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ABSTRACT In this paper we provide a modified 3D Uniform Theory of Diffraction (UTD) model for a
finite-length cylinder, and validate the model by comparing to the simulation and the measured data. The
presented finite-cylinder UTD model is adapted from the conventional infinite-cylinder model, and we
additionally add edge diffraction occurring at the edge of the cap of the finite cylinder. The simulation
reference is obtained from the CST simulation and the measurement reference is obtained from a vector
network analyzer based channel sounder. From the numerical examples and analysis, it is shown that the
modified model agrees well with the references and is more accurate than the conventional unmodified
model. This study proves the importance of the edge diffraction field for finite-cylinder UTD solutions
specially when 1) the transmitter and receiver are at different heights relative to the cylinder, and 2) one
is below and the other is above the height of the cylinder.

INDEX TERMS Uniform theory of diffraction (UTD), finite-length cylindrical model, geometry optics
(GO), electromagnetic scattering, edge diffraction.

I. INTRODUCTION

WITH the deployment of 5G cellular networks and
the commencement of 6G research [1], [2], along

with the rapid development of other wireless technologies
such as Wi-Fi [3], wireless communication infrastructures
and systems become more capable of providing even
higher speed and even lower latency for wireless connectiv-
ity. Towards-6G, millimeter-wave (mmWave) and sub-THz
frequency bands [4] are envisioned to dominate, due to
the availability of large bandwidth spectrum, providing
more frequency resources for even larger throughput. In
the same while, with higher frequencies (naturally higher
free space path loss) and smaller wavelength, the cells tend
to be densified and could be easily affected by moving
vehicles/machines or humans [5], regardless of outdoor or
indoor application scenarios. The obstruction or blockage
of a communication link by machines/vehicles or humans
could degrade the communication performance and could

also result in inaccurate localization performance. Hence, a
deterministic, accurate yet simple/fast model is needed to
represent the influence of machines/vehicles/humans - finite
geometry with dielectric and conductivity properties - on the
radio waves, so that we could predict the influences and take
countermeasures.
With the support of advanced computer technology

and hardware, computational electromagnetics [6], [7] has
become an important branch of electromagnetism to solve
electromagnetic problems, such as the approximate solu-
tions to Maxwell’s equations to calculate the antenna
performance, electromagnetic compatibility, radar cross sec-
tion and radio wave propagation. Computational electro-
magnetic methods can be categorized into the rigorous
full-wave method such as the integral equation solvers
(e.g., Method of Moments [8]), the differential equa-
tion solvers (e.g., Finite-difference time-domain [9], Finite
Element Method [10], Finite Integration Technique [11]),
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as well as the high frequency approximation methods (e.g.,
Physical Optics (PO) [12], [13], Geometry Optics (GO) [14],
Uniform Theory of Diffraction (UTD) [15], [16]). For
the rigorous numerical approaches, the induced currents
by source are determined by a large set of linear equa-
tions hence may be extremely time-consuming. Considering
the computation time/efficiency, accuracy, and application
condition, the approximation solutions to Maxwell’s equa-
tions could be suited for modeling the interactions between
machine/vehicle/human and radio waves for 3D deterministic
modeling and electromagnetic field computation in dynamic
channel conditions.
Among the high frequency approximation approaches,

approximation in PO is made when determining the surface
currents. References [7], [17], [18] The geometry surface is
divided into meshes that are much smaller compared to the
wavelength and each mesh is considered as locally planar
where reflection occurs according to GO. Instead of using
Maxwell’s equations that gives us the solution at any point
in space, PO approach is used where it only gives solu-
tion in the lit region. The advantage of using PO is that
it has wide applicability for differently shaped scatters, and
it costs less computation time. PO gives a good approxi-
mation of the electromagnetic field when applying to high
frequency and low curvature scenarios. A high frequency
approximation method indicates that the surface of an object
is much larger than the wavelength of the impinging wave.
Originally, PO was developed for analyzing scattering from a
perfect electric conductor (PEC) material, but the concept of
approximating currents is quite general and applicable for
magnetic conductors, dielectric materials, and bodies with
surface impedance, etc. The major source of errors in the
PO method is at the edge of surface, or when the surface
curvature of surface is large and multiple reflections exists.
Approximation approaches of GO is based on the ray

