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Abstract—In millimeter-wave (mmWave) radar-based
vital-sign sensing, the radar sensor usually operates in the
radiative near field of the target, which is the human body.
Therefore, in contrast to far-field conditions, scattering cannot
be quantified by a target-inherent radar cross section (RCS)
as it strongly depends on the relative position and directivity
of the radar antenna. To investigate the resulting consequences
for the application, this article examines the radar channel
transfer function, i.e., the ratio between the power waves feeding
and being received by the antenna, with particular focus on
its variability due to changes of the relative antenna position.
The analysis is supported by a physical-optics-based simulation
model tailored to practical circumstances. Measurements at
24 GHz and 61 GHz using antennas with different directivities
and a human-like mannequin as a target confirm the simulative
predictions. The radar channel suffers from significant
variations, e.g., displacing the antenna by less than 1 mm
can cause a 30-dB receive power drop. A statistical analysis
comprehensively evaluates the radar channel variability and
clarifies the challenges for the application that stem from target
near-field effects.

Index Terms—Channel modeling, near-field effects, physical
optics (PO), radar cross section (RCS), radar theory, vital-sign
sensing, wave propagation.

I. INTRODUCTION

THE application of radar technology for the remote
sensing of vital signs has received much attention in

the past decades. Breathing and heart activity introduce
deformations and vibrations of the human body, which can
be sensed by radar and related to physiological parameters via
signal processing. Operating without physical contact with the
patient, the radar-assisted monitoring is considered beneficial
since it does not impair the patient’s regular behavior.

Although systems operating in the single-digit gigahertz
range are applicable to monitor the breathing activity [1],
the trend goes toward higher operating frequencies in the
millimeter-wave (mmWave) band [2]–[4]. This is motivated by
the increase of sensitivity required to identify subtle vibrations
associated with the pulse wave and in particular the heart
sounds. The latter allow for a more precise time-domain
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Fig. 1. Generic radar-based vital-sign sensing configuration consisting of the
human body as target and a monostatic radar sensor based on an antenna and
a radar transceiver.

determination of individual heart beats [5], which is paricularly
important to extract advanced physiological features such
as the heart-rate variability (HRV), i.e., the time difference
between the onset times of consecutive heart cycles. Here,
missing or inaccurate detections are critical. For operation in
a medical environment, the systems are often accommodated
in the industrial, scientific and medical (ISM) bands, e.g., at
24 GHz or 61 GHz [6], [7].

Independent of the body deformation associated with the
vital signs, a living subject unintentionally changes its relative
position and orientation with respect to the radar sensor
during a practical measurement. Consequently, as indicated
in Fig. 1, the relative antenna position can be considered
undetermined and random within a particular volume
(∆x,∆y ,∆z). Even though proof-of-concept measurements
validate the fundamental feasibility of radar-based vital-sign
sensing, they seldom address the reliability and robustness
for long-term usage in versatile conditions, where random
variations of the relative alignment inevitably occur.

Research in the topic of vital-sign sensing has been
dominated by the investigation of different use-cases, signal
processing techniques, and radar architectures [8] including
continuous-wave (CW) [7], [9], [10], frequency-modulated
CW (FMCW) [4], [11], or ultra-wideband systems [12].
However, the evident prerequisite for successful radar-based
vital-sign sensing is the determination of the complex-valued
radar channel transfer function R, i.e., the transmission from
the transmit to the receive antenna due to scattering by the
human body target, as indicated in Fig. 1. The vital signs and
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other unassociated deformations of the target shape introduce
a time-dependent variation of R from which the vital signs are
subsequently deduced. Thus, the analysis of the superordinate
scattering and wave propagation effects, which is presented
in this article, is key to identify challenges and to understand
physical limitations, which are independent of particular radar
architectures or signal processing techniques.

Since the radar antenna is typically located at a distance
smaller or comparable to the human body dimensions the
illuminated target area usually measures several tens of
wavelengths at mmWave frequencies and, thus, is electrically
large. Even if the target is in the far field of the antenna,
the radar sensor then operates in the radiative near field of
the target (referred to as target near field in the following),
which is why the target cannot be considered a point
target. Accordingly, the classical understanding of a range-
and antenna-independent radar cross section (RCS), which
is inherent to the target, is not applicable. Analyses of
the angle-dependent RCS of a human body, known from
automotive radars [13], are not meaningful. Instead, the
antenna-target system requires a conjoint analysis because
the antenna directivity also impacts the scattering effects
due to its inhomogeneous target illumination and weighted
reception [14]. In addition, the antenna selects the portion
of the body whose temporal-deformations are related to
physiological effects [2], [15], [16].

In the target near field, phenomena such as power
level fading and nonlinear phase distortion dominate the
scattering properties [14]. To analyze these effects and their
practical consequences for the vital-sign sensing application,
electromagnetic simulations are beneficial as they provide
well-defined and controllable conditions, which is not feasible
in measurements with living subjects. The simulation should
account for the dominant effects, but at the same time,
it sould be computationally simple to examine a multitude
of different configurations. The large electrical size of the
human body makes full-wave simulations not reasonably
applicable as they suffer from a high computational effort [17].
Ray-tracing techniques [18], [19] as well as simplified target
models based on canonical shapes [20] are an alternative
at the expense of accuracy. Physical-optics-based concepts
provide a good trade-off between physical accuracy and
computational complexity. They can handle lossy dielectric
target materials [21], [22] and they can be extended from
their conventional far-field formulation [22] to work within
the target near field [14], [23]–[25], also in the case of
human-body targets [24], [25]. Even though the evaluation
of the scattered fields suffices to define the near-field
RCS [26], [27] analogous to the classical far-field RCS
definition [22], the complex-valued radar channel transfer
function R encompasses the nonnegligible effect of the
antenna radiation pattern and, thus, provides the complete
characterization needed for this application [14], [25].

