almost only related to the number of scattere?§, the propagation coefficieng. is modified in order to
doesn’t grow rapidly with the number of bounces as witRaliSfy power-balance and proper power-decay factors using
ray-based models. Thus, it will be very efficient to moddhe effective roughness scattering approach [20], as follows.

the diffuse scattering with high number of bounces by using
propagation graph modelling. RT is more practical when ti®& Modifications on the propagation coefficients

scattering component is not dominant. It should be noticed that diffuse scattering is the only
interaction mechanism which is taken into account in the
proposed deterministic graph modelling method. The reason
I1l. PROPOSED DETERMINISTIC PROPAGATION GRAPH  for this choice is motivated by the following considerations.
MODELLING On the one hand, this model has been conceived for mm-wave
applications, and it is known that rough-surface scattering
The validity of propagation graph modelling approach hasan be very important at those frequencies, while diffraction
been investigated in several publications [11]-[14]. The resulisd transmission can be neglected in most cases, compared
showed that the statistical characteristics of the propagatimnthe lower frequency bands [4], [16]. Therefore, the pro-
channel such as path loss and delay spread obtained by gnapbed graph-theory-based method is suitable for modelling the
modelling are realistic. Those investigations are mainly basptbpagation channel in mm-wave scenarios, also because the
on randomly generated sets of graphs. For the same kindreferberation characteristics of the channel can be somehow
environment, the statistical characteristics of the propagatiorodelled by means of multiple bounces of diffuse scattering,
channels simulated by graph modelling can be close to thase will appear evident further on. On the other hand, graph
obtained from measurements. However, since the definitionmabdelling theory, being based on an iterative propagation
the propagation coefficients in [12] is not entirely based on tigocess where each step only depends on the previous one,
physical propagation mechanisms, the simulgieder delay cannot easily model specular interactions that require to keep
profiles (PDPs) may not be realistic enough for a site-specificack of the whole geometrical history of the ray before
approach unless extensive calibrations and parameterizatioasmputing the corresponding field contribution.
are conducted. Therefore, a deterministic propagation graptFor more general applications where specular reflections
modelling is proposed to solve this problem [19], although trere required, the proposed method can be combined with
accuracy and physical soundness in the new approach cdrie the DC is generated by graph modelling and the SC
at the expense of generality. is generated by RT. This approach is similar to the one

0018-926X (c) 2015 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.2016.2546950, IEEE
Transactions on Antennas and Propagation

where S is the constant representing the scattering ldss,
S denotes the area of the small tile 8f, and 6, is the angle
= between the incident wave and the normal direction of the
m surface. It means that the total scattered power at a distance
Rx from the small tile should be identical to the power intercepted
by the small tile multiplied byS?. Therefore, the power
density at Rx can be derived as

i

Tx
dScos(#;) S%cos(bs)
@ 2= F? ) = L2y =
EZ = EZ, cos(6;) Tr? - (6)
s, Finally, the received power at the locatiep away from.S;
o Rx following the directiond, can be calculated as
12 dS cos 91 S2 COSs 95 )\2
" r § = BJ - Ao = 471'7“.5 ) . 7Tr2( : A )
e|2 0 K2 S
S where\ is the wavelength and.¢ = g is the effective area
T for the isotropic antenna [23, p. 19].
() Through factorization of the power transfdét,./P; (the

transmit powerP; is assumed to b® dBm as mentioned)
Figure 2. lllustrations of (a) single-bounce scattering and (b) double—bounﬁ@to two parts i.e. the incident part and the scattering part
scattering respectively. T T . . !
the propagation coefficients for the links ép ande,. are

dsS - cos(6;)
reported in [21], where RT simulations were combined with 9 4mr? cEa
an analytical formula able to provide the power-angle and 9e =\ g2 cos(fs) A2 8)
power-delay profiles of the diffuse components with high Tf 1r ¢ S

computational efficiency. However, the approach proposed in . ) .
the present work is more general, because using the gra ﬁur_thermore, the m_odlfled propagation coefﬁuent_ for _the
modelling we are able to deal with reverberating channels BJKS in €s can be derived from the double-bounce situation,
taking into account an infinite number of successive diffug> SnOWn in Figure 2(b). According to the previous derivations,
interactions, while the analytical formula proposed in [21] wad'® POwer density a8 is
able to deal only with single-bounce scattering. B2 _ dS cos(0;) S cos(6s1) 9