theory of electromagnetic field propagation [19], [20]. The
concepts of ray and ray tube are used to analyze scattering
and energy propagation. Its physical concept is clear and easy
to calculate. However, GO can only study the problems of
direct (incident), reflection and refraction. When a GO ray
encounters surface discontinuities, such as edges, spires, or
grazing incidence on a surface, it will produce a shadow
region that it cannot enter. Geometry theory of diffraction
and UTD is developed from Geometrical Optics (GO), it
introduced a concept of diffracted ray. The diffracted ray
penetrate into both the shadow and lit zones, and thereby
overcome the failure of GO in the shadow region.
These approximation solutions to Maxwell’s equations

need less computation time compared to the rigorous full
wave solutions, but at the cost of generality in particular
the GO and UTD. as it can be applied only to canonical
shapes (in the presented form). The Authors should focus
on the specific strengths of semi-analytical techniques as
being able to reveal hidden physical phenomena. UTD has
the unique advantages of small required computing space and
high computing speed. In particular, the commonly used CST

Studio Suite 3D Electromagnetics (EM) simulation and anal-
ysis software use Integral Equation Solver for the simulation
in electrically large occasions.
Based on above revelation, UTD could be suited for the

modeling of the interactions between machine/vehicle/human
and radio waves, because their efficiency and decent accu-
racy for 3D deterministic modeling and electromagnetic field
computation. In early development of UTD, scatterers stud-
ied were usually PEC. In the literature, a lot of work has been
done for studying the problem of non-perfectly-conducting
project [21]–[23]. Depending on the target object, PEC is a
reasonable approximation for good metallic conductors.
In wireless body area network (WBAN) [24]–[27] and

human body shadowing [28] studies, there have been ample
examples on using UTD for accurate modeling of human
body impact on wireless communications. These works on
the human body shadowing effects using UTD are mostly
carried out in 2D space when transmit antenna (TX) and
receive antenna (RX) are at the same height. The inves-
tigations in [29], [30] on the 3D UTD cylindrical model
show the defect of ignoring the edge diffraction field on the
total received field, it means, for a finite 3D cylinder, the
top/bottom of cylinder diffracted field have an influence on
the total field for single-cylinder scattering problem.
In this paper, we propose a modified 3D UTD model for

a finite PEC circular cylinder. The modification is based
on the conventional model presented in literature [25], [26]
which have ignored the edge diffraction. We integrate in the
modified model the edge diffraction which occurs when EM
waves impinge on the cap edge for single-cylinder scattering
and thus influence the total received field. The modified and
unmodified UTD models are compared with the CST sim-
ulation and measurement references. By comparing various
elevation and azimuth angles, we validate the importance
of integrating edge diffraction especially when the RX is
above the top of the cylinder while TX is below it (or vice
versa). In addition, UTD calculation is significantly faster
than numerical simulation using the CST Integral Equation
Solver. The modified UTD model is based on the model of E.
Plouhinec in [29] and [30], the contribution of edge diffrac-
tion field value is not considered in the previous model, it
works well in most of its scenarios but highlights the fact
that the top and bottom disks cylinder diffracted fields have
an influence on the total received field for the presented sin-
gle cylinder problem, and our modified model integrating the
edge diffraction contribution at the cap of cylinder. The val-
idation proves the importance of edge diffraction especially
when one of the TX/RX is higher than finite cylinder.
In Section II, the 3D UTD models for an infinite and a

finite cylinder are described respectively, we focus on the
3D GO ray-tracing and the UTD formulations used for com-
puting the electromagnetic field. In Section III and IV we
describe the simulation campaign and focus on the validation
of the electric field calculation by the modified UTD, mak-
ing a comparison between the modified UTD and the CST
simulation result. In Section V we describe the measurement
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FIGURE 1. Infinite cylinder ray-tracing scenario for (a) and (b) in LOS scenario, and
(c) in NLOS scenario.

campaign, and VI focus on the validation of channel calcula-
tion by the modified UTD, making a comparative analysis on
the modified UTD, the CST simulation and the measurement
channel results.

