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Creeping wave model of Diffraction of an
Obliquely Incident Plane Wave by a Circular

Cylinder at 60 GHz
Theodoros Mavridis, Luca Petrillo, Julien Sarrazin, David Lautru, Aziz Benlarbi-Delaı̈, and Philippe De Doncker

Abstract—This paper presents a creeping wave model for the
diffraction of an obliquely incident plane wave by a perfectly
conducting or lossy circular cylinder at 60 GHz. The model
developed for both TM and TE polarizations is valid for
electrically large cylinders and for a receiver in the close vicinity
of the surface. An experimental validation is conducted on a
perfectly conducting cylinder.

I. INTRODUCTION

The high frequency scattering by a convex cylinder has
been widely investigated in the past decades. Creeping wave
theories have been developed [1], [2] in most cases for a
normal incident plane wave.

Later, the Uniform Theory of Diffraction (UTD) [2], [3]
have generalized those solutions to all kind of convex bod-
ies and incident waves. The important property of UTD is
the spatial continuity of the solution, regardless the position
around the cylinder. But it necessitates heavy calculations of
Fock functions [3]. In this context, this paper proposes a fast
and accurate solution of the diffraction of a plane wave by a
circular cylinder at 60 GHz in the shadow region. This solution
is based on known creeping wave models generalized to a
3D geometry and reduced to a simple path gain avoiding the
computation of UTD.

In the Body Area Networks context [4], this solution is
well suited for the calculation of the received power from an
external transmitter to a receiver located on the body in the
shadow region. In this paper, the results will be presented for
both PEC cylinders and dielectric cylinders having the electric
properties of the human skin.

The proposed model generalizes the model in [4] which
is only suitable to normal incidence. Section II presents
the analytical formulation for arbitrary incidence angle. In
the shadow region, the scattered field is approximated as a
creeping wave. Both TM and TE polarizations are considered.
Section III validates our model by numerical comparisons with
the exact solution and gives some values of the path gain factor
of the creeping wave.
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In section IV the model is compared to experimental results
for both polarizations. The measurements have been conducted
on a metallic cylinder for different elevation angles.

II. ANALYTICAL MODEL

A. Problem Definition

The geometry under study is drawn in Fig. 1.
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Fig. 1. Problem geometry.The wave vector k is assumed to lie in the plane
xz. The incident electric field E lies in the plane xz for TM polarization
while it is polarized along y-axis for TE polarization.

The cylinder has a radius a, a principal axis ẑ, relative per-
meability µr and relative complex permittivity εr depending
on the conductivity σ by εr = ε′r + σ

jωε0
with ε′r defined as

the real part of the relative permittivity and ε0, µ0 are the
free-space permittivity and permeability, respectively. A time
dependence ejωt is assumed and suppressed, where ω = 2πf
is the angular frequency, and f is the frequency. Cylindrical
coordinates (ρ, φ, z) are adopted where −π ≤ φ ≤ π , ρ > a
and −∞ ≤ z ≤ ∞. In the following, the solution will be
derived for positive values of φ. By symmetry, the conclusions
are exactly the same for negative values of φ. Also, in this
paper, ′ defines the first derivative of a function.
The incident electric field Einc for TM polarization is defined
as:

Einc ,TM = E0(cos θi x̂+ sin θi ẑ) e
jkx sin θiejkz cos θi (1)

where E0 is the electric field amplitude, k = ω/c is the free-
space wavenumber, c is the speed of light and θi the elevation
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angle defined as 0 ≤ θi ≤ π .
In case of TE polarization, the incident electric field can be
written as:

Einc,TE = E0e
jkx sin θiejkz cos θi ŷ (2)

The total electric field Etot around the cylinder is:

Etot = Einc + Es (3)

where Es is the scattered field.
This paper focuses on the diffracted field in the shadow

region which is defined geometrically by φ > φb = π/2 +
acos(aρ ) in [5]. In the following, the field is calculated on the
range φ ∈ [π/2, π].