The following part will illustrate how to calculate the 52 ’ ’ ©)

4r? nr2,
propagation coefficientg. based on the ER scattering model . . . .
with a Lambertian scattering pattern [8], [20]. then the Lambertian scattering model is applied to the small

First the single-bounce situation is considered, as shownﬁlge (;";S‘S;Qriggglg’s and the scattering power balancesatcan
Figure 2(a). We intend to calculate the power transfer from the

Tx to the Rx through a scattering path intercepted by a small S2E2,dS cos(fin) = mEyr?. (10)
tile at S; on the surface. If the transmit power is assumed to ) .
be 0 dBm and both the Tx and Rx antennas are isotropic Wi{Werefore, the received power at Rx is calculated as

0 dB gain, according to the Friis equation [22], the field powelp, =F2 . A.g = E2, cos(6,) - Aeg

atsy is ~dScos(0;) S?cos(bs1) S2dS cos(Biz) cos(0s) )\_2
2 — b 3) C Amr? ri, 7r2 4r’
b Amr?’ (11)

wherer; is the distance between the Tx afif and £ is the  \yhere g, and 6;, are the scattering angle fof; and the
module of the impinging field. Then back scattering 6 jncident angle forS, respectively, and-» is the distance
is model!ed by using the Lgmbeman scattering pattern, agduyeen S, and S,. Through factorization of the power
the amplitude of the scattering wavg can be calculated as yansfer function, the modified propagation coefficients for all

E, = Eq+/cos(0,), (4) kinds of links are calculated as
where E, is the maximal amplitude of the scattering wave 4)‘ )2, e € gy
towards the normal direction of the surface, @&gds the angle dgrd (8

between the scattering wave and the normal direction of the LQ(Z'), e € ey
surface. According to the scattering power balance, we have 2 Amr; 12
- ge = 52 COS(9 ) )\2 ( )

2 2 i S VA ece,

S2E2dS cos(6;) :/ / E2r? sin(6)dgdb 72 4’ '

0 0 2
S4dsS 0; 0,
—nE% 2, (5) cos( ;)°°S< ) e,
UNED
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Figure 3. Measurement information of the isolated office aden R

TXETX2 X3 T4 Txs

Table 11
CHANNEL SOUNDING CONFIGURATION PARAMETERS
Frequency 3.8 GHz Figure 4. Setup of the propagation graph according to thespieific

Bandwidth 200 MHz measurement scenario.
Transmit Power 23 dBm

Code Length 5.11us

Antenna Array | 4 elements, dual-polarized
Antenna Height 1.5m Figure 4. The digital map was built by measuring the real size

of each object and wall surface. The scatterers are generated
by discretizing the existing walls in the environment. Each
where the coefficient im, (i.e. LoS link) is defined based onScatterer represents a small piece of tile with the ar¢a= 1
the free-space Friis equation. m?, and the scattering coefficient is defined ss= 0.6
according to the evaluations in [24]. The generated scattering
paths between Tx1 and Rx, for the given tile area are shown as
green lines in Figure 4. Once the propagation graph has been

set up, the formulas (1), (2) and (12) are used to calculate the
The proposed deterministic graph modelling is applied e Rs? . ) (12)

simulate the CIR for an isolated office building scenario [19].
Results are validated against the measurements data that are _
collected in such an environment and adopted to evaluate fhe Performance comparison