II. 3D UTD MODEL FOR FINITE-LENGTH CYLINDER
A. RECAP - MODEL FOR INFINITE CYLINDER
Referring to Figure 1, we first look at the composition of
GO rays existing between the source point S and the receiver
point P in presence of a circular cylinder with infinite length.
We could have two ray-tracing scenarios for this 3D infinite
cylinder: P in the Line Of Sight (LOS) and in the Non Line
Of Sight (NLOS). As is also shown in Figure 2, the LOS

FIGURE 2. Top view for infinite cylinder.

and NLOS are separated by the shadow boundary SB1 and
SB2. For LOS scenario, there are three rays as shown in
Figure 1 (a) and (b): one direct ray (in black), one reflected
ray (in blue) and two surface diffracted rays (in orange and
green). For NLOS scenario, there are two surface diffracted
rays (in blue) as shown in Figure 1 (c). Note that all the ray
paths are deduced from Fermat’s principle.
Note that the field expressions are defined below, some

parameters in the following formulas are not defined due to
space limitation and can be found in the Appendix.

1) DIRECT FIELD

Direct field corresponds to free space propagation, and signal
propagates directly from S to P in this case. The direct field
at P is �Ei(P) expressed as [15]:

�Ei(P) = �E0 · e
−jks

s
, (1)

where s is the shortest distance between S and P, and �E0
is the emitted field generated by S related with the antenna
pattern.

2) REFLECTED FIELD

The reflection occurs on the surface of objects, and the
surface acts as a mirror. The reflected field at P is �Er(P)

expressed as [15]:

�Er(P) = �Ei(QR) · R · Ar · e−jksr , (2)

where sr is the path length from the reflection point QR to
P. The Ar indicates the spreading factor for incident wave
depend on surface geometry which is expressed as:

Ar =
√

ρ1
rρ2

r

(ρ1
r + sr)(ρ2

r + sr)
. (3)

R is the Fresnel dyadic reflection coefficient (dyadic oper-
ation is performed between the vectors), it’s a matrix
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expressed as:

R = Rs�e⊥�e⊥ + Rh�e i‖�e r‖ . (4)

The reflection coefficients Rs,h can be written as:

Rs,h = −
√

−4

ξL
·
{
e−jπ/4

2ξL
√

π

[
1 − F

(
XL

)]
+ �Ps,h

(
ξL

)}
(5)

Please refer to the Appendix for further definitions.

3) SURFACE DIFFRACTED FIELD

The surface diffraction occurs on the smooth surface of cylin-
der, and the rays creep on the cylinder. The diffracted field
is expressed as [15]:

�Esd1,2(P) = �Ei(Q1,3
) · T · Asd · e−jksd . (6)

The Q1 and Q3 are the attachment points, Q2 and Q4 are
the detachment points. The ray of Q1 and Q2 (resp. Q3 and
Q4) will be called ray1 (resp. ray2). sd is the path length
from Q2 (resp. Q4) to P. The �Esd1 (P) (resp. �Esd2 (P)) corre-
sponds to ray1 (resp. ray2). The Asd indicates the spreading
factor for incident wave depend on surface geometry. Asd is
expressed as:

Asd =
√

ρ2
d

sd
(
ρ2

d + sd
) . (7)

T is the Fresnel dyadic transfer coefficient (dyadic oper-
ation is performed between the vectors), and is a matrix
expressed as:

T = Ts�b1�b2 + Th�n1�n2. (8)

Please refer to the Appendix for further definitions.

4) TOTAL FIELD

The total field for infinite cylinder can be expressed as:

�Etotal(P) = α
(�Ei(P) + �Er(P)

)
+

2∑
i=1

�Esdi (P), (9)

where α = 1 (resp. α = 0) is the LOS (resp. NLOS) case.
LOS and NLOS are separated by shadow boundaries as
shown in Figure 2. If we set S(ρ′, 0, 0) and P(ρ, θ, φ), and
the radius of the cylinder to be rcyl, the shadow boundary
SB1 and SB2 in Figure 2 can be calculated by:

SB1 = arccos
rcyl

ρ · sinθ + arccos
rcyl
ρ′ , (10)

SB2 = 2π −
(

arccos
rcyl

ρ · sinθ + arccos
rcyl
ρ′

)
. (11)

B. MODIFIED MODEL FOR FINITE CYLINDER
The studies in [29], [30] have clearly indicated that the
direct, reflected and surface diffracted field are not enough
to describe the electric field for finite cylinder when the
position of the receiving point is higher than the top of the
cylinder. Therefore, in this paper, we revise the 3D UTD
model to take the edge diffracted field into account.