B. TM polarization

The exact solution of the scattering of a plane wave by a
dielectric cylinder is given in a lossless case in [6] and can be
generalized to a lossy one:

Es
ρ = −jE0 cos θie

jkz cos θi

+∞∑
n=−∞

jnanH
(2)′

n (kρ sin θi)e
−jnφ

Es
φ = E0

cot θi
jkρ

ejkz cos θi
+∞∑

n=−∞
njn−1anH

(2)
n (kρ sin θi)e

−jnφ

Es
z = E0 sin θie

jkz cos θi

+∞∑
n=−∞

jnanH
(2)
n (kρ sin θi)e

−jnφ

(4)
It can be shown that an can be written in the high frequency

range [2] as:

an = − J ′n(ka sin θi) +QJn(ka sin θi)

H
(2)′
n (ka sin θi) +QH

(2)
n (ka sin θi)

(5)

where Jn and H
(2)
n are, respectively, the first kind Bessel

functions and the second order Hankel functions [7] and
Q = jη, η =

√
εr/µr is the normalized admittance with

respect to the free space admittance
√
ε0/µ0 [8] and k = k0.

In (4), at high frequency, the series slowly converge and
the number of terms required for convergence is too large
to allow a fast computation. To speed up convergence in the
shadow region, we propose a simplified model where the
electric field is approximated by a creeping wave.

By using Watson’s transformation [9] on (4), the total field
in the region φ > π/2 becomes:

Etot
ρ = −2π

m
jE0 cos θie

jkz cos θi
∑
s

jυs ãυsW2
′(τs − h)Φυs(φ)

Etot
φ = 2πE0

cot θi
jkρ

ejkz cos θi
∑
s

υsj
υs−1ãυsW2(τs − h)Φυs(φ)

Etot
z = 2πE0 sin θie

jkz cos θi
∑
s

jυs ãυsW2(τs − h)Φυs(φ)

(6)

where m = (ka sin θi)
1/3, υs = ka sin θi +mτs and:

Φυ(φ) =
cos(υ(φ− π))

sin(υπ)

ãυs =
A′(τs)− qA(τs)

τsW2(τs)− qW ′2(τs)

h =
k

m
sin θi(ρ− a).

(7)

Equations (6) and (7) have been obtained by using Olver’s
transformation [2], [10] which allows to write Bessel’s func-
tion in terms of Airy’s:

Jυ(ka sin θi) ≈
1

m
A(τ)

H(2)
υ (ka sin θi) ≈

−j
m
√
π
W2(τ)

Jυ(kρ sin θi) ≈
1

m
A(τ − h)

H(2)
υ (kρ sin θi) ≈

−j
m
√
π
W2(τ − h)

(8)

This transformation implies two conditions. First, on the
argument of the Bessel function: ka sin θi � 1. This condition
implies a conditional relationship between a and θi. For
instance, in the BAN context, the radius of the cylinder a
is fixed and it infers that sin θi � 1/ka. Secondly, a close
vicinity assumption has to be made for ρ. This is easily
obtained by assuming a < ρ < 2a. Considering a maximum
error of 3 dB on E, it can be numerically obtained that
a < ρ < 1.2a.

In those equations, q = mQ and the τs are defined by:

W ′2(τs)− qW2(τs) = 0 (9)

A(z) is the first kind Airy function and W2(z) =
2ejπ/6A(ej4π/3z). At 60 GHz and knowing the condition on
the imaginary parts |Im(υ1)| � |Im(υs)| with s > 2 , the sum
(6) can be approximated by:

Etot
ρ = −2π

m
jE0 cos θie

jkz cos θijυ1+1ãυ1W2
′(τ1 − h)e−jυ1φ

Etot
φ = −2πjE0

cot θi
kρ

ejkz cos θiυ1j
υ1 ãυ1W2(τ1 − h)e−jυ1φ

Etot
z = 2πE0 sin θie

jkz cos θijυ1+1ãυ1W2(τ1 − h)e−jυ1φ

(10)
by using Φυs(φ) ' je−jυsφ. Equation (10) gives the creeping
wave solution in the shadow zone.

The path gain of the creeping wave can be inferred by
introducing the power Ptot = 20 log10 |Etot| expressed in dB:

Pγ = Pπ/2γ + nTM(π/2− φ) (11)

where γ = ρ, φ, z and P
π/2
γ is the received power at the

boundary of the shadow zone φ = π/2 for the γ component.
It is remarkable that the path gain factor nTM is the same for
each component. The path gain Ptot for the total field can also
be easily inferred:

Ptot = P
π/2
tot + nTM(π/2− φ) (12)

The path gain factor can be derived from (10):

nTM = 20 log10(e)|Im(τ1)|m (13)
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C. TE polarization

For TE polarization, the incident electric field is:

Einc
ρ = −E0 sinφ ejkz cos θiejkx sin θi

Einc
φ = −E0 cosφ ejkz cos θiejkx sin θi

Einc
z = 0

(14)