IV. PERFORMANCE EVALUATION THROUGH A SINGLE
WALL SCENARIO

validation of the proposed approach. The comparison of the PDPs between different kinds of
methods for Tx1 and Tx3 are shown in Figure 5 (a) and
A. Measurement setup (b) respectively, where “Graph only scattering” means the

The picture of the considered environment and the top vi [oposed deterministic graph modelling approach based on
P P W Lambertian scattering model, “Graph original” represents

of the scenario are shown in Figure 3. The measurement t%ﬂe original graph modelling approach based on the formulas

place in Louvain-la-Neuve (Belgium), in front of an isolate : . : .
. - . . roposed in [12] with the same scattering coefficignt 0.6,
office building, characterized by a large glass wall sustained T, Lambertian” denotes the full-3D RT approach where the

a metallic frame [24]. Measurements were performed with t scattering model has been embedded in RT simulations us-

UCL-ULB Elektrobit MIMO Channel Sounder, which is base . X L

: . Inga Lambertian pattern [20], and “RT, only scattering” is also
on a pseudo-random noise code technique. Its setup param assed on RT simulations, but taking into account only single-
are shown in Table II. Both the Tx and Rx antennas are Iin%\ ! 9 y sing

r : . . : ) :
noizontl aye of duspoarized 15/ — i) ptches, UTCE EF Searng ihout Feecion an diacion Sece
Both the arrays have been pointed towards the wall, i.e. with y 9 9 9

the aperture plane parallel to the wall plane. Each elemetn{S scenario representation, no multi-bounce propagation is

has a gain of abous dBi, with a half-power beamwidth of present here. The two curves showing the behavior of DC

about95°. Measurements have been carried out in a staﬁ%:mmated respectively by graph modelling and RT are almost

configuration, i.e. the Tx unit has been movedsidifferent coincident, s it should be.

positions as marked in Figure 3, and then a single snapshoht can be obse_rved WT‘ _the comparison r_esults that:
has been recorded for each position. Linear array$ dfial- ) compared with the original graph modelling, the proposed

polarized elements (slanted pal/ — 45°) have been used in method generates the PDPs with more realistic exponential

the measurements, so for each position we averaged eﬂﬂthede.cfdymg slopesThe 1.0 —20dB power overestimation in the
riginal graph-modeling curve tail is due to the fact that the

measured impulse responses to get the Power-Dela Profi%. . . -
P P 9 Y ormulas used in [12] to calculate the propagation coefficients

] ] _do not take into account power balance considerations nor
B. Environment representation for graph-based modelling parameters tuning vs. measurements.
Generated with the aid of the digital map of the measure-2) the reflected peak is missing in the PDPs obtained with
ment scenario, the positions of the Txs (red stars), the Fhe proposed method as specular reflection is not considered.
(black star) and the scatterers (blue circles) are shown Hiowever, the later components i.e. diffuse tails are almost the
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Power (dBm)

o Graph only scattering 4
+  Graph original
+  RT Lambertian

T T
Measurement

RT only scattering

0 0.05 0.1 0.15
Excess delay(s)

o L h
0.2 0.25 0.3

volume scatterers are distributed according to a proper volume
discretization. In this case, since this additional scatterers do
not belong to the walls, an isotropic scattering pattern is more
suitable to describe their behaviour. The power contribution of
each scatterer can be expressed as in [25]:

PG, 1
= 0—— Ao, 13
4ar? U47r7"§ off (13)
where o represents the cross-section area of the scatterer.
In this case, similar to (12), the propagation coefficients of
the additional volume scatterers used for graph modelling are
calculated as

G A o
eec€e
TxNo.3 (47T7“d) ’ d
‘ M‘easurement‘ ]‘
-t y—t e€e
+  RT Lambertian 2 _ 7 (14)
-70 . RT only scattering ge o )\2
= _ c ee€ey
é 80 ‘ 47T7”§ 47’ '
5 ot 5 o
z + —5 [ASHM
a -100+ N / UYED
-110} : K Here, 100 internal scatterers are generated inside the build-
o N ing. o is set to be5 to be compliant with power-balance
consideration according to the volume of the building. In other