FIGURE 3. Edge diffracted ray: (a) edge diffracted ray on a finite cylinder, (b) a cone
of edge diffracted rays.

1) DIRECT, SURFACE DIFFRACTED AND REFLECTED
FIELD

The expressions for these three fields are the same as above
and its supplementary definitions in the Appendix. But for
a finite-length cylinder, LOS and NLOS can no longer be
defined on the 2D plane but should be on the 3D space,
which can be calculated by ray tracing method [31], [32].
The direct ray is present if P is in LOS and absent in NLOS.
The reflected ray is present (resp. absent) if QR is on (resp.
not on) the cylinder. The surface diffracted ray is present
(resp. absent) if attachment point and detachment point is
on (resp. not on) the cylinder.

2) EDGE DIFFRACT FIELD

Edge diffraction occurs when an electromagnetic wave is
incident on the edge. The angle between the edge diffracted
ray and the edge (θ2 in Figure 3(a)) should be equal to the
angle between the corresponding incident ray and the edge
(θ1 in Figure 3(a)). An incident ray can excite numerous
diffracted rays, which are all located on a conical surface
with the diffracted point as the fixed point as shown in
Figure 3(b). For a finite cylinder, there would be edge diffrac-
tion which occurs at the cap edge of the cylinder as is shown
in Figure 3, its range covers a part of LOS and NLOS and
can be found by ray tracing method [31], [32].
For S and P at fixed positions, the diffracted point QE and

diffracted rays can be searched by the numerical method of
ray tracing. The position of QE needs to satisfy the following
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equation:

�e · �s i = �e · �s d (12)

where �e is the unit vector of the edge incident point QE
at the edge tangent, �s i and �s d are the unit vectors of the
incident and diffracted ray respectively.
The edge diffracted field is expressed as [16]:

�Eedθ,φ = �Eiθ,φ · D(fc) · Aed · e−jksd . (13)

The Aed indicates the spreading factor for incident wave
depend on surface geometry. Aed is expressed as:

Aed =
√

ρ

s(ρ + s)
(14)

ρ is the edge caustic. s is the shortest distance between QE
and P. The dyadic diffraction coefficient D (dyadic operation
is performed between the vectors) can be written as:

D = −Ds �β ′
0
�β0 − Dh �φ ′ �φ. (15)

Please refer to the Appendix for further definitions.

3) TOTAL FIELD

The proposed modified total field for a finite-length cylinder
can be expressed as:

�Etotal(P) = α
(�Ei(P) + βr �Er(P)

)

+ β isd

2∑
i=1

�Esdi (P) + β ied

n∑
i=1

�Eedi (P), (16)

where α = 1 (resp. α = 0) indicates the LOS (resp. NLOS)
case; βr = 1 (resp. βr = 0) if Qr is on the cylinder (resp.
absent); β isd = 1 (resp. β isd = 0) if ith surface diffracted ray
is present (resp. absent); β ied = 1 (resp. β ied = 0) if ith edge
diffracted ray is present (resp. absent).

III. FIELD VALIDATION OF THE MODIFIED 3D UTD
MODEL VIA SIMULATION
A. CST SIMULATOR
To verify the modified UTD model, we will first compare
the UTD results with EM simulation. The CST-Microwave
studio is used to get the simulation result. The CST program
is high-performance 3D EM analysis software package for
analyzing and optimizing EM components, and we use the
integral equation solver to get the results. The integral equa-
tion solver is a 3D full-wave solver, based on the Method of
Moments (MOM) technique with Multi-Level Fast Multipole
Method (MLFMM). The integral equation solver uses a sur-
face integral technique, which makes it much more efficient
than full volume methods when simulating electrically large
scenarios.

FIGURE 4. LOS (free space) scenario to validate the direct field.

FIGURE 5. Infinite cylinder scenario to validate the reflected and surface diffracted
field.

