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Near-Field Effects on Micrometer Accurate Ranging
With Ultra-Wideband mmWave Radar
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Abstract—We investigated near-field effects on free-space rang-
ing with ultra-wideband millimeter-wave (mmWave) radar. In this
application, one often assumes far-field conditions. However, with
increasing requirements of accuracy, far-field assumptions are not
satisfying. The radar measurements are affected by phase vari-
ations, leading to erroneous distance estimates. To simulate and
approximate these effects, we propose computational methods by
means of physical optics. They were validated using a state-of-the-
art frequency-modulated continuous-wave radar sensor. Sophis-
ticated experiments show good agreement; thus, in practice, the
methods can be used to correct distance estimates to achieve micron
accuracy without extensive calibration in advance.

Index Terms—Distance measurement, millimeter-wave
(mmWave) radar, near-field effects, phase center, radar theory,
scattering center.

I. INTRODUCTION

RANGE measurement (ranging) with monostatic radar
refers to measuring the distance between the reference

points of the antenna and the radar target. One often assumes far-
field conditions, i.e., point sources of radiation, point scatterer,
and planar wavefronts; then the reference points are described
by the concept of antenna phase center [1]–[7] and the scattering
center of the radar target [8]–[10].

However, far-field assumptions are not satisfying if the appli-
cation requires very high accuracy [11]–[23], e.g., for machine
calibration as an alternative to optical metrology [12]. Antenna
aperture and target cross section are not point-shaped, and
generally, they are inhomogeneously illuminated in amplitude
and phase. Therefore, the radiated and the scattered wavefronts
are curved. More precisely, only with increasing distance of ob-
servation, the equiphase surfaces of curved wavefronts become
concentric spheres originating at the antenna phase center and
the target scattering center, respectively.

This leads us to the definition of the near-field variation
of reference points as the deviation of the actual position of
reference points in radar measurements—which are not related
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Fig. 1. Geometry of the investigated problem.

to any physical point in space—from the far-field centers of
the antenna and the target. Hence, phase variations occur in
real-world radar measurements as a function of frequency, ori-
entation, and distance.

Since ultra-wideband millimeter-wave (mmWave) radar of-
fers a very high range resolution of a few millimeters, it allows
micrometer accurate distance measurements [11]–[13], [17].
In [12], we identified near-field variation of reference points1 as
a major source of systematic errors on linear position measur-
ing. This measurement error is of increasing importance when
the mmWave sensor becomes more technologically advanced
in terms of bandwidth, frequency stability, phase noise, and
linearity. The key contribution of this letter is, for the first time
to the best of our knowledge, an in-depth investigation of this
small but significant effect on highly accurate ranging.

II. THEORY OF NEAR-FIELD PHASE VARIATIONS

Fig. 1 depicts the geometry of the investigated problem, where
S1 andS2 are planar surfaces bounding the antenna aperture and
the target cross section, respectively. The surfaces are charac-
terized by their centers P1 and P2, their normal vectors n1 and
n2, and their relative position r. Furthermore, r′ and r′′ are
vectors in S1 and S2, respectively. Since the range resolution of
ultra-wideband hardware is very high, the investigation is lim-
ited to the line-of-sight path. Multiple reflections are therefore
neglected.

According to Schelkunoff’s equivalence principle [24],
sources of electromagnetic (EM) radiation, e.g., transmitting
antennas, inside a closed surface can be expressed by means of a

1Incorrectly referred to as phase-center variations.
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fictitious magnetic surface current to produce the same electric
and magnetic field outside the closed surface. As a transmitting
aperture antenna primarily radiates from its physical aperture,
the equivalence principle can be applied to a surface bounded
by that aperture. Let E+(r′) be the complex amplitude of the
electric field of the transmitted monochromatic wave on the
antenna aperture, simulated by full-wave EM simulation. Then,
the equivalent magnetic surface current density is

Mant
S (r′) = 2E+(r′)× n1. (1)

Thus, the transmitting antenna is a black box fully described by
the magnetic surface current density on its aperture.