0.05

Excess delayy(s) words, assuming the internal scatterers as cubes of face area
) o and edge,/o, the overall volume occupied by scatteres,
i.e. No\/o should be lower than, or equal to, the volume of
Figure 5. Comparison of the power delay profiles for (a) Tx1 and (b) Txthe building.
respectively. In order to take into account the transmission through the
building walls, during the evaluation of the visibility between
each node pair we also need to calculate the total number
same for both the RT method and our proposed method whighwall crossings %.). An empirical attenuation ol0 - n.
implemented the same Lambertian model; dB is then added to the corresponding linky assuming the
3) from the measured PDPs, specular reflection is vewave vertically impinging at the concrete/coated glass with the
strong in this case, since the measurement campaign has axsaage thickness 0f2m at3.8GHz. The penetration loss can
carried out at Super High Frequency (SHF). As mentiond also calculated in a deterministic way, with slightly more
in Section II-B, this mismatch can be solved by combiningomplexity. Moreover, although in theory the graph modelling
the diffuse scattering components simulated by graph maapproach is able to consider an infinite number of scatter-
elling approach and the specular components simulated by iR§ bounces, in practice the power of the multiple-bounce
method; contributions will attenuate drastically when the number of
4) it is worth noticing that the simulated power of highbounces and wall crossings increases. Therefore, the optimal
delay components is lower than the one of the measurememtgnber of diffuse scattering bounces is worth investigation.
We postulate that this is due to the fact that the consideregure 6 depicts the updated results by combining the SC
environment is not actually a single wall but an office buildingenerated by RT and DC with multiple bounces generated
with internal objects and furniture. There are some contribly the proposed graph modelling. It can be observed that
tions in the tail of PDP due to rays which penetrate into thafter including the contributions of the internal scatterers, the
building and then are backscattered towards the receiver, atails of the PDPs get much closer to the measured results. By
reflection/scattering on the internal structure of the buildingomparing the PDPs with the measured one, three bounces
Therefore, all these propagation mechanisms involving tieé diffuse scattering is identified to be enough to describe
internal building structures should be taken into account, tee reverberation phenomenon in this scenario according to
achieve a better match with the measurements. Figure 6. In other words even if the internal structure of the
building is unknown, the contribution of propagation inside
the building to the CIR can be simulated through multiple-
bounce DC computed by graph modelling by assuming some
In order to account for propagation mechanisms taking placgernal scatterers. Although there are still some mismatched
inside the building, some additional “volume scatterers” whictomponents beyon@25 s, considering the large propagation
represent the internal structures should be included. Sirdistance, it can be postulated that those component are not due
the exact internal structures are not available, the additiortalthe propagation from the office building, but probably from

D. Including internal scatterers
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Figure 6. Comparison of the power delay profiles for Tx1, with SC anliigure 7. Received power: comparison between measuremérsiranlation

additional scatterers considered. with different approaches.
some other objects such as the trees and the distant buildings ‘ ‘ o Measurement
-8 - mbertian
around 74l =} Z-rra;LJ:sineg\leabounce,
Two metrics, i.e. total received power and delay spread are ;@,;g;:g:g;;::;fej

employed to evaluate the modelling accuracy, amdB below
the maximum power was selected as the threshold for the
calculation of the metrics. the total power is calculated as

Delay spread [\oﬂl s]

pP= /P(’T) dr, (15)
T -8.2 - 1
and the delay spread as : . 4 4 .
Tx position
[, P(r)-(r—7)2dr
or = P P s (16) Figure 8. RMS delay spread: comparison between measuremersiraula-
fr (1) dr tion with different approaches.

where the mean delay = M. The comparisons

of the received power and delay spread between differ?
approaches for all the Tx positions are depicted in Figure 7
and 8 respectively. Here, “RT specular” denotes the full-3

t .
grge delays) of the simulated PDPs are more realigtic the
Briginal graph modelling approach is not capable enough to