B. FIELD VALIDATION
For this comparison, we use the UTD and CST simula-
tion results to validate the calculation in presence of a PEC
cylinder of radius r = 2λ. The measurements were made at
frequency f = 5 GHz. The simulation were carried out with
reference to a spherical coordinate system (ρ, θ, φ). To sim-
plify the calculation, we set S(ρ′, 0, 0) and P(ρ, θ, φ). The
transmit/receive antennas used in the simulation and calcu-
lation are both a typical horn antenna working from 4 GHz
to 5 GHz.
We use Normalized Mean Square Error (NMSE) to quan-

tify the discrepancy between the UTD calculated field and
the CST simulated field, and is defined as:

NMSE =
∑(

|�ECST | − |�EUTD|
)2

∑ |�ECST |2
(17)

where |�ECST | and |�EUTD| are the amplitude of the E-field
calculated by the CST and the modified UTD respectively.

C. VALIDATE THE DIRECT, REFLECTED, AND SURFACE
DIFFRACTED FIELDS
We want to first validate the direct field in the free space
scenario without cylinder as is shown in Figure 4. The results
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FIGURE 6. LOS scenario results of UTD and CST simulation, at (a) θ = 90◦ , (b)
θ = 80◦ , (c) θ = 70◦ , (d) θ = 60◦ for f = 5 GHz, ρ′ = 10λ, ρ = 20λ.

are shown in Figure 6; from visual inspection we notice a
good agreement between simulation and calculation. The
NMSE between the direct field by UTD and that by CST

FIGURE 7. NMSE between results of the modified UTD and the CST for LOS
scenario.

is shown in Figure 8, where the result error is negligible
(NMSE< 7 × 10−5).
We then want t validate the reflected and surface diffracted

field in this infinite-cylinder scenario considering a long
PEC cylinder as is shown in Figure 5. The total field is
composed of �Ei, �Er and �Esd, and �Eed is neglected and
will be verified in next step. The results are shown in
Figure 7. Overall, the trend of the two results is con-
sistent. It can be seen that the error is a litter larger
for φ ∈ [0◦, 50◦], [310◦, 360◦] and around [170◦, 190◦] in
NLOS. And the overall error increases slightly with the
decrease of θ . For φ ∈ [0◦, 50◦], [310◦, 360◦], βsd = 0.
The NMSE is shown in Figure 9. With the decrease of θ ,
the value of NMSE decreases slightly, but it changes lit-
tle on the whole (NMSE < 7.5 × 10−3), which means our
modified UTD could predict the direct, reflected and surface
diffracted fields very well.

D. VALIDATE FINITE CYLINDER SCENARIO & EDGE
DIFFRACTION
For this scenario, the results are presented in the case of the
PEC finite cylinder as is shown in Figure 10. The length of
the cylinder on the positive half of z-axis is h = λ and is
long in the negative half of z-axis. The results are shown in
Figure 11.
When θ = 90◦, there is no �Eed at NLOS (φ ∈

[162◦, 198◦]) for the modified UTD, so the �Etotal of modi-
fied UTD is the same as the unmodified UTD without �Eed,
however, the CST results of Figure 11 (a) changes signifi-
cantly compared with Figure 8 (a). Comparing the scenarios
(θ = 90◦) correspondingly in the 2 figures, obviously the
difference stems from the top surface of cylinder. One sen-
sible guess would be that the multi-order edge diffraction
occurs at the top of cylinder which is not included in the
modified nor the unmodified models. Moreover, in LOS the
result of modified UTD and unmodified UTD without �Eed
is similar as the value of �Eed is small.

When θ = 80◦, we can observe the discontinuity of �Etotal
in the unmodified UTD without �Eed, when the direct ray is
blocked by the cylinder and there is no �Er or �Esd judged

VOLUME 3, 2022 853



LIU et al.: SIMULATION AND MEASUREMENT VALIDATION OF A FINITE-LENGTH CYLINDRICAL 3D UTD MODEL

FIGURE 8. Infinite cylinder scenario results of UTD and CST simulation, at (a)
θ = 90◦ , (b) θ = 80◦ , (c) θ = 70◦ , (d) θ = 60◦ for f = 5 GHz, ρ′ = 10λ, ρ = 20λ.

by (16), but the result of the modified UTD could maintain
the continuity.
And for θ ≤ 80◦, �Etotal of the modified UTD contains

�Ei and �Eed, while the Etotal of UTD without �Eed only
contain �Ei. We can notice an oscillatory behavior of the CST
and modified UTD results, which implying the interference

FIGURE 9. NMSE between the modified UTD and the CST for infinite cylinder
scenario.