The illuminated radar target is also substituted by a distri-
bution of equivalent current densities, taking into account the
fields radiated by the equivalent magnetic surface current of
the antenna. The planar radar target is assumed to be perfectly
conducting, and it is large compared to the wavelength. Conse-
quently, edge effects are negligible, the tangential component of
the incident electric field vanishes, and there is no cross polar-
ization. Assuming the radar target is at least several wavelengths
away from the antenna, then the equivalent electric and magnetic
current densities on the target surface are given by the principle
of physical optics [25] as

J tar
S (r′′)

=
2jkn2

Z0
×
∫∫

S1

eR × [
eR ×Mant

S (r′)
]
G(R) dS (2)

and

M tar
S (r′′) = 0, (3)

respectively. Here, k is the wavenumber, Z0 is the impedance of
free space, R substitutes

R = −r′ + r + r′′, (4)

eR is the unit vector in the direction of R, and G(R) is Green’s
function

G(R) =
exp(−jkR)

4πR
. (5)

The scattered electric field incident on the antenna aperture is
then given by

E−(r′) = jkZ0

∫∫
S2

eR × [
eR × J tar

S (r′′)
]
G(R) dS. (6)

The reflecting system is described by a reflection coefficient
depending on the distribution of the electric field of the transmit-
ted and received wavefronts, i.e., on the aperture illumination
functions. Provided that the antenna’s feed line is in single-
mode operation, a linear relationship is assumed between the
waves on the feed line and the electric field components on the
aperture [26]. Only components of E−(r′) that are matched
to the reception properties of the antenna contribute to the
outgoing wave on the feed line. As reciprocal antennas have
the same transmission and reception properties, one can assume
a reflection coefficient

Γ = −

∫∫
S1

E+(r′) ·E−(r′) dS∫∫
S1

E+(r′) ·E+(r′) dS
(7)

which is related to the aperture plane neglecting antenna mis-
match. Equation (7) was described similarly by the authors
in [27] and [28]. Note that the dot product of complex vec-
tors a · b is defined as aHb, where aH denotes the Hermitian
transpose of a.

The near-field variation of reference points is related to the
reflection coefficient under far-field conditions

Γref = −Gantλ

|r|2
√

σ

(4π)3
exp(−jk2|r|) (8)

where the amplitude term is based on the radar range equation,
and the phase term applies to a reflected plane wave propagating
from P1 to P2 and vice versa. Here, Gant is the antenna gain, λ

is the wavelength, and σ is the target’s radar cross section.
Finally, the resulting phase variation due to near-field effects

is

φvar = arg

{
Γ

Γref

}
. (9)

In general, the amplitude of the reflected signal is also af-
fected, which is expressed as a gain factor

α =

∣∣∣∣ Γ

Γref

∣∣∣∣ . (10)

However, as the effect on amplitude is quasi-independent of
frequency, it does not significantly bias the radar measurement.
Thus, it is neglected and not subject to further investigation.

Readers interested in microwave diffraction, scattering matrix
description of waveguide-space transducers, and reciprocity re-
lations may refer to the work in [26].

III. EFFECTS ON TIME-DOMAIN ESTIMATES

Apart from pure continuous-wave (CW) radar, the working
principle of radar is to measure the band-limited impulse re-
sponse of the two-way radar path as given by

h(t) = A · g(t− τ) · exp(−jωcτ) (11)

for a single radar target. Here, A−1 is the attenuation, g(t) is the
pulse shape, τ is the time of flight, and ωc is the center angular
frequency. Using frequency-modulated short-range radar, τ can
be obtained with standard-resolution algorithms in time domain
either by measuring the pulse position at the maximum in |h(t)|
or by measuring the pulse phase by utilizing the phase factor
exp(−jωcτ), which is beneficial, as discussed in [11]–[13], [16],
[19], and [29].

Starting with a column vector

y = [φω1
var φω2

var . . . φωN
var ]

T (12)

of numerically computed phase variations φωn
var [see (9)] at N

equally spaced angular frequencies ωn, covering the bandwidth
of the investigated radar pulse, then the variation of pulse posi-
tion Δτ and the variation of pulse phase Δφ are conveniently
computed via a linear least-squares method in frequency domain
H(jω) = F{h(t)} as

[Δφ Δτ ]T = (ATA)−1ATy (13)
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where

A =

[
1 1 . . . 1

ωc − ω1 ωc − ω2 . . . ωc − ωN

]T

(14)

is an N by two matrix, containing the respective frequency
values. Finally, the simulated distance variations of the pulse
position and pulse phase measurement are

Δrτ = Δτ
c

2
and Δrφ = −Δφ

c

2ωc
, (15)

respectively. Here, c denotes the speed of light.