RT approach which only considers the specular paths, while %{H]ulate the propagation channel With re_a_sonable total power
extra single-bounce ER scattering model is embedded in “IQ’Pd delay spreaq directly from a given digital map. Although

Lambertian”. “Graph single bounce” and “Graphbounces” results might be improved by tuning the parameters (number
represent the graph modelling approaches which take into Qf scatterers, distribution of scatterers, scattering coefficient,
count the SC combined with single bounce and three boungég') to fit the measured results, this cannot be done without

of DC respectively. “Graph original” represents the Origina{peasurement data. Our proposed deterministic graph model

graph modelling approach based on the formulas proposedin™°"® applicable in this respect as the definition of the
[12]. It can be observed from the two figures thé): the propagation coefﬁugnts has a physical meaning. and thus it
total channel power usually has®dB underestimation if ca" Pe directly applied to various scenarios.

diffuse scattering is not considered, which means alrb0%t

of the power might be attributed to the DC in this scenario. V. PERFORMANCE EVALUATION IN AN INDOOR OFFICE

The LoS and specular reflection path is indeed strong, but SCENARIO

the number of scattering paths is even huge, 2600+ In this section, the proposed modelling approach is applied
Therefore, although a single scattering path contributes only@simulate the CIR in an indoor office scenario at mm-wave

little (|e 30dB lower than the I’eﬂeCtiOI’l), the total Scatteringrequency_ Ray_tracing prediction and measurements are used
power is comparable to the reflected power. However somg comparison.

architectural elements (indentations, metal rods, rain gutters

etc) are missing in RT simulation: if these could be added, o )

probably the residual power percentage attributable to the Description of the environment and measurement setup
DC would be lower.(ii) the introduction of the additional The measurement is carried out in a small office located in
volume scatterers and multiple bounces of DC have very litithe basement of the Technical University of IImenau, Germany,
influence on the received total power, but it can effectivelys described in [26]. The M-sequence ultra wide-band channel
improve the delay spread since the slopes and tails (paths vatunder used for the measurements consists of one Tx and two
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Simulation input of propagation graph

An example of the specular paths simulated by RT
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Figure 10. Implementation of the propagation graph in the office scenario.
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Figure 9. An example of specular paths simulated by raysitaci o Z;;icu\ar

80}

Rx channels, Rx1 and Rx2. Only Rx1 with NLoS condition
is considered in the investigation of diffuse scattering. The
carrier frequency i$50 GHz and the bandwidth i8 GHz.
The Tx equipped with a high gain lens anten3d peam-
width) is located high in a corner of the room emulating an
access point, and the RX is put on a desk. The deployment -120(
an obstructed line-of-sighfOLOS) scenario where the direct 0 10 20 a0 4 s 6 7 8 9 100
link between TX and RX is obstructed Byabsorbing panels. Detay [ns]

Dyrlng the measurement, the TX Swe.pt a guarter ofa Sphelgl%‘;hre 11. Comparison of the power delay profiles between the measurement
with an angular step d° from 0° to 90° in azimuth and-60°  ang graph modelling (DC only).

to 30° in elevation, while the receiver with omni-directional

antennas was fixed to perform static measurements.

Power [dBm]

(3) During the evaluation of visibility, when there is a
i ) direct link between a node pair, the propagation coefficient
B. Implementation procedure of the proposed modelling aB;(f) is computed according to (12). Otherwise, when the

proach link is obstucted by obstacles, an additional transmission loss

A digitized map of the office environment was built for thés added according to the EM properties and thicknesses of
simulation. The implementation procedure for this scenaribe materials, similarly to what done in the single building
is similar with the previous one, but still there are somease. The actual one-bounce propagation paths (i.e. when the
differences due to the more Comp|ex environment. scatterers are both visible to Tx and RX) are also shown in