FIGURE 10. Finite cylinder scenario.

between rays and hence suggesting the edge diffraction must
be considered in the model.
The NMSE of the modified UTD and the unmodified UTD

without �Eed are shown in Figure 12. The reference value is
the CST simulation results. For all angles, the NMSE of
modified UTD is smaller compared to the unmodified UTD
without �Eed. It is observed that the NMSE is larger at around
θ = 85◦, in this region, the receiving point is located around
the shadow boundary (determined by the transmitting point
and the top edge of the cylinder), and the main error occurs in
NLOS, which suggests other radiation mechanisms such as
multi-order diffraction is nonnegligible especially in NLOS.
When the receiving point is much higher (θ ≤ 80◦), the
direct field is the main contribution of the total field, and
the error is small.

IV. CHANNEL VALIDATION OF THE MODIFIED 3D UTD
MODEL VIA MEASUREMENT
A. MEASUREMENT CAMPAIGN
The measurement was carried out in the corridor in the
building of the College of Engineering, South University of
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FIGURE 11. Finite cylinder scenario results of the proposed modified UTD, the
unmodified UTD and the CST simulation, at (a) θ = 90◦ , (b) θ = 80◦ , (c) θ = 70◦ , (d)
θ = 60◦ for f = 5 GHz, h = λ, r = 2λ, ρ′ = 10λ, ρ = 20λ.

Science and Technology, as is shown in Figure 13. The tested
cylinder is a thick and hollow stainless steel. The radius of
cylinder r = 0.19 m and height H = 1.17 m. The distance

FIGURE 12. NMSE between the modified UTD and the unmodified UTD without �Eed ,
respectively, with CST for finite cylinder scenario.

FIGURE 13. Channel measurement scenario.

between the tested cylinder/antennas and the sidewalls is at
least 1 m.

We used the same rectangular horn antennas for both TX
and RX to provide directive radiation pattern and avoid the
interference of multipath. The working frequency band of
the antenna is 2.17 GHz to 3.3 GHz with a gain of 13 dBi.
The orientations of TX and RX were always in parallel
to the ground and pointing to the cylindrical axis to avoid
interacting with the walls.
The measurements were performed at f = 2.25 GHz.

The measurements were carried out with reference to the
cylindrical coordinate system (ρ, φ, z). To simplify the
calculation, we set TX(ρ′, 0, 0) and RX(ρ, φ,ZRX), and
ρ′ = ρ = 2 m for our measurement.The height of the top
surface of the cylinder is denoted as h; it means that the
height difference between the top of the cylinder and the
center of TX is h. In the measurements, φ ∈ [0◦, 360◦] is
with a 10◦ step sweep. The measurement setup is shown
in TABLE 1.

B. NUMERICAL RESULTS - CHANNEL VALIDATION
The measurement results, the corresponding CST simu-
lated results, and the unmodified UTD results are shown
in comparison to the proposed modified UTD results in
Figure 14.
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FIGURE 14. Comparison of the normalized channels between the proposed
modified UTD, the unmodified UTD, the CST simulation and measurement references
for (a) scenario 1 in Table 1, (b) scenario 2, and (c) scenario 3, where
r = 0.19m, ρ′ = 2m, ρ = 2m.

In Figure 14 (a) and (b), the UTD results and the measure-
ment results agree well; the gap between the modified and
the unmodified UTD model is small because the contribution

TABLE 1. Measurement setup.

TABLE 2. NMSE comparison.

TABLE 3. Calculation time.

of edge diffraction field is small when the RX is lower than
the cylinder top.
When it comes to Figure 14 (c), there is a big gap between

the modified and the unmodified UTD models, because the
edge diffraction field contributes more than that in (a) and
(b), and it is obvious that the results of the modified UTD
are in better agreement with the measurement results. There
is significant gap of UTD in NLOS (φ ∈ [170◦, 190◦]) com-
pared with simulation and measurement. This phenomenon
is similar to that in Figure 11 (a). We infer that the gap in
NLOS comes from the multi-order edge diffraction at the
top of cylinder, and the multi-order diffracted field com-
ponent is nonnegligible for scenario 3. Combine with the
conclusion of field validation, it highlights that multi-order
diffraction by the top of cylinder has to be taken into account
when the RX is located around the shadow boundary deter-
mined by TX and the top edge of cylinder, especially in
NLOS.
The NMSE of the three scenarios are shown in TABLE 2.