Because of the large electrical size of the human body at
mmWave frequencies, even small variations of the relative
position may already significantly modulate the measured
return signal thereby impairing robustness of the vital-sign
sensing. In this context, this article examines the variability

of the radar channel transfer function upon varying relative
position of the radar antenna. The analysis is performed by
means of the physical-optics-based complex-valued transfer
function from [14], which is extended to lossy dielectric
materials to account for the electromagnetic properties of
skin. A discussion of the skin material properties justifies
practical simplifications. With the focus on the general
scattering characteristics arising in a typical vital-sign sensing
setup and their experimental validation, a representative static
human body model is considered. The variability of both
magnitude and phase of the transfer function is evaluated
statistically, which provides a comprehensive representation
of the scattering effects identifying the physical challenges
for vital-sign sensing applications independent of a particular
radar system architecture and signal processing.

The article is organized as follows. Section II deals with the
calculation of the radar channel transfer function including an
analysis of the skin material properties and the justification of
practical simplifications. Section III presents simulation and
measurement results for various configurations. Section IV
provides a statistical analysis of the results. Section V
concludes the article.

II. DETERMINATION OF THE
RADAR CHANNEL TRANSFER FUNCTION

This section presents the approach used to simulate the radar
response for mmWave vital-sign sensing applications. It aims
to account for the dominant scattering effects while reducing
the computational effort and the level of detail required for
modeling. Disregarding the presence of clothes or blankets,
the human skin is the first interface the electromagnetic wave
interacts with. Thus, it is necessary to first discuss its material
properties and clarify its impact on the scattering properties. In
the next step, the derivation of the radar channel is addressed
following the concept initially presented in [14] and [25],
including the introduction of practical simplifications.

A. Material Properties of Skin and Related Simplifications

The human skin is commonly considered as a smooth,
homogeneous, lossy dielectric being characterized by the
relative complex-valued permittivity ϵr = ϵ′r − jϵ′′r =
ϵ′r(1 − j tan(δ)), where tan(δ) = ϵ′′r /ϵ

′
r refers to the loss

tangent [28], [29] and j = (−1)
0.5 denotes the imaginary

unit. In literature, different works provide Cole-Cole models
for ϵr based on measured tissue samples [30]–[32]. Models
by Gabriel et al. [31] distinguish between dry and wet skin,
whereas those by Sasaki et al. [32] consider different skin
layers, i.e., the epidermis and the dermis. Fig. 2 presents
the relative permittivity in a frequency range from 1 GHz
to 100 GHz according to these models. Regardless of the
absolute discrepancies, they qualitatively behave very similarly
over frequency. The real part of the relative permittivity
decays with increasing frequency. Above 10 GHz, the loss
tangent increases with frequency reaching a plateau around
60 GHz. At 24 GHz and 61 GHz, the relative permittivity
(loss tangent) amounts to ϵ′r ≈ 20 (tan(δ) ≈ 0.65) and ϵ′r ≈ 9
(tan(δ) ≈ 0.9), respectively.
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Fig. 2. (a) Real part of the relative permittivity and (b) loss tangent of skin
based on Cole-Cole models by Gabriel et al. [31] by Sasaki et al. [32].
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Fig. 3. (a) Penetration depth δSkin based on skin permittivity models by
Gabriel [30] by Sasaki [32]. (b) Transmission line model of the air-body
interface.

From the application viewpoint, variations of the
permittivity due to individual skin conditions and properties
are natural, which makes exact permittivity values not
relevant. Nonetheless, the models indicate the range for the
skin permittivity.

1) Penetration Depth: Because of the high loss tangent a
significant amount of the wave refracted into the skin will be
absorbed. Fig. 3(a) evaluates the 1/e-penetration depth

δSkin =
1

Re(jkSkin)
=

1

ω
√
µϵ0ϵ′r

√
2√

1 + tan2(δ)− 1
(1)

for the considered models. It derives from the wavenumber

kSkin = ω
√
µ0ϵ0ϵ′r

√
1− j tan(δ) (2)

of a lossy dielectric [33]. µ0 and ϵ0 denote the vacuum
permeability and permittivity, respectively. With increasing
frequency, the penetration depth decreases. Above 20 GHz, the
penetration depth drops below 2 mm and amounts to about
0.5 mm at 61 GHz. Thus, the penetration depths are in the
order of typical skin thickness, which typically amounts to a
few millimeters [28].

2) First-Interface-Reflection Simplification: Fig. 3(b) shows
a transmission line model of the air-human-body interface,
where plane wave conditions are assumed. The homogeneous
skin layer is characterized by its wavenumber kSkin, its intrinsic
impedance ηSkin = ωµ0/kSkin, and thickness ∆x.1 The effect
of deeper layers (fat, muscles, bones, etc.) is summarized by

1The biological structure of skin consists of multiple layers (stratum
corneum, epidermis, dermis, subcutaneous tissue), which have similar
dielectric properties. Thus, for an electromagnetic approximation, skin is
treated as a homogeneous layer.
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phase of the reflection coefficient Γ depending on the skin thickness ∆x and
the reflection coefficient of deeper layers ΓDL for (a) and (b) 24 GHz, and
(c) and (d) 61 GHz. The epidermis permittivity model [32] is assumed. The
shaded areas indicate the variation of 0 ≤ arg{ΓDL} < 2π.

the reflection coefficient ΓDL. A wave imping on the air-skin
interface experiences the reflection coefficient Γ, which results
from impedance transformation.

