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Abstract—Ray tracing has been extensively used to simulate
indoor channel characteristics. For an ultra-wideband system,
the channel characteristics vary significantly over the entire
bandwidth. To cope with this, sub-band divided RT has been
proposed by dividing the frequency of interest into multiple
subbands and superposing the RT results at the individual center
frequency of each subband. Thus, the computational complexity
is directly proportional to the number of subbands. In this paper,
we propose a mathematical method to significantly reduce the
computational complexity of the sub-band divided RT, making it
almost independent of the number of subbands. It is important to
note that, based on our approach, not only the determination of
the rays reaching a give location is made only once, but also the
electromagnetic calculation of the received signal is not needed
to perform repeatedly. The accuracy of low-complexity sub-
band divided RT algorithm is verified through a measurement
campaign.

Keywords—ray tracing, ultra-wideband, channel modeling,
indoor, low-complexity.

I. INTRODUCTION

UWB technology has attracted a lot of interest in recent

years as an ideal candidate for short-range and broadband

indoor wireless communication systems. It offers major en-

hancements in multiple wireless application areas. One impor-

tant area refers to the localization in indoor environments by

UWB systems enabling a fine delay resolution of the multipath

components of the received signal [1], [2]. The achieved

accuracy of localization methods based on the radio signal is

strongly affected by the propagation channel. Therefore, it is

crucial to understand the UWB channel properties. Two main

categories of channel modeling techniques for UWB channels

exist [3]: one is the statistical modeling based on frequency or

time domain measurements, the other is deterministic model-

ing based on a scenario map. So far, sub-band divided RT has
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been frequently employed as the typical deterministic channel

modeling tool for UWB indoor channels by the superposition

of RT results implemented at the individual center frequency

of each subband [4], [5].

It is evident that the computational complexity of RT

depends on the number of propagation paths considered. More-

over, it has been experimentally shown that diffuse scattering

components are an important factor in determining time and

angle dispersion of radio signals in indoor environments [6].

The inclusion of the diffuse scattering mechanism in RT

introduces a large number of propagation paths in an indoor

environment, which makes the calculation of the electromag-

netic characteristics extremely time-consuming.

Conventional sub-band divided RT simulation obviously

makes the computation procedure more complicated and leads

to the computation time being directly proportional to the

number of frequency points. Although some simplifications

have been made for sub-band divided RT by determining

the relevant propagation paths once at the beginning of the

procedure, the electromagnetic calculation of the received

signal still needs to be performed repeatedly at different

individual frequency points [7]. Furthermore, extracting the

statistics of the channel requires that sub-band divided RT

simulations must be performed for a large number of positions,

which would result in unacceptable long simulation time.

In order to significantly improve the computational effi-

ciency of sub-band divided RT for UWB indoor systems, we

make the following contributions in this paper:

• Based on the electromagnetic propagation mechanisms,

a low-complexity sub-band divided RT algorithm is de-

rived. As a major enhancement, not only the geometric

calculation, but also the electromagnetic calculation only

needs to be performed once for all subbands.

• For the diffuse scattering case, we show numerical sim-

ulation results to verify that the subdivision of rough

surfaces at the center frequency of the entire bandwidth

is valid for all subbands.

• The accuracy of the proposed low-complexity algorithm

is justified by comparing with the conventional sub-

band divided RT. Moreover, increasing the number of

subbands can obtain a slightly higher correlation with

the measurement but without increasing much simulation

time.
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The paper is organized as follows: Section II describes the

RT channel model based on the electromagnetic illumination

and the low-complexity algorithm, which significantly reduces

the simulation time. Section III presents the measurement

campaign and RT setup. Simulation results of the proposed

algorithm are given in Section IV. Finally, we conclude in

Section V.