The exact solution can also be easily obtained by solving the
boundary conditions problem in cylindrical coordinates:

Es
ρ = −j E0

kρ

e−jkz cos θi

sin θi

+∞∑
n=−∞

njn−1bnH
(2)
n (kρ sin θi)e

−jnφ

Es
φ = jE0e

−jkz cos θi
+∞∑

n=−∞
jnbnH

(2)′

n (kρ sin θi)e
−jnφ

Es
z = 0

(15)
where, by using the high frequency assumption:

bn = − QJ ′n(ka sin θi) + Jn(ka sin θi)

QH
(2)′
n (ka sin θi) +H

(2)
n (ka sin θi)

(16)

Equations (3) is used to get the total field for each component.
The same methodology as used in section II-B is then carried
out to speed up convergence.

By applying Watson’s transformation, the creeping wave
expression of the total field in the shadow region is:

Etot
ρ = −j E0

kρ

e−jkz cos θi

sin θi
2πυ′1j

υ′
1 b̃υ′

1
W2(τ ′1 − h)e−jυ

′
1φ

Etot
φ = jE0e

−jkz cos θi 2π

m
jυ

′
1+1b̃υ′

1
W ′2(τ ′1 − h)e−jυ

′
1φ

Etot
z = 0

(17)
where υ′1 = ka sin θi +mτ ′1 and τ ′1 is the first zero of:

qW ′2(τ ′1)−W2(τ ′1) = 0 (18)

and

b̃υ′
1

=
qA′(τ ′1)−A(τ ′1)

qτ ′1W2(τ ′1)−W ′2(τ ′1)
. (19)

These equations give the path gain:

Ptot = P
π/2
tot + nTE(π/2− φ) (20)

where Ptot = 20 log10 |Etot| in dB, and

nTE = 20 log10(e)|Im(τ ′1)|m. (21)

The path gain of each component of the electric field can be
rewritten as (11) by using nTE for the path gain factor.

III. NUMERICAL SIMULATIONS

Two configurations have been studied: the perfectly con-
ducting cylinder (PEC) and the dielectric cylinder having the
electric properties of the human skin [11](ε′r = 7.9753, σ =
36.397 S/m). The first zeroes τ1, τ ′1 are computed from (9)
and (18).

A. TM polarization

In the TM case, the dependence of τ1 with the elevation
angle θi is negligible. The solution of (9) gives τ1 = 1.17 −
j2.025 for the PEC cylinder, and τ1 = 1.14 − j1.97 for the
dielectric case.
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Fig. 2. Total Field in the shadow zone for TM polarization with f = 60 GHz,
a = 20 cm and ρ = 20.5 cm for a PEC cylinder.
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Fig. 3. Total Field in the shadow zone for TM polarization with f = 60 GHz,
a = 20 cm and ρ = 20.5 cm for a cylinder with the properties of the human
skin.

As can be seen in Figures 2 and 3, the creeping wave model
fits the exact solution in the PEC and dielectric cases. The
magnitudes have been normalized in order to have unitary
incident electric field magnitude.

B. TE polarization

Figures 4 and 5 present the path gain for TE polarization
for different values of θi. It can be seen that the creeping wave
model fits the exact solution in both cases. In the PEC case,
τ ′1 = 0.51 − j0.88 does not depend on θi. In the dielectric
case, the variation of τ ′1 with θi has to be taken into account.

Table I summarizes the path gain factors in [dB/cm] for
different values of the radius a and elevation angle θi. It
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Fig. 4. Total Field in the shadow zone for TE polarization with f = 60 GHz,
a = 20 cm and ρ = 20.5 cm for a PEC cylinder.
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Fig. 5. Total Field in the shadow zone for TE polarization with f = 60 GHz,
a = 20 cm and ρ = 20.5 cm for a cylinder with the properties of the human
skin.

is worth noting that the path gain factor decreases with
decreasing elevation angle θi.

This analysis gives some useful insights regarding BAN
applications. To improve off-body communications in terms
of path gain using creeping wave modes, remote base stations
should be located on the ceiling in order to minimize the
elevation angle. Figures 2 - 5 confirm that the first creeping
wave mode is predominant at 60 GHz. The influence of
the creeping wave mode coming from the other side of the
cylinder (φ < 0) can be observed in the exact solutions around
φ = 180˚ where an interference pattern appears. Given the
low power level reached for these values of φ, it can be
assumed that this creeping wave mode is negligible.

IV. EXPERIMENTAL RESULTS

Experiments have been performed on a PEC cylinder,
allowing to obtain very accurate measurement of the path
gain around the cylinder to discriminate path gain factors for
different elevation angles θi.