To quantify whether the modeling of the human body for
mmWave vital-sign sensing applications can be limited to the
reflection at the very first air-skin interface, i.e.,

Γ0 = Γ|ΓDL=0 =
ηSkin − η0
ηSkin + η0

, (3)

Fig. 4 evaluates Γ relative to Γ0 versus skin thickness ∆x
for different ΓDL based on the epidermis model [32]. η0 =
(µ0/ϵ0)

0.5 is the intrinsic impedance of free space. For
generality, the phase of ΓDL covers all values 0 ≤ arg(ΓDL) <
2π and the resulting ratio ΓDL/Γ0 is indicated by the shaded
area with the maximum and minimum envelopes marked by
solid lines for both magnitude and phase.

Even in the theoretical worst-case approximation, i.e., the
homogeneous skin layer is terminated by a reflective load
(|ΓDL| = 1), the deviation relative to the reflection at the
first interface is less than ±5 % in terms of amplitude
and within ±2° in terms of phase evaluated for a skin
thickness ∆x > 2 mm at 24 GHz. At 61 GHz, significantly
smaller deviations result due to the smaller penetration depth.
Here, the aforementioned deviations are not exceeded for a
thickness ∆x > 0.95 mm. However, since the permittivity
of other biological material, e.g., fat, muscles, bones, etc., is
comparable to that of skin [31], the deviations are expected
to be significantly smaller in practice due to smaller |ΓDL|
defined by the permittivity contrast, as indicated in Fig. 4.

Consequently, for radar applications at mmWave
frequencies, the interaction between the incident wave
and the human body can be reasonably limited to the first
reflection at the air-skin interface. The refracted wave can be
considered absorbed and not to contribute to scattering. This
accords with the common assumption made for far-field RCS
analysis in the context of automotive radars [29].
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B. Radar Channel Transfer Function

The human torso is electrically large at mmWave
frequencies, does not exhibit edges, and its radii of curvature
are larger than the wavelength. These properties make physical
optics well suitable to determine the radar channel with
a significantly lower computational effort in comparison to
full-wave simulations. As shown in [14] for perfect electric
conductor (PEC) targets, the antenna radiation pattern can be
incorporated to account for the effects in the target near field.
This subsection first extends the concept from [14] to targets
with a homogeneous lossy dielectric material. Following the
analysis of Section II-A2, it is assumed that only the scattering
at the first material interface needs to be accounted for. In the
second step, the scattering due to a highly lossy dielectric,
such as skin, is compared with the scattering in the case of
PEC.

1) Derivation: Fig. 1 defines the considered setup. The goal
is to derive the transfer function R = b/a between the power
wave a that feeds the antenna and the received power wave b.
The starting point of the derivation is the general expression
for the scattered magnetic field [22, Eq. (2.2-20)] (exp(ȷωt)
time dependence)

Hsca(r) = − 1

4π

∫
S

[
−j
k

η
(n̂×E)ψ0 − (n̂×H)×∇ψ0

− ⟨n̂,H⟩∇ψ0

]
dS (4)

following the Stratton-Chu integrals [22]. In (4), E and H
denote the total electric and magnetic field strengths at the
closed target surface S, respectively, k is the wavenumber in
the environmental medium and η its intrinsic impedance, n̂ is
the outward pointing unit normal vector of the surface element
dS, and

ψ0 =
exp(−jk|r− r′|)

|r− r′| (5)

is Green’s function of free space, where r′ describes the
position of dS and r is the position at which the scattered
field is to be evaluated. ⟨·, ·⟩ denotes the scalar product.
Furthermore, the gradient operating on r′ reads (assuming
k|r− r′| ≫ 1)

∇ψ0 ≈ jkψ0 · ŝ (6)

where

ŝ =
r− r′

|r− r′| . (7)

Accordingly, inserting (5)–(7) in (4), the scattered field is

Hsca(r) =
jk

4π

∫
S

ψ0XdS (8)

where

X =
1

η
(n̂×E) + (n̂×H)× ŝ+ ⟨n̂,H⟩̂s. (9)

The total fields at the scatterer surface are approximated
invoking the tangent-plane approximation [22]. At each
surface patch dS, one assumes that it extends infinitely

û⊥

n̂î

û∥

ĥi

êi
ν

θi

Plane

Plane of
Incidence

Target Tangent
dS

Fig. 5. Definitions at the plane of incidence and the tangent plane.

according to its tangent plane. Furthermore, presuming that
the target is in the antenna far field, the field incident on dS

Hinc = ja

√
G(r′)

4πη|r′ − p|2 e
−j[k|r′−p|−Ψ(r′)]

︸ ︷︷ ︸
=Hinc

·ĥi (10)

is considered to locally appear as a plane wave. Its
magnitude |Hinc|, phase arg{Hinc}, and orientation ĥi

follow from the far-field radiation pattern (gain pattern G,
phase pattern Ψ) of the radar antenna and spherical
wave propagation. p denotes the antenna position. Using
fundamental relationships for plane wave reflection at a
dielectric interface [22], the total fields at the scatterer surface
are approximated by the sum of the incident and the reflected
plane waves, i.e.,

H = Hinc
{
cos(ν)(1 + ΓH)û⊥ + sin(ν)[û∥ + ΓE(ô× û⊥)]

}
(11)

E = ηHinc
{
sin(ν)(1 + ΓE)û⊥ − cos(ν)[û∥ + ΓH(ô× û⊥)]