(1) Based on the digitized map, a 3D ray-tracing tool [2figure 10; _ _ _
is adopted to calculate the SC (i.e. reflections and diffractionsThe remaining steps, i.e. the calculation of the matrices
with multiple bounces), as shown in Figure 9. D(f), T(f), R(f), B(f) and the realizations of CIR are the

(2) The setup of the propagation graph, i.e. the positio§&Me @s shown in Section III.
of the Tx (red star), the Rx (black star) and the scatterers
(yellow and blue circles) are shown in Figure 10. It shoul§- Performance evaluation in the delay domain
be noticed that only a reduced set of the scatterers is showmThe comparison of the PDPs between the measurement and
here, for the sake of clarity. Differently from the previougraph modelling (DC only) is shown in Figure 11, where
single wall scenario, the surfaces here are classified into thiounces ¢ = 1,2,..,00) denote different simulated PDPs
groups. Scattering tiles of areks; = 0.01 m? and scattering by using the graph modelling with the reverberation up to
coefficient.S; = 0.2 are assumed for the smooth surfaces bounces. The dynamic range for the measurement is about
(yellow circles) such as tables, display screens and metal dB and the simulated PDPs are shown without noise in
boxes, whiledS; = 0.04 m? and S, = 0.6 is assumed for order to investigate the differences between different orders
the rough surfaces (blue circles) such as walls and bookshelgégeverberation.
filled with books, respectively. The calibration 8§ parameter It can be observed that:
has been investigated and calibrated in [6]. The smoother thel) with limited calibration of the parameters, the graph
surface is, the less scattering power should be. There$gris, modelling is able to generate the PDPs with realistic power
empirically chosen to be smaller th&h. The sizes of the tiles decaying slopes;
are set to be much smaller than those in the previous single?) it can be deduced that at lea@sbounces of diffuse scat-
wall scenario, in order to have enough angular resolution. tering are sufficient to describe the reverberation phenomenon

0018-926X (c) 2015 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.2016.2546950, IEEE
Transactions on Antennas and Propagation

520 ° Measured Power DoD spectrum Joint simulated ~ POWer [dgg]
°l ° 20} ' {20 ]
7 -60
Z,. 10 & 110 .
% (¢] 0 4
% 4.4 0 -80
7 —
Fal § -10} ' 15 -10 1160
8 ¢ g . g
381 © - simulated m -20¢ ’% -20 1 ~100
— — — measured a
36 -30 { -30 110
3.4 L
1 15 2 25 3 35 4 -40+ -40
Number of bounces -120
-50 50 130
Figure 12. Delay spread comparison between measurement and graph 60 60 ' ! ‘ ‘
modelling (DC only). 0 20 40 60 80 0 20 40 60 80
Azimuth Azimuth

Figure 14. Comparison of the power angular spectra between the measure-
ment and joint simulation, colors represent the powers.

T T
— measured |

specular componen
— joint simulated

that the combined PDP is consistent with the measured one in
terms of main peaks, overall power level and decaying slope.
It should be noticed that there is still a specular gap at around
15ns. Considering that the delay is even less than the first
reflection at 20ns, we think it was possibly caused by the

diffraction/transmission from the non-ideal absorber which is

assumed to be an ideal one during the simulation.

Power [dBm]

10 20 0 4w 50 e 70 8
Delay [ns]
D. Performance evaluation in the angular domain

SFi'r%rlZﬁlO?,’{. Power delay profiles comparison between measurement and lointy order to study the channel characteristics in the angular
domain with the graph modelling approach, the definition in
(1) should be slightly modified in the following way:

in this scenario. This is also supported by the comparison oﬁ Q — (D(A.T 1-B(M'R(NT 17
the delay spread, as shown in Figure 12. Unfortunately, we (7, 2op) = {D(f), T(F)-x ) REY A7)

could not compare the tail of PDPs beyond a maximum delayd
of 60 ns due to the dynamic range limit in the measurement.
Nevertheless, the power level of those components is close 3 (/> 2poa) = {D(/), [T(f)(1 = B()~']. *R(/)"}. (18)
noise level and therefore not very significant;