II. RT CHANNEL MODEL

The RT tool employed in the present work is for three-

dimensional (3D) environment and three major wave propaga-

tion mechanisms are taken into account: (i) line of sight (LOS),

(ii) specular components as well as (iii) diffuse scattering

[8]. The specular components contain reflection, penetration

and diffraction contributions. A thorough geometrical and

electromagnetic description of the indoor environment, as well

as the radiation properties of the antennas are required for

calculating the propagation paths connecting the transmitter

(Tx) and the receiver (Rx) locations. RT enables the calcula-

tion of the electric field parameters in amplitude, phase and

polarization at the mobile terminal position relying upon the

relevant propagation mechanisms [9].

A. Sub-band Divided RT

The sub-band divided RT algorithm applied to UWB radio

channels has been introduced in [4], [5]. The basic steps of

the method can be summarized as follow:

• The entire UWB bandwidth B is divided into multiple

subbands Bi, where i is the index of the subband with

i ∈ {1, · · · , I} and I is the total number of the subands.

• Conventional RT is implemented to obtain the corre-

sponding channel impulse response (CIR) hi(τ) at the

center frequency fc,i of each subband i, where τ is the

propagation path delay.

• The channel transfer function (CTF) at each subband i is

obtained by Fourier transform. Then CTFs of all subbands

are combined together for the entire bandwidth.

• An inverse Fourier transform yields the overall CIR h(τ)
for the entire bandwidth.

B. Low-Complexity Sub-band Divided RT

The CIR at each subband i is directly determined by

the propagation mechanisms. The LOS components is only

affected by the free-space loss, while the specular components

are calculated in a similar way referring to the relevant

complex dyadic coefficients and the total length of the path.

The reflection and penetration coefficients are calculated by

the Fresnel formulas [10], whereas the diffraction coefficient

is obtained using the uniform theory of diffraction [11]. It

is assumed that the path direction is not modified by the

penetration mechanism in our RT tool [12]. Moreover, it is

known that a flat wave is scattered into multiple random

directions when it is interacting with a rough surface. A

directive scattering pattern model is used in our RT tool to

evaluate the amplitude of each diffuse scattering path, which

assumes the scattering lobe is steered towards the direction

of the specular reflection [6], [12]. The detailed formulas

of the propagation mechanisms are introduced in Appendix,

from which it is apparent to see which parameters are varying

with the frequency. Therefore, the electromagnetic calculations

E{·}(fc,i′) at other sub-bands fc,i′ , where i′ ∈ {1, · · · , I},

for one Rx position can be derived from the electromagnetic

results E{·}(fc,i) of one sub-band fc,i.

• For the LOS component, the electric field at a different

sub-band i′ can be obtained directly

ELOS(fc,i′) =ELOS(fc,i) ·
[

ḡR
LOS(fc,i′)

ḡR
LOS(fc,i)

]∗
·

fc,i

fc,i′
·
[

ḡE
LOS(fc,i′)

ḡE
LOS(fc,i)

]

e
−j2π(f

c,i′
−fc,i)sLOS

c ,

(1)

where c is the speed of light, sLOS is the distance

between the Tx and Rx, ḡE
{·}(fc,{·}) = ḡE

{·}(fc,{·}, θE, φE)

and ḡR
{·}(fc,{·}) = ḡR

{·}(fc,{·}, θR, φR) are the complex

vectors accounting for the Tx/Rx antenna polarization and

amplitude gains within one subband in the direction of

the propagation wave, θ{·} and φ{·} indicate the azimuth

and elevation directions of the transmitted/received wave,

and {·}∗ designates the complex conjugate. It is worth

mentioning that the geometrical calculation of each prop-

agation ray is identical at different subbands, so that the

corresponding θ{·} and φ{·} of the wave is constant for all

subbands. In order to simplify the expressions, we omit

the arguments θ{·} and φ{·} in the related formulas.

• In [7], [13], it is assumed that the dielectric permittivity

εr and conductivity σ for one material are independent

of the frequencies within the entire bandwidth of interest,

because it is difficult to estimate how these values vary

with the frequency. However, the effective permittivity of

the material

εr,eff(fc,i) = εr − jσ/(2πfc,iε0) (2)

where ε0 is the permittivity of vacuum, is still varying

with the frequencies in these literatures. Here we fix the

effective permittivity εr,eff for the entire UWB bandwidth.