}
(12)

with î = (r′ − p)/|r′ − p| denoting the unit vector of
incidence and ô = î − 2⟨̂i, n̂⟩n̂ follow from Snell’s law.
Here, the directions of the incident magnetic (ĥi) and electric
(êi = ĥi× î) fields are decomposed by the polarization angle ν
in the contributions perpendicular (û⊥) and parallel (û∥) to the
plane of incidence, as defined in Fig. 5. The reflected fields are
accordingly weighted by the Fresnel reflection coefficients [33]

ΓE =
η′ cos θi −

√
1− η′2(1− cos2 θi)

η′ cos θi +
√
1− η′2(1− cos2 θi)

(13)

and

ΓH =
cos θi − η′

√
1− η′2(1− cos2 θi)

cos θi + η′
√
1− η′2(1− cos2 θi)

(14)

where η′ = ηSkin/η0 and cos θi = −⟨n̂, î⟩ is determined by
the angle of incidence θi. The total fields in the region not
visible from the perspective of the antenna are set to zero [22].
Possible reflections between different parts of the target are
considered insignificant to alter the fundamental properties of
the radar channel. These could be accounted for by an iterative
approach [24].
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Fig. 6. Normalized magnitude of the integrand contribution ΥT versus
relative polarization angle ν and angle of incidence θi in the case of (a)
skin (epidermis model [32]) at 61 GHz and (b) PEC (η′ = 0).

To determine the received power wave b, the scattered field
is evaluated at the position of the receive antenna. Assuming
that the scattering contribution from each dS appears as
a plane wave, it is individually weighted according to the
effective antenna area by (πηG)1/2/k and the phase shift
exp(jΨ) due to the phase pattern. Thus, for a monostatic
configuration, r = p, ŝ = −̂i, and following (8) one obtains

b =
jk

4π

∫
S

ψ0

√
πηG(r′)

k
ejΨ(r′)⟨X, ĥi⟩dS (15)

where the scalar product ⟨X, ĥi⟩ accounts for co-polarization
matching. Presuming a single-polarized antenna, the
cross-polarization is disregarded. Combining the
relationships (5), (7), and (9)–(14) in (15), and exploiting the
vector triple product identity together with the orthogonality
relationships at the plane of incidence, one obtains the radar
channel transfer function

R =
b

a
=

∫
S̄

G(r′)e2jΨ(r′)︸ ︷︷ ︸
=ΥA

· e
−2jk|r′−p|

4π|r′ − p|2︸ ︷︷ ︸
=ΥFS

·ΥT dS̄ (16)

as a definite integral over the lit part of the target surface S̄.
The integrand in (16) Υ = ΥA · ΥFS · ΥT is factorized in
the antenna characteristic term ΥA, the spherical free-space
propagation term ΥFS, and

ΥT = ⟨n̂, î⟩
[
ΓH cos2(ν)− ΓE sin2(ν)

]
(17)

which is the contribution associated with the relative target
shape and material properties.

2) Perfect-Electric-Conductor Approximation: Fig. 6(a)
evaluates the magnitude of the integrand contribution ΥT
versus all possible angles of incidence θi and relative
polarization angles ν, exemplarily, for the epidermis
permittivity model [32] at 61 GHz. It is normalized to the value
at normal incidence |ΥT|θi=0| = 0.603, which corresponds to
the maximum value of |ΥT|. The dependence on ν, which
results from the dielectric material, is less distinctive than
the dependence on θi. For reference, Fig. 6(b) shows the
magnitude of the normalized integrand contribution in the case
of PEC material. Here, η′ = 0, ΓH = −ΓE = 1 and the
integrand contribution simplifies to ΥT|η′=0 = ⟨n̂, î⟩, which
is independent of the relative polarization angle.
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model [32] at 61 GHz) surface patch required to match the relative magnitudes
of their integrand contributions ΥT. (b) Normalized phase of the integrand
contribution ΥT versus relative polarization angle ν and angle of incidence θi
in the case of the epidermis permittivity model [32]) at 61 GHz.

Comparing Fig. 6(a) with (b), the normalized integrand
contributions for the lossy dielectric and PEC show similar
behavior over the entire domain of ν and θi. This similarity
can be exploited to assume PEC as representative of the
dielectric skin model in terms of the resulting radar channel
transfer function. This practical simplification would facilitate
its analysis as well as the experimental validation because of
a well-defined material and the omission of polarization.

To justify the applicability of this simplification in a general
way, consider a surface patch dS with skin dielectric material
and a surface patch dS′ with PEC material. Their orientation
with respect to the antenna is identical and leads to arbitrary
θi ∈ [0, π/2] and ν ∈ [0, π/2]. Because of the different
material properties, their integrand contributions are not equal
within the domain of θi and ν. However, if the PEC surface
patch dS′ would be tilted such as to generate an angle of
incidence

θ′i = arccos

(∣∣ΓH cos2(ν)− ΓE sin2(ν)
∣∣

|ΓH |θi=0|
cos(θi)

)
(18)

instead of θi, the integrand magnitudes would satisfy
|ΥT(θi, ν)| = |ΥT|η′=0(θ

′
i, ν)||ΓH |θi=0| ∀θi, ν. Thus, dS and

dS′ would produce equal integrand magnitudes except for
the constant scaling factor |ΓH |θi=0|, which accounts for the
overall signal attenuation due to absorption. Fig. 7(a) evaluates
the required change in angle of incidence. It is below ±13°
over the entire domain of polarization angles and angles of
incidence. In addition, also the integrand phase related to dS
and dS′ must match for equivalence of the radar channel
transfer functions according to (16). In the case of PEC, the
integrand phase is constant and independent of θi and ν.
Fig. 7(b) evaluates the phase of ΥT normalized to the phase
at normal incidence in the case of the epidermis model at
61 GHz. The gradually changing phase stems from dielectric
losses. This dependence could be imitated by a translative shift
of the PEC surface patch dS′ by arg{ΥT}/(2k), which is not
larger than a quarter of the wavelength.