3) the initial SC peaks (marked with “specular gap”) ar
obviously missing in the PDPs obtained by graph modellin

The entries of the former vector denote the power transmitted
fo each scatterer and the Rx, whelg,p consists of the
However, this gap (about dB) is smaller comparing to theglreg:tion of departure§DoDs) between the Tx and the other

A . vertices. And the entries of the latter vector denote the power
previous single wall case which was conducted at SHF (mqreeceived from the Tx and each scatterer, whegg consists
than10 dB). It proves that the DC plays a more important rol the direction of arrivals (DoAs) betwe,en the Rx and the
at the higher frequencies. As mentioned, this mismatch Wﬁ[hervertices(-)—l denotes the matrix inversg}” means the

be solved by combining the DC simulated by graph mOde"ir\%ctor transpose and is the dot product of two vectors. By

and the SC simulated by RT. : : .
: . ._calculating the DoDs and DoA rdin he | ions of
Figure 13 shows the comparison result between the jomt1 culating the DoDs and DoAs according to the locations o

simulated PDP and the measured one. In this simulatio&e;;risgzsalg the propagation graph, the angular profiles can
3 bounces of diffuse scattering have been set, and these

diffuse components have been combined with the specular P(Qpop) :/|H(f, Qpop)|2df, (19)
components simulated with Ray Tracing. In the RT simulation

up to 3 reflections,2 diffractions and10 transmissions have gng

been considered. The strongest specular propagation paths are

depicted in Figure 9. Since the impulse responses generated by P(Qpoa) = /|H(f, Qpoa)|?df, (20)

RT have an infinite bandwidth, the corresponding PDPs have

to be filtered according to the measurement set-up bandwidtispectively. A similar procedure is also performed to derive
Besides, the same noise floor is added to the simulated PE angular profile of the specular components generated by
to obtain a fair comparison. From Figure 13, it can be fouridT.
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Figure 14 shows the comparison between the measured Table Il
and simulated pOWEI' DoD Spectra. It can be Observed thatCOMPARISON OF THE LARGESCALE CHANNEL CHARACTERISTICS
the most dominant SCs are captured by RT simulation, and

also the DMC (background) is simulated accurately. There Measured  SC+DC SC WINNER
are still some mismatches, for example, the two componenfghannel power [dBm] | —45.7§  —45.83  —50.32 /

. . o d th | fi | e_Iay spreadlpgio(s)] —8.31 —8.30 —8.44 —7.6
with the azimuth angles arourﬂd) and the elevation angles  azim. spread fogi0(°)] 1.35 1.37 111 1.73
equals to10° and 20° respectively are not predicted in the Elev. spreadipgi0(°)] 1.57 1.64 1.35 /

simulated PAS. Based on the power level and our visual
inspection, these are corresponding to either single or double-
bounce reflection caused by the lamp on the ceiling and the
window frame on the back wall. In the digitized map, the

Comparison between DC and SC with 2 bounces

2 bounces scattering
2 bounces specular |

-100

Power [dBm]

-110

-120

Comparison between DC and SC with 6 bounces

Power [dBm]

lamp and the window frame are simply modelled as cuboids. ‘
The metal structure of the light-reflectors inside the lamp
which probably cause the reflections haven’t been accurately
described, hence the mismatch. Nevertheless, we think this
accuracy is acceptable considering the complexity of the NLoS
propagation environment. The details of the environment such ‘ ‘ ‘ ‘ ‘
as those small objects around the Rx and the aforementioned e peay s
metal materials inside the lamp are not easy to be modelled and @
included in the digitized map. The other reason could be that
in order to measure the power DoD spectrum, the TX swept o bouncen seaterng
in the sphere with an angular step25f while the beam-width it sonces satering |
of the lens antenna i8°. There would be some overlaps of ]
the radiation patterns when measuring the impulse responses M(W\M\
of different directions, but this effect is not taken into account ’9° M‘\N\
in our model for the sake of simplicity. The accuracy of our o i
model can be enhanced at the condition of a more refined
digitized map. - / L