The predicted values of NMSE is the amplitude of the chan-
nel transfer function corresponding to UTD and CST, and
the true values are measurement results. It can be seen that
the error of the modified UTD model is smaller than the
unmodified UTD model in the three scenarios, and there is
a large gap between these two in scenario 3. Although the
CST simulation results have the same trend as the measure-
ment results, they do not show significantly higher accuracy.
Considering the limited measurement points and the errors
caused by the test environment, such results should be within
the tolerance range.

C. CALCULATION TIME COMPARISON
Compared with CST numerical simulation, UTD calcula-
tion requires significantly less time. The comparison of
time required for calculation results of the three scenar-
ios (TABLE 1) is shown in TABLE 3 (2.3GHz Intel Core
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FIGURE 15. Reflection at a convex surface.

i5-6300HQ CPU with 8GB RAM). We can see the huge
speed advantage of UTD compared with CST numerical
simulation.

V. CONCLUSION
A modified UTD model incorporating edge diffraction has
been proposed for representing the field and channel when
radio waves interact with a finite-length cylinder. The
proposed model is validated both by simulation and measure-
ment. The numerical results show that the modified model
has higher accuracy compared to the unmodified model,
when TX and RX are not at the same height - one below and
the other above the top cap of the cylinder. In this case, it is
crucial to incorporate the contribution of the edge diffraction
to the total field.
The main error of the modified model occurs in NLOS

when the receiving point is located around the shadow
boundary determined by transmitting point and the top edge
of cylinder. The error may stem from the multi-order diffrac-
tion which is beyond the scope of this paper but is a future
work worth refining. And when transmitting point is much
higher, the direct field is the main contribution of the total
field, and the modified model is relatively accurate.

APPENDIX
In the Appendix, the parameters and calculation process in the
equations of the reflected, diffracted and edge diffracted fields
will be introduced as supplementary to Section II. Note that
some parameters in the following formulas are not defined
due to space limitation and can be found in [15], [16].
1) Reflected field: The unit vectors �e⊥, �e i‖ , �e r‖ are

shown in Figure 15. �s i and �s r are the incident and
reflected ray respectively, �n is the surface normal at
the reflection point QR, and

�e⊥ = �s i,r × �n
|�s i,r × �n| ,

�e i,r‖ = �e⊥ × �s i,r
|�e⊥ × �s i,r| . (18)

The Rs and Rh in (4) represent the scalar reflection
coefficients under soft (Dirichlet) and hard (Neumann)
boundary conditions respectively, calculated by:

Rs,h = −
[√−4

εL
e−

j(εL)
3

12

FIGURE 16. Surface diffraction at a convex surface.

·
{
e−j(π/4)

2
√

πεL
[1 − F(XL) + �Ps,h

(
εL

)}]
,(19)

in which εL is the Fock parameter related to the reflec-
tion field, XL is the parameter of the transition function,
F(X) is the Fresnel integral, expressed as:

εL = −2m(QR) cos θ i, (20)

XL = 2kLL cos2 θ i, (21)

F(X) = 2j
√
XejX

∫ +∞
√
X

e−jt2dt. (22)

in which θ i is the angle of incident shown in Figure 15.
The expression of curvature parameter m is:

m(Q) =
[
kρg(Q)

2

]1/3

, (23)

in which ρg is the radius of curvature of the surface at
Q along the direction of the incident ray. The quantities
LL, ρr1,2 occurring in the above equations are given by

LL = l, (24)

ρr1 =
[

1

l
+ 2 sin2 θ0

ρτ

]−1

, (25)

ρr2 = l. (26)

The Fock-Type integral function Ps,h is defined as [33]:

Ps,h
(
X, qs,h

)
= e−j(π/4)

√
π

∫∫ ∞

−∞
V ′(t) − qs,hV(t)

w′
2(t) − qs,hw′

2(t)
e−jXtdt, (27)

and

qs,h =
⎧⎨
⎩−j( ka2 ) 1

3 Zs
Z0

TE mode

−j( ka2 ) 1
3 Z0
Zs

TM mode
(28)

where Zs is the surface impedance and Z0 = √
μ0/ε0

is for the air. In the case of PEC, q = 0 and q → ∞
for TE and TM mode respectively.