In conclusion, the monostatic scattering from skin and
PEC is very comparable based on the homogeneous skin
permittivity model. The fundamental scattering effects will
be related to the overall shape, size, and orientation of
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yz-planes. The drawings are true to scale. The region in (a) highlighted in
cyan is used for the statistical evaluation in Section IV.

the target rather than its material properties. The minor
virtual modifications of the target shape required to equalize
the radar channel transfer functions of a skin and a PEC
target are insufficient to distort the cardinal shape of a
human body. Furthermore, in the context of vital-sign sensing,
the actual target shape is individual to each patient and,
thus, not to known. It can be considered random to some
extent. Consequently, the exact consideration of a particular
target shape including the correct materials is not purposeful.
The analysis of the radar channel transfer function and its
variability at mmWaves for this application can thus be studied
by assuming PEC as a reasonable representative of skin.
Absorption effects can be accounted for by rescaling the
amplitude of the radar channel transfer function in proportion
to the Fresnel reflection coefficient magnitude (14) evaluated
at normal incidence. This is consistent with exemplary results
encountered in discussions of automotive radars [29]. Note
that other materials between the human skin and the antenna
such as clothes, blankets, or mattresses are disregarded in
this article. However, if not significantly thinner than the
wavelength, they can introduce additional effects [34]. In
addition, the PEC approximation neglects depolarization,
which stems from the dielectric properties of the target. Its
consdieration would require a dual-polarized antenna, which
is outside the scope of the considered configuration.

III. VARIABILITY OF THE RADAR CHANNEL
– SIMULATION AND MEASUREMENT RESULTS

This section investigates the variability of the radar channel
transfer function R for varying antenna positions and different
antenna directivties in simulation and measurement. For this,
the representative configuration from Fig. 8 is considered.
An exemplary human-like body model serves as target. It
is considered static without incorporating dynamic motions
associated with vital signs because the superordinate goal is
to analyze the fundamental properties of the radar channel and
its variability as it occurs in a vital-sign sensing configuration.
The estimation of vital-sign parameters is not the scope of
this article. The temporal evolution of the radar channel due
to vital-sign-related motion would lead to slightly different
target shapes at each sampling instance without altering its
fundamental relationships stemming from the operation in the
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Fig. 9. (a) Measurement setup and (b)–(d) the antennas used.

target near field. To examine the effect of antenna directivity
an 18-dBi pyramidal horn and a 9-dBi open-ended waveguide
(OWG) are considered as antennas at 24 GHz. In addition,
a 61-GHz 18-dBi pyramidal horn is used to demonstrate the
impact of frequency. The position of the antenna (xi, yi, zi)
is varied in the xy-, yz- and the xz-planes, as indicated in
Fig. 8. At each position, the radar channel transfer function is
determined.

Fig. 9 presents the measurement setup that implements
the configuration from Fig. 8. The target is based on an
copper-coated off-the-shelf mannequin whose 3D-CAD model
(shown in Fig. 8) is obtained by a Zeiss Atos Compact
Scan 3D-scanner. The 3D-printed and metallized antennas,
see Fig. 9(b)-(d), and the mannequin target are mounted in a
three-axis gantry stage. It positions the antenna in the xy-plane
and controls the distance between the antenna and the target
by moving the latter along z-direction. The antenna E-plane is
parallel to the xz-plane. A waveguide-to-coaxial adapter and a
coaxial cable connect the antenna to a vector network analyzer
(VNA) (Agilent Technologies E8361A). The VNA measures
the input reflection coefficient S11 at each position (xi, yi, zi),
from which the radar channel transfer function R is obtained.
The VNA is calibrated with respect to the antenna waveguide
flange reference plane (RP), indicated in Fig. 9(b)-(d), using
an Open-Short-Match (OSM) calibration. Simulation results
are based on (16) with PEC target material and full-wave
simulated far-field patterns of the antennas.

A. Results for Variation in the xy-Plane

The antenna positions are set on a rectlinear grid within
|x| ≤ 0.15 m and |y| ≤ 0.2 m, see Fig. 8(a). A 4-mm step
width is selected and the results are upsampled to an 0.5-mm
grid by spline interpolation of the real and imaginary parts
of R. The xy-plane is at z = 500 mm. In measurement, the
inherent antenna input reflection coefficient and reflections
from the measurement setup add up to the reflection associated
with the target. To compensate for this, the target is moved at
each sampling position (xi, yi) along z-direction in the range
of 10 mm (4 mm) in the case of 24 GHz (61 GHz) in five
equidistant steps. At each step, S11 is measured. The center of
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Fig. 10. Simulated and measured radar channel transfer function R in the xy-plane at z = 500 mm in the case of (a) and (b) an OWG at 24 GHz, (c) and
(d) a horn antenna at 24 GHz, and (e) and (f) a horn antenna at 61 GHz. (a), (c), and (e) Magnitude (the colorbar spans a 30-dB dynamic range and its upper
limit is set by the maximum simulated value). (b), (d), and (f) Phase.

the circle fitted to these five reflection coefficients estimates
the contribution of the clutter reflection, which is subtracted
from S11 to yield the radar channel transfer function R(x, y).