IV. APPROXIMATE CLOSED-FORM EXPRESSION

For the matter of convenience, it is useful to have a closed-
form expression for rapid computation of the approximate dis-
tance variation due to near-field effects. We examine the case
of a planar circularly symmetric antenna aperture and a planar
circularly symmetric radar target. Both are parallel to each other,
and they lie on a line through their centers, which corresponds
to a perfectly aligned target in the antenna boresight. The only
geometric degrees of freedom left are the diameters and distance.

The investigated problem is divided into four subproblems:
transmitted wave of the antenna, incident wave on the target,
scattered wave at the target, and incident wave on the an-
tenna. Scalar approximations were made; thus, polarization is
neglected. The illumination functions of the transmitting an-
tenna and the scattering radar target are assumed to be uniform
in amplitude and phase. Furthermore, incident wavefronts are
assumed to be spherical and of constant amplitude. Then, the
respective phase variation for each of the cases mentioned earlier
is expressed equivalently as

φ′
var(r) = arg

{∫ D/2

0

r′
exp

[−jk
(√

r2 + r′2 − r
)]

√
r2 + r′2

dr′
}
(16)

where r refers to the distance to the source of radiation or the
distance to the observation point, and D is the diameter of the
respective cross section. After applying Fresnel approximation,
i.e., a first-order Taylor series expansion of the amplitude term
and a second-order Taylor series expansion of the phase term,
(16) is reduced to

φ′
var(r) = arg

{
j

[
exp

(
−jkD2

8r

)
− 1

]}
= −D2

16r
k. (17)

Consequently, the total phase variation of the entire two-way
radar path is

φvar(r) = −2
D2

1

16r
k − 2

D2
2

16r
k (18)

where D1 and D2 are the diameter of the antenna aperture and
the diameter of the target, respectively. As (18) is of linear phase,
we found a frequency-independent approximate closed-form
expression of the distance variation due to near-field effects as

Δr(r) =
D2

1 +D2
2

16r
. (19)

Fig. 2. Photograph of the experimental setup and its components: (a) radar
sensor, (b) radar target and optical retro-reflector, (c) laser measurement system,
(d) linear carriage, and (e) variety of radar targets used.

Fig. 3. Computed phase variations for the radar target with 5 cm of diameter
at various distances from 0.1 to 6 m.

V. SIMULATIONS AND EXPERIMENTS

We conducted a series of simulations and experiments to
validate the proposed theory. As a radar platform, we used the
prototype of a state-of-the-art ultra-wide D-band sensor [30]
in frequency-modulated continous-wave (FMCW) technology.
The parameters of the radar are summarized in Table I. Fig. 2
shows a photograph of the experimental setup. We used four
disc-shaped radar targets with diameters of 2, 3, 4, and 5 cm.
The respective radar target was mounted on the carriage of a mo-
torized linear guide with roughly 5 m of travel range. The random
measurement error was within ±20 nm to ±4 μm, and it was
further improved by averaging 100 consecutive readings. The
position was referenced to a laser measurement system based
on a Michelson interferometer, which has an accuracy of better
than 0.4 μm/m. The antenna and the target were aligned such
that the target travels along the antenna boresight to measure
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Fig. 4. Results of the measurements, the numerical simulations (see Sections II and III), and the approximate closed-form expression (19). Depicting the distance
variations with respect to the actual distance for the radar targets of different sizes. Comparison of both principles of time-domain estimation: (a) pulse position
measurement and (b) pulse phase measurement.

TABLE I
PARAMETERS OF THE RADAR SENSOR

1 Range resolution: 3.9 mm (3-dB bandwidth, Hann window).

the distance variation with respect to the actual radar-to-target
distance.

For the sake of discussion, it is useful to define a metric, which
rates the quality of far field

αff
def
=

λr

D2
1 +D2

2

. (20)

In accordance with the Fraunhofer distance, the value of αff

increases with improved far-field conditions.
The transmitting aperture illumination functions at nine dif-

ferent frequencies were simulated on a plane 1 cm in front of
the antenna. They were obtained by full-wave EM simulations
using the time-domain solver in CST Microwave Studio. Fig. 3
exemplifies the results of the computed phase variations for the
radar target with 5 cm of diameter. The set of curves represents
the phase responses of systems describing the radar path’s
properties of free-space wave propagation for certain distances.
It can be seen that these systems are a good approximation of
generalized linear phase, i.e., linear phase with additional phase
offset. For increasing and decreasing αff , the phase response
tends to 0◦ and −180◦, respectively.

The measured, the simulated, and the approximated distance