2) Surface diffracted field: The unit vectors �b, �n, �t are
shown in Figure 16. �t1 and �t2 are tangent to the surface,
�n1 and �n2 are the surface normal at the reflection point
Q1 and Q2 respectively, and

�b1,2 = �t1,2 × �n1,2

|�t1,2 × �n1,2| . (29)
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FIGURE 17. Edge diffraction at a convex surface [34].

Ts and Th in (8) represent the scalar diffraction coef-
ficient under soft (Dirichlet) and hard (Neumann)
boundary conditions respectively, and are expressed as

Ts,h = −
[√

m(Q1)m(Q2)

√
2

k

·
{
e−j(π/4)

2
√

πεd

[
1 − F

(
Xd

)]
+ �Ps,h

(
εd

)}]
√
dη(Q1)

dη(Q2)
e−jkt. (30)

The expressions of Fock parameter εd and parameter
Xd are:

εd =
∫ Q2

Q1

m
(
t′
)

ρg(t′)
dt′, (31)

Xd = kLd
(
εd

)2

2m(Q1)m(Q2)
, (32)

and

Ld = s0, (33)√
dη(Q1)

dη(Q2)
=

√
s0

s0 + t
, (34)

ρd2 = s0 + t. (35)

3) Edge diffracted field: referring to Figure 17, the �φ ′
,

�β0
′
, �φ ′

, �β0 are unit vectors in ray base coordinates

�φ ′ = −�e× �s ′

|�e× �s ′ | , (36)

�β0
′ = �φ ′ × �s ′

, (37)

�φ ′ = �e× �s
|�e× �s| , (38)

�β0 = �φ × �s. (39)

Ds and Dh represent the scalar edge diffraction
coefficient under soft and hard boundary conditions
respectively, expressed as

D = − �β0
′ �β0Ds − �φ ′ �φDh. (40)

The diffraction coefficients are given by

Ds,h = D1 + D2 ∓ (D3 + D4). (41)

The component of the diffraction coefficients are
given by

D1 = −e−jπ/4

2n
√

2πk sin β0
cot

[
π + (

φ − φ′)
2n

]

F
[
kLia+(

φ − φ′)], (42)

D2 = −e−jπ/4

2n
√

2πk sin β0
cot

[
π − (

φ − φ′)
2n

]

F
[
kLia−(

φ − φ′)], (43)

D3 = −e−jπ/4

2n
√

2πk sin β0
cot

[
π + (

φ + φ′)
2n

]

F
[
kLrna+(

φ + φ′)], (44)

D4 = −e−jπ/4

2n
√

2πk sin β0
cot

[
π − (

φ + φ′)
2n

]

F
[
kLroa−(

φ + φ′)]. (45)

The distance parameter Li associated with the shadow
boundaries is given by

Li = ss′

s+ s′
sin β0, (46)

and

Lro,n = s
(
ρro,ne + s

)
ρ
ro,n
1 ρ

ro,n
2

ρ
ro,n
e

(
ρ
ro,n
1 + s

)(
ρ
ro,n
2 + s

) sin2 β0, (47)

where ρ
ro,n
1 and ρ

ro,n
2 are the principal radii of curva-

ture of the reflected wave-front from the o- and n-faces
respectively:

1

ρ
ro,n
e

= 1

ρie
−

2
(�ne · �no,n

)(�s ′ · �no,n
)

|ae sin2 β0|
. (48)

The edge caustic ρ is given by

1

ρ
= 1

ρie
−

�ne ·
(
�s ′ − �s

)
|ae sin2 β0|

, (49)

where �no,n are the unit vector normal to the o- and n-
faces at Qe respectively, �ne is the unit vector normal
to the edge, ae is the radius of curvature of the edge
at Qe, for cylinder case, ae = r.
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