Fig. 10(a) and (b) shows the simulated and measured
radar channel transfer function at 24 GHz for an OWG in
terms of magnitude [Fig. 10(a)] and phase [Fig. 10(b)]. The
magnitude is subject to excessive fading, which even exceeds
30 dB. It rapidly varies within the considered observation
window. Changes of the antenna position in the order of some
millimeters already lead to significant variations of the receive
power level. Similarly, the phase is strongly varying. Positions
of abrupt phase changes align with those where receive power
level drops by orders of magnitude. The agreement between
simulation and measurement for both magnitude and phase
validates the calculation according to (16). In addition to
the agreement with respect to the overall xy-dependence, the
absolute values match well. Remaining discrepancies stem
from alignment, directivity, and target model uncertainties,
imperfect clutter removal, and multipath propagation effects

−π 0 π
0

1
arg(Υ)

|Υ|
max |Υ|

(a) (b) (c)

x
y

Υ(r′)

Fig. 11. Complex-valued integrand Υ on target surface for (a) the 24-GHz
OWG, (b) the 24-GHz horn, and (c) the 61-GHz horn. The phase is represented
by colors, whereas the opacity level indicates the magnitude normalized to
the maximum value. The antenna is at (x, y, z) = (0, 0, 0.5 m).

including the antenna self-RCS [35], [36].
To investigate the impact of the antenna directivity,

Fig. 10(c) and (d) presents the results obtained for a horn
antenna at 24 GHz. Despite identical antenna positions as
in the OWG-measurement, a different response R(x, y)
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Fig. 12. Simulated and measured radar channel transfer function R in the xy-plane at z = 200 mm in the case of (a) and (b) an OWG at 24 GHz, (c) and
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limit is set by the maximum simulated value). (b), (d), and (f) Phase.

is obtained. This evidences that the radar antenna has a
nonnegligible impact on the resulting scattering properties
when operating in the target near field. This is contrary to
far-field conditions where the target RCS is uniquely attributed
to the target and, thus, antenna-independent. Compared to
the OWG-measurement, the higher directivity of the horn,
in addition to a higher overall magnitude level, leads to a
slower varying radar channel transfer function. Nonetheless,
power fading may still exceed 30 dB. As confirmed by both
simulation and measurement, the higher directivity improves
the phase flatness.

The difference between the OWG- and the
horn-configuration is due to different weighting introduced by
the projection of the radiation pattern on the target surface.
Fig. 11(a) and (b) plots the complex-valued integrand Υ
on the corresponding target surface elements in the case of
the OWG and the horn, respectively. The antennas are at
(x, y, z) = (0, 0, 500)mm. Following the notation in (16), the
free-space and target-shape terms ΥFS and ΥT are identical

in both cases. The difference is introduced by the different
antenna characteristic terms ΥA. The higher directivity fades
out the outer portions of the target. Thus, depending on the
antenna, a different effective target results. Consequently,
in the case of the horn, the effective target has a smaller
electromagnetic extent and the radar sensor operates closer to
the target far field, which leads to slower variations.

Fig. 10(e) and (f) shows the radar channel transfer function
at 61 GHz for a horn antenna with the 18-dBi directivity.
The increase in frequency leads to a faster variation of
the receive power level and phase. This is because of the
increased electrical size of the target. Fig. 11(c) presents the
integrand Υ over the target surface. Compared to the 24-GHz
case [Fig. 11(b)], the change is mainly due to the free-space
term ΥFS, whose phase more rapidly varies over the target
surface because of the shorter wavelength.

Further evaluations are conducted in the xy-plane
at z = 200 mm. Fig. 12 presents the simulation and
measurement results for the same configuration of antennas.
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Fig. 13. Simulated and measured magnitude of the radar channel transfer
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a 24-GHz horn, and (c) a 61-GHz horn antenna. The colorbar spans a 30-dB
dynamic range and its upper limit is set by the maximum simulated value.

Notwithstanding the more stringent examination of the
derivation assumptions due to the reduced distance, a very
good agreement between measurement and simulation results.
Compared to the results in the xy-plane at z = 500 mm,
different characteristics of the radar channel are obtained. The
reduced distance causes a different weighting of the integrand
contributions by the antenna and, thus, different effective
targets. Nonetheless, the strongly varying character of the
transfer function is maintained.

B. Results for Variation in the xz- and the yz-Planes

To investigate the z-dependence, Figs. 13 and 14 present
simulated and measured transfer function magnitudes for
varying antenna positions in the xz-plane at y = 0 and in
the yz-plane at x = 0, as indicated in Fig. 8(b) and (c),
respectively. The z-range changes within 200 mm < z <
500 mm in a step size of 1 mm (0.5 mm) at 24 GHz (61 GHz).
Here, the target-independent static offset is estimated by the
center of the circle fitted to the reflection coefficients measured
within a sliding window that contains nine consecutive
samples along z-direction. The simulation predictions are well
confirmed by measurements. The better agreement for the
horn antenna measurements is due to reduced contribution
of multipaths related to higher directivity. Inconsistencies
between simulation and measurement are related to alignment
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Fig. 14. Simulated and measured magnitude of the radar channel transfer
function R in the yz-plane at x = 0 in the case of (a) a 24-GHz OWG, (b)
a 24-GHz horn, and (c) a 61-GHz horn antenna. The colorbar spans a 30-dB
dynamic range and its upper limit is set by the maximum simulated value.

and model uncertainties. Nonetheless, the agreement in terms
of the qualitative response as well as the absolute magnitudes
is very good.