Therefore, the Fresnel reflection/penetration coefficients

are independent of frequency, which is justified in the

numerical results. As a consequence, the electric field of

the reflection/penetration contribution at a different sub-

band i′ can be computed as

Er/p(fc,i′) =Er/p(fc,i) ·
[

ḡR
r/p(fc,i′)

ḡR
r/p(fc,i)

]∗

·

fc,i

fc,i′
·
[

ḡE
r/p(fc,i′)

ḡE
r/p(fc,i)

]

e
−j2π(f

c,i′
−fc,i)(sr/p+s′

r/p
)

c ,

(3)

where sr/p is the path length from Tx to the reflection

point and s′r/p is the path length from the reflection point

to the Rx.
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• For the diffracted contribution, it can be seen in Appendix

that the dyadic diffraction coefficients D⊥
‖ are influ-

enced by the frequency. Actually, the dyadic diffraction

coefficients can be simplified by ignoring the involved

transition functions’ effect. The reason is that only one

of the arguments in the four transition functions is smaller

than 10 for one diffraction point, so that only one of the

transition values is different from unity [14]. According

to (13) in Appendix, it is acceptable to assume that the

value of each transition function referred in D1, D2, D3

or D4 is the same for one diffraction point at different

sub-bands. Therefore, the electric field of the diffraction

path at a different sub-band i′ can be obtained as

Ed(fc,i′) =Ed(fc,i) ·
[

ḡR
d (fc,i′)

ḡR
d (fc,i)

]∗
·

(
fc,i

fc,i′
)

3
2 ·

[

ḡE
d (fc,i′)

ḡE
d (fc,i)

]

e
−j2π(f

c,i′
−fc,i)(sd+s′

d
)

c ,

(4)

where sd is the path length from Tx to the diffraction

point and s′d is the path length from the diffraction point

to the Rx.

• A surface appears rougher with increasing frequency,

which should result in a denser subdivision of the surface

for subbands with higher center frequencies. However,

this significantly increases the computational effort. In

[13], the subdivision of each surface for a specific Rx

position at the center frequency of the entire bandwidth is

assumed to be valid for all subbands. Here it is shown that

this assumption is reasonable according to the comparison

given in Fig.2 in Section III. Thus, the electric field for the

scattering path at a different subband i′ can be calculated

as

Es(fc,i′) = Es(fc,i)·
[

ḡR
s (fc,i′)

ḡR
s (fc,i)

]∗
· fc,i

fc,i′
·
[

ḡE
s (fc,i′)

ḡE
s (fc,i)

]

e−jθ
′

s ,

(5)

where θ
′

s is the random phase with an uniform distribution

in [0, 2π].

It should be noted that the above formulas can also be

extended for the multi-order propagation path case by combing

the results of corresponding propagation mechanisms.

III. MEASUREMENT CAMPAIGN AND RT SETUP

A. Measurement Campaign

Frequency-domain UWB channel measurements were car-

ried out by the Signal Processing and Speech Communication

laboratory at Graz University of Technology [15]. The size

of the scenario is about 29m × 7.1m × 10.5m. It consists

primarily of concrete walls, glass windows and metal pillars.

The locations of the Tx antenna was fixed, while the Rx

antennas formed a grid with 22× 22 points with 5cm spacing

resulting in a total area of 1m × 1m. A Rhode & Schwarz

ZVA-24 vector network analyzer (VNA) was used to measure

the CTF at 7501 frequency points over the frequency range

from 3.1 to 10.6GHz.
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Fig. 1. 2-D top view of measurements environment including a close-up
view of the grid Rx’s positions together with the positions marked in blue
line where RT simulations are implemented.