TABLE I
GAINS (nTM, nTE) IN [dB/CM] FOR A PEC CYLINDER AND A DIELECTRIC
CYLINDER FILLED WITH THE ELECTRIC PROPERTIES OF THE HUMAN SKIN.

θi[rad]
PEC π/2 π/4 π/6 π/8

a[cm]

15 (5.34,2.32) (4.75,2.07) (4.23,1.84) (3.87,1.69)
20 (4.40,1.92) (3.92,1.71) (3.50,1.52) (3.20,1.39)
25 (3.80,1.65) (3.38,1.47) (3.01,1.31) (2.76,1.20)
30 (3.36,1.46) (2.99,1.30) (2.67,1.16) (2.44,1.06)

Dielectric π/2 π/4 π/6 π/8

a[cm]

15 (5.20,3.40) (4.61,2.89) (4.10,2.47) (3.73,2.19)
20 (4.30,2.91) (3.82,2.50) (3.39,2.11) (3.09,1.87)
25 (3.71,2.58) (3.30,2.20) (2.93,1.87) (2.67,1.66)
30 (3.29,2.34) (2.92,2.00) (2.60,1.70) (2.37,1.50)

The aim of this measurement campaign is to verify the
azimuthal variation of the absolute level of the path gain for
different elevation angles. Due to the radiation pattern of the
antennas, the path gains for different elevation angles cannot
be compared. Hence, the measurement and simulations have
been arbitrarily normalized at 0, -15 and -30 dB, respectively,
for θi = 90˚, 55˚ and 25˚ for sake of readability.

A. Measurement Set-up
The measurements were conducted with an Agilent E8361C

VNA and U-band horn antennas (20 dB gain) in an anechoic
chamber. To increase the dynamic range, two amplifiers have
been used (the first at the transmitter side and the second at the
receiver side). The measurement parameters are summarized
in Table II. The distance d between the transmit antenna and
the cylinder was fixed for each measurement to ensure a full
exposition of the cylinder. The Rx horn antenna was placed
tangentially to the cylinder to maximize the amount of power
received from the creeping wave. The cylinder had a height of
1.2 m and the Rx horn antenna was placed at middle height.

TABLE II
MEASUREMENTS MAIN PARAMETERS

Symbol Value

θi 25 ˚ , 55 ˚ , 90 ˚
a 0.2 m
d 2 m
φ 90 ˚ - 145 ˚

Angular Step ∆φ 5 ˚
fstart 50 GHz
fstop 60 GHz
fstep 66.67 MHz

VNA IFbandwidth 1 Hz
VNA Averaging 1024

The IFbandwidth and the VNA averaging were chosen to
have the highest dynamic range possible. The measurement
set-up is shown in Fig. 6.

The coaxial cables have about 6 dB/m losses. To avoid the
need of long distance cables and maximize the received power,
the VNA was put inside the anechoic chamber and covered by
absorbing material.
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Fig. 6. Experimental set-up

B. Measurement Results

The measurements have been performed for both polariza-
tions for three values of elevation angle. Time gating has been
performed to increase the dynamic range. It was centered on
the predicted time of arrival of the creeping wave.
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Fig. 7. Normalized Measurement Results for TM polarization and comparison
with the creeping wave path gain.

The results in Fig. 7 and 8 show that the analytical creeping
wave models (12) and (20) fit the measurements. As can
be seen, the TE mode has a higher dynamic range and,
consequently, measurements are obtained up to higher values
of φ.

V. CONCLUSION

The paper investigates the scattering of an obliquely
incident plane wave by a circular cylinder at 60 GHz.
The cylinder radius has been assumed electrically large. A
propagation model has been developed for both TM and TE
polarizations. The model assumes that the propagation can be
described by a creeping wave in the shadow region. By using
Watson’s transformation, TM and TE creeping wave models
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Fig. 8. Normalized Measurement Results for TE polarization and comparison
with the creeping wave path gain

have been deduced.

Numerical simulations have been conducted to validate
the creeping wave model. The simulations give the path
gain factors in the shadow zone for a PEC cylinder and
for a lossy cylinder filled with a dielectric having the
electric properties of the human skin to emulate a Body
Area Network scenario. The simulations have shown that
the path gain factor decreases with decreasing elevation angle.

The experimental validation has been done on a PEC
cylinder for both polarizations. The creeping wave path gain
model developed in this paper fits the measurements.
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