The examples indicate that the classical far-field scattering
based on a range-independent RCS is not applicable. With
increasing distance, the receive power does not necessarily
monotonically decrease. Conversely, approaching the target,
local receive power minima arise, e.g., see Fig. 13(c) at
(x, y) = (−0.03 m, 0.45 m), that may be several orders of
magnitude below neighboring local maxima. An increased
antenna directivity does not only lead to a corresponding
power level increase, but it also changes the scattering
characteristics. Furthermore, frequency significantly impacts
the resulting spatial dependence of near-field scattering.

IV. STATISTICAL EVALUATION AND DISCUSSION

Following the results presented in Section III, the radar
channel transfer function is subject to significant variations
for changes of the antenna position. From practical viewpoint,
the measurement position relative to the body is to some
extent random as a particular alignment is infeasible due
to the diversity and complex shape of the human body.
In addition, even if the patient is asked not to move
during measurement, unintentional small-scale movements as
well as large-scale random body movements are inevitable.
Accordingly, a statistical examination of the radar channel is
purposeful to address the random character, which is inherent
to the application. Assuming that vital-sign monitoring will
be conducted over the chest region, the statistical analysis
presented in the following considers the exemplary rectangular

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3641214

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 10

0 0.01 0.02 0.03 0.04 0.05
|R|

0

100

200

300
f |

R
|

(a)

-80 -70 -60 -50 -40 -30 -20
|R| (dB)

0

0.25

0.5

0.75

1

F
|R

|

(b)

OWG 24 GHz
Horn 24 GHz
Horn 61 GHz
Weibull Fit

OWG 24 GHz

Horn 61 GHz

Horn 24 GHz

OW
G

24
G

H
z

H
or

n
24

G
H

z

H
or

n
61

G
H

z

OWG 24 GHz
Horn 24 GHz
Horn 61 GHz
Weibull Fit

Fig. 15. (a) Histogram and (b) cumulative distribution of the radar channel
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data.

window in the xy-plane at z = 500 mm highlighted in Fig. 8(a)
with −85 mm < x < 115 mm and −60 mm < y < 90 mm.

A. Receive Power Statistics

Given the simulated and measured radar channel transfer
function, Fig. 15(a) evaluates the histograms of the magnitudes
f|R| within the observation window. The histograms use
100 bins uniformly distributed on linear scale from zero to
the maximal value of |R|. They are normalized such that
their integrals equal unity (probability density function (PDF)
normalization). Fig. 15(b) shows the corresponding cumulative
distribution functions (CDF) F|R| versus magnitude in dB. The
measurement- and simulation-based distributions are in good
agreement. Uncertainties of the antenna gain as a consequence
of manufacturing tolerances contribute to the horizontal shifts
between simulated and measured CDFs. The upper section of
Table I lists the statistical parameters of the distributions. The
increase in frequency with otherwise unchanged conditions
(in particular directivity) approximately scales the mean and
the median of the receive power in a proportion expected by
the radar equation (8.1 dB). This approximately holds also for
a change of directivity with other parameters fixed, however
with a larger relative deviation (difference of 18 dB expected
according to radar equation). The standard deviation (SD)
evaluated on the dB-values (dB-SD) amounts to approximately
6 dB for all considered configurations.

The PDF of the magnitudes f|R| within the considered
rectangular window at z = 500 mm can be approximated by
a Weibull distribution

fχ(χ;A,B) =
B

A

(χ
A

)B−1

e−(
χ
A )

B

(19)

where A > 0 is the scale parameter and B > 0 is the
shape parameter. Fitting (19) to the histogram data yields the

TABLE I
STATISTICAL PARAMETERS OF TRANSFER FUNCTION R BASED ON

MEASUREMENT AND SIMULATION RESULTS

Parameter 24 GHz OWG 24 GHz Horn 61 GHz Horn
mean(|R|) (dB) -52.8 (-51.6) -35.9 (-35.5) -43.4 (-44.0)
median(|R|) (dB) -53.6 (-52.4) -37.3 (-36.7) -44.6 (-45.2)
SD[20 log10(|R|)] 5.7 (6.1) 6.0 (6.0) 6.2 (6.2)
A (dB) -51.9 (-50.6) -35.6 (-35.1) -42.8 (-43.3)
B (dB) 5.47 (4.9) 5.41 (5.15) 4.73 (4.63)
IdB
0.25 7.4 (8.0) 7.4 (7.6) 8.0 (8.3)

IdB
0.1 14.5 (15.0) 15.1 (15.3) 15.7 (15.7)

IdB
0.01 28.2 (30.4) 30.1 (29.6) 30.9 (30.5)

FAdB
s
(AdB

s >3 dB) (%) 19.2 (14.1) 5.7 (4.8) 29.0 (24.7)
FAdB

s
(AdB

s >6 dB) (%) 5.9 (4.1) 1.5 (0.9) 9.8 (7.4)
mean(AdB

s ) 2.2 (1.8) 1.2 (1.1) 2.9 (2.6)

median(AdB
s ) 1.4 (1.2) 0.8 (0.7) 1.9 (1.7)

SD(AdB
s ) 2.7 (2.3) 1.6 (1.3) 3.2 (2.9)

Fφs (φs>10°) (%) 29.1 (18.2) 9.0 (7.8) 56.5 (54.2)
Fφs (φs>20°) (%) 9.0 (5.7) 2.3 (1.9) 17.4 (14.2)
mean(φs) (°) 10.8 (8.4) 5.9 (5.6) 15.8 (14.6)
median(φs) (°) 7.1 (5.6) 4.3 (4.2) 11.6 (11.1)
SD(φs) (°) 14.8 (12.4) 8.1 (6.4) 17.9 (15.8)

Parameters based on simulation results in parentheses.

distribution parameters listed in Table I. The fitting results are
included in Fig. 15, where the CDF for the Weibull distribution
is given by

Fχ(χ;A,B) = 1− exp(−(χ/A)B). (20)

The Weibull distribution reasonably matches with the
simulated and measured histograms. The fit is less accurate
for the 24-GHz horn toward higher magnitudes. The best
accordance holds for the OWG. Note that, in general, the
distribution will depend on the distance z.