B. RT Setup

A 2-D top view of the scenario is shown in Fig.1, the

different materials are sketched with different colors. The

dielectric properties are also included in the input database of

RT, where a metallic block is considered as a perfect electric

conductor. The values for other materials are: εr = 6 and

σ = 0.08 S/m for concrete blocks, and εr = 5.5 and σ = 0
S/m for glass blocks, respectively. The Tx and Rx antennas

used for the RT simulation are the dipole antennas correspond-

ing to the antennas used in measurements. RT simulations

are implemented at the middle horizontal line of the grid

marked in blue in Fig. 1. Moreover, the entire bandwidth B of

7.5GHz is divided into I = 15 sub-bands with Bi = 500MHz

each in our simulation. The involved propagation mechanisms
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Fig. 2. PDP of the diffuse scattering paths PDPDS with different and the
subdivisions at different subbands relying on conventional sub-band divided
RT.
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are LOS, reflection up to the third order, penetration, single

diffraction, diffuse scattering, where the penetration contri-

bution has been embedded into all other mechanisms. The

diffuse scattering components include single bounce scatter-

ing, scattering-reflection and reflection-scattering cases. Some

propagation paths are visualized in Fig.1, some of which are

indexed by the corresponding number, where r indicates the

reflection component, d means the diffraction component and

s implies the diffuse scattering component.

Based on our numerical implementation, we compare the

power delay profile (PDP) of the diffuse scattering paths

PDPDS, with different and fixed subdivision of tile at different

subbands relying on the conventional sub-band divided RT.

The PDPDS is obtained by averaging the normalized CIRs

at the selected 22 Rx’s locations, taking only the diffuse

scattering components into account. Note that the PDPDS is

defined over the excess delay τex. The result is shown in Fig.

2, from which it can be seen that the PDPDS based on the

fixed subdivision at 6.85GHz over the whole bandwidth is

similar to the one where the subdivision is changed according

to the center frequency of each subband. Therefore, (5) is a

valid approximation for the diffuse scattering case of the low-

complexity sub-band divided RT.

IV. NUMERICAL RESULTS

A. Amplitude and Phase Comparison

The comparison of amplitude and phase of propagation

paths based on the conventional sub-band divided RT and

low-complexity sub-band divided RT is shown in Fig.3, where

the corresponding results at the center point of the simulated

Rx positions is taken as an example. The selected paths

correspond to the indexed paths indicated in Fig.1. It can

be seen that the amplitude of each path is decreasing with

the increasing subband center frequency fc,i. For LOS and

specular components, the amplitude and phase of each path

based on the conventional sub-band divided RT match well

with the results calculated by the low-complexity algorithm.

For diffuse scattering components, the amplitude matches well

while the phase does not match as a result of the random

phases of the rough surfaces.

B. Normalized CIR Comparison

For comparison, the normalized CIRs h(τ) at the selected

22 Rx’s locations, indicated by Rxidx, are shown in Fig. 4

based on the conventional sub-band divided RT and low-

complexity sub-band divided RT, respectively. It can be seen

that the specular components are mainly located between

0ns and 45ns, and 102ns and 112ns for our scenario. In

general, the obtained CIRs based on the conventional sub-

band divided RT and low-complexity sub-band divided RT

are comparable to each other even though small deviations

exist, some of which are highlighted in Fig. 4. The main

reason caused the small deviations is evaluated as follow: for

the reflection/penertration case, the error is introduced by the

assumption that the effective permittivity εr,eff is assumed to

be independent of the frequency; for the diffraction case, the
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Fig. 3. Amplitude and phase comparison results of propagation paths
based on the conventional sub-band divided RT and low-complexity sub-band
divided RT. The results shown here correspond to the indexed propagation
paths indicated in Fig.1.