Finally, as shown in Table-Ill, several large-scale channel 20 Say e
characteristics are compared between the measurement and (b)
simulation. 30 dB below the maximum power was selected
as the threshold for the calculation of the metrics, so as ftgure 15. Comparison of the power delay profiles between the diffuse and
remove the impact of noise. Besides, the values suggestedS grular components with (a) two bounces and (b) six bounces.
WINNER Il model (Al Office Scenario) are also presented as
a reference [15]. Since only static measurement data are avail-
able, time-variant or statistical parameters such as Doppler VI- COMPARISON BETWEENDC AND SCWITH
frequency shift, Rician K-factor and cross-correlations are REVERBERATION
not considered here. It can be observed that, the simulatedhe previous results showed that the DMC (background
channel characteristics considering both DC and SC areiinthe PAS and tail in the PDP) can be well grasped by
accordance with the measured results in terms of total chanasing the graph modelling to simulate the DC. Intuitively
power, delay spread, azimuth spread and elevation spregfigaking, the DMC should contain not only the DC but also
while the simulation which only takes SC into account woulthe reverberation part of the SC. However, according to the
underestimate the large-scale characteristics due to the laclvious PDP comparisons, the latter seems to have little
ubiquitous diffuse scattering. Moreover, These values (espefluence on the diffuse tail. Therefore, in order to investigate
cially delay spread) are typically less to those of WINNERhe different behaviors of DC and SC in terms of reverberation
model due to the fact that: 1) during the measurement, thffect, we conduct an additional simulation in an empty room
Tx only swept a quarter of the whole sphere, so there asavironment ab0 GHz. The size of the room is the same as
many propagation paths not observed in the measured dé#te;indoor office scenario, but the furniture is removed except
2) the WINNER Il model was constructed for the frequencthe absorber, in order to reduce simulation complexity while
band of 2 — 5 GHz, while at millimeter-wave frequency maintaining the NLoS condition.
bands, because of the much higher free-space propagatioRigure 15 shows the comparison between the graph
loss, penetration loss and diffraction loss, power decaying ra@delling-simulated DC and the RT-simulated SC, considering
along the propagation delay is much larger than that of lotvbounces and bounces respectively. The simulated DC with
frequency bands, which leads to a much lower delay spreadinite bounces is also depicted as a reference. The scattering
In the angular domain, although the scattering paths appeaefficientS is set to be).6 in graph modelling and only the
everywhere, dominant paths are usually sparsely distributed refiection mechanism is activated in RT tool. It can be observed
the angular spreads are comparable to those of low frequetttgt 1) the SC appears discrete with many null intervals in the
bands. delay domain, while the DC is continuous: this is because of
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the distributed nature of the DC as opposed to the concentrat@gyl J. Jarvelainen and K. Haneda, “Sixty gigahertz indoor radio wave

nature of the SC; 2) there are some differences on the power propagation prediction method based on full scattering modRadio
| Lin the initial f the PDP iall he del Sciencevol. 49, no. 4, pp. 293-305, 2014.
evel In the initial part of the s, especially at the de a3f5] C. Jansen, S. Priebe, C. Moller, M. Jacob, H. Dierke, M. Koch, and

around30 ns. This is due to the fact that the propagation atten- T. Kurner, “Diffuse scattering from rough surfaces in THz communica-

uation of the diffuse scattering versus distance is greater than tion channels,1IEEE Transactions on Terahertz Science and Technology
h f th fl ion: 3 h b fb . vol. 1, no. 2, pp. 462-472, Nov 2011.
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. . R . . vol. 2, pp. 1314-1325, 2014.
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