To quantify the statistical spread of the receive power levels,
the dB-inter-q-quantile range

IdB
q = 20 log10

(
F−1
|R|(1− q)

F−1
|R|(q)

)
(21)

is evaluated in Table I for the quantiles q = {25%, 10%, 1%}.
As for the dB-SD, the dB-inter-q-quantile ranges are similar
for the considered combinations of antennas and frequencies.
The interpercentile (q = 1 %) range is in the order of 30 dB,
which sets a requirement for the necessary dynamic range of
the radar sensor to enable the feasibility of reliable vital-sign
monitoring.

To account for the absorption losses due to skin, the
distributions must be shifted toward lower power levels. Based
on the discussion in Section II-B2, this can be approximated
by the magnitude of the Fresnel reflection coefficient (14) at
normal incidence |ΓH |θi=0|. Taking the epidermis model [32]
as an example, the power level shift evaluates to 3.5 dB and
4.4 dB at 24 GHz and 61 GHz, respectively.

B. Radar Channel Variability

As shown in Section III, the radar channel significantly
varies already for small displacements of the relative antenna
position in the xy-plane. These may be introduced by
unintentional random small-scale movements of the patient
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Fig. 16. (a) Histogram and (b) cumulative distribution of the magnitude
dynamic range within a 1-mm quadratic sliding window based on measured
(solid) and simulated (dotted) data.

during measurement. To quantify this effect, the variability of
the transfer function within a small region around the current
antenna position is statistically evaluated.

1) Magnitude Variability: The variability of the receive
power level is quantified by

AdB
s = 20 log10

 max
|∆x|< s

2 ,|∆y|< s
2

|R(x+∆x, y +∆y)|

min
|∆x|< s

2 ,|∆y|< s
2

|R(x+∆x, y +∆y)|


(22)

with s > 0 defining the size of a quadratic window around the
antenna position (x, y, z). AdB

s provides a measure of the local
dynamic range of the receive magnitude. For the example of
s = 1 mm, Fig. 16 evaluates the histogram of AdB

s in terms
of PDF fAdB

s
and CDF FAdB

s
, where a bin width of 0.1 dB is

selected. The middle section of Table I summarizes the key
statistical parameters. The probability FAdB

s
(AdB

s > 3 dB) that
the measured (simulated) magnitude varies by more than 3 dB
within the 1-mm window amounts to 5.7 % (4.8 %) for the
horn at 24 GHz, 19.2 % (14.1 %) for the OWG at 24 GHz,
and 29 % (24.7 %) for the horn at 61 GHz. For the latter
case, the magnitude varies more than 6 dB with a probability
of 9.8 % (7.4 %). Because of its higher directivity, the horn
antenna leads to less variability compared to the OWG. With
increasing frequency the magnitude is less stable due to the
larger electrical size of the target. These dependencies apply
for the mean, the median, and the SD reported in Table I.

2) Phase Variability: The phase variability

φs = max
|∆x|< s

2 ,|∆y|< s
2

∣∣∣∣Arg

{R(x+∆x, y +∆y)

R(x, y)

}∣∣∣∣ (23)

within the s-wide quadratic window follows from the
maximum phase change relative to the phase at the sampling
point (x, y). Arg{·} is the principal argument with an image
(−π, π]. Fig. 17 evaluates the corresponding PDF fφs and
CDF Fφs

for s = 1 mm, where the bin width is 1°. The
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Fig. 17. (a) Histogram and (b) cumulative distribution of the phase dynamic
range within a 1-mm quadratic sliding window based on measured (solid) and
simulated (dotted) data.

qualitative dependencies of the phase variability on directivity
and frequency are comparable to those for the magnitude.
The probability Fφs

(φs > 10°) that the measured (simulated)
relative phase varies by more than 10° within the 1-mm
window amounts to 9.0 % (7.8 %) for the horn at 24 GHz,
29.1 % (18.2 %) for the OWG at 24 GHz, and 56.5 % (54.2 %)
for the horn at 61 GHz. The lower section of Table I lists
further statistical properties.

V. CONCLUSION

The radar channel transfer function in vital-sign sensing
applications strongly varies with the relative antenna position.
This is the result of operating in the radiative near field of
the electrically large human body target and the associated
scattering phenomena, which depend on frequency as well
as antenna directivity. Focusing on the analysis of scattering
effects at mmWave frequencies, human skin can be simplified
by PEC without altering the fundamental character of the
radar channel. It can be analyzed and accurately simulated
by a physical-optics-based approach, whose applicability
is confirmed by extensive measurements. Because of the
variablilty of the radar channel and the inherent random
character of the application, a statistical evaluation provides
a comprehensive representation of the radar channel features.
Small shifts of relative alignment between the antenna and the
human body, which in a practical application inevitably occur
during monitoring, may introduce significant modulations
of both magnitude and phase of the receive signal. Their
likelihood depends on frequency and antenna directivity.
As a consequence, the detection of time-critical vital-sign
features such as individual heart beats can be impeded.
Thus, near-field scattering effects set a physical limitation
regarding the robustness of continuous radar-based vital-sign
sensing irrespective of particular radar architectures and signal
processing techniques.
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