Fig. 4. Comparison of normalized CIRs at the selected 22 Rx’s locations
based on the conventional sub-band divided RT and low-complexity sub-band
divided RT. Some small deviations are highlighted by ellipses.

reason is the presumable same value of each transition function

referred in D1, D2, D3 or D4 for one diffraction point at

different sub-bands. For the scattering case, the error results

from by the parameter U in (5), which further shows that the

error is also related to the the effective permittivity εr,eff. It is

worth mentioning that the random phase components are set

the same in these two sub-band divided RT simulations for

the same Rx position. Therefore, the deviation caused by the

random phases has been removed.

C. Simulation Time and PDP Comparison

The simulation time of the low-complexity sub-band divided

RT for one Rx’s location is about 222s (2.4GHz Intel Core

i7 CPU with 8GB RAM), while the conventional sub-band

divided RT takes about 3284s, which means that the computa-
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tional time can be reduced by a factor of 15. In [16], it is men-

tioned that the larger the number of the subbands the slightly

better is the accuracy of RT for the millimeter wave indoor

communication channels, but at the cost of the computational

time. In terms of our proposed low-complexity algorithm for

the UWB indoor scenario, the effect of computational time can

be ignored when choosing the number of subbands. In Fig. 5,

the normalized PDPs are compared by averaging the absolute

square values of the normalized CIRs over the positions where

RT simulations are available. The reason for the gap between

the measurements and RT simulations is that (i) priori approx-

imation of the input material parameters got from literature

are used, (ii) some small stuffs are not considered in this

large dimensions’ environment, and (iii) higher-order prop-

agation mechanisms are not considered by the RT algorithm.

The correlation coefficients of the different PDPs are also

calculated: it is 0.9830 between the low-complexity subband

divided RT within 15 subbands and the measurements, while

it is 0.9833 between the low-complexity subband divided

RT within 50 subbands and the measurements. Therefore,

we conclude that the PDPs calculated though the sub-band

divided RT and low-complexity sub-band divided RT within

15 subbands are almost the same, while further increasing the

number of subbands does not increase the simulation time

much.
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sub-band divided RT, low-complexity sub-band divided RT with 15 subbands,
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V. CONCLUSION

In this paper, we presented a low-complexity sub-band

divided RT for UWB indoor channels. The algorithm is derived

from the electromagnetic illumination of the propagation paths

base on two important assumptions: (i) the effective permit-

tivity of each material and (ii) the transfer function referred

in the dyadic diffraction coefficient are independent of the

frequency for the UWB frequency range. According to our

approach, not only the geometrical calculation, but also the

electromagnetic calculation of the propagation paths at one

specific location needs to be performed only once. Therefore,

a reduction of the computational complexity by a factor equal

to the number of subbands, can be achieved. Furthermore,

the normalized PDPs of the conventional sub-band divided

RT and low-complexity sub-band divided RT are comparable

to each other. Based on the proposed implementation, we can

increase the number of subbands without increasing simulation

time. In future work, we will present that this low-complexity

algorithm can help to calibrate the RT results by optimizing the

material parameters, including the permittivity, conductivity

and scattering parameters.

APPENDIX

The LOS component at one subband i is represented as

ELOS(fc,i) = A(fc,i)[ḡ
R
LOS(fc,i)]

∗ · [ḡE
LOS(fc,i)]e

−j2πfc,isLOS
c E0,

(6)

where A(fc,i) = c/(4πfc,is) is the free space pathloss and s
is the total path length between Tx and Rx, where s = sLOS,

and E0 is the emitted field.

For a single reflection/penetration component at one sub-

band i, the electric field can be expressed as

Er/p(fc,i) =A(fc,i)[ḡ
R
r/p(fc,i)]

∗·

T(fc,i) · [ḡE
r/p(fc,i)]e

−j2πfc,i(sr/p+s′ r/p)

c E0,
(7)

where s = sr/p+s′r/p and T is the Fresnel reflection/penetration

coefficient [9], [12], which is decomposed into perpendicular

and parallel polarization coefficients separately

R⊥ =
cosϑinc −

√

εr,eff − sin2 ϑinc

cosϑinc +
√

εr,eff − sin2 ϑinc

, (8)

R‖ =
εr,eff cosϑinc −

√

εr,eff − sin2 ϑinc

εr,eff cosϑinc +
√

εr,eff − sin2 ϑinc

, (9)

P⊥ =
2 cosϑinc

cosϑinc +
√

ε2r,eff/ε1r,eff − sin2 ϑinc

, (10)

P‖ =
2
√

ε1r,eff/ε2r,eff cosϑinc

cosϑinc +
√

ε1r,eff/ε2r,eff(1− ε1r,eff/ε2r,eff sin
2 ϑinc)

,

(11)

where ϑinc is the incident angle.

For a diffracted component at one subband i, the electric

field is calculated as

Ed(fc,i) =A(fc,i)[ḡ
R
d (fc,i)]

∗·

D(fc,i) · [ḡE
d (fc,i)]

√

sd + s′d
sds′d

e
−j2πfc,i(sd+s′

d
)

c E0,

(12)
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where s = sd + s′d and D is the dyadic diffraction coefficient,

which also can be decomposed into perpendicular and parallel

polarization coefficients separately

D⊥
‖ =

−e−jπ/4

4nπ
√

fc,i/c sinβ0

[D1 +D2 +R0
⊥
‖ D3 +Rn

⊥
‖ D4],

(13)

where n = 2−α/π, α is the interior wedge angle, so that nπ
is the exterior angle of the wedge, β0 is the angle between the

incident wave and the edge, R0
⊥
‖ and Rn

⊥
‖ are the reflection

coefficients for either perpendicular or parallel polarization for

the 0−face and n−face, which are labeled two faces of one

wedge [11], and

D1 = cot(
π + (ϑdiff − ϑinc)

2n
) · F (

2πfc,i

c
La+(ϑdiff − ϑinc)),

(14)

D2 = cot(
π − (ϑdiff − ϑinc)

2n
) · F (

2πfc,i

c
La−(ϑdiff − ϑinc)),

(15)

D3 = cot(
π + (ϑdiff + ϑinc)

2n
) · F (

2πfc,i

c
La+(ϑdiff + ϑinc)),

(16)

D4 = cot(
π − (ϑdiff + ϑinc)

2n
) · F (

2πfc,i

c
La−(ϑdiff + ϑinc)),

(17)

where

F (x) = 2j
√
xejx

∫ ∞

√
x

e−ju2

du, (18)

is the transition function, which involves a Fresnel integral.

If the argument of the function exceeds 10, the (18) can be

replaced by unity [14], and

L =
sds

′
d

sd + s′d
sin2 β0, (19)

a±(ξ) = 2 cos2(
2nπN± − ξ

2
), (20)

where N± are the integers which most closely satisfy the

equation 2nπN± − ξ = ±π.

For the diffuse scattering components, the rough surface

needs to be divided into multiple tiles firstly, from the center of

which the diffuse scattering path is supposed to originate. The

side-length of each tile r needs to fulfil the far-field condition

r <

√

c · d
2fc,i

, (21)

where d is the distance between the center of the tile and

the terminal from which the wave is coming from. Then the

electric field of a diffuse scattering path related to each tile at

one subband i is calculated as

Es(fc,i) =A(fc,i)[ḡ
R
s (fc,i)]

∗ · (dS cosϑinc

Fαr

)
1
2 ·

(
1 + cosϕr

2
)

αr
2 · [ḡE

s (fc,i)]
SU

sss′s
e−jθsE0,

(22)

where s = ss+s′s, ss is the path length from Tx to the center of

the tile, s′s is the path length from the center of the tile to Rx,

dS is the area of the tile, ϕr is the angle between the specular

reflection direction and the scattering direction, αr is an integer

defined as the width of the scattering lobe, Fαr
is a function of

αr [12], S is the scattering coefficient, U = |Er|/|Ei| where

|Er| and |Ei| are the norms of the reflected and incident fields

on the tile dS, and θs is a random phase component with an

uniform distribution over [0, 2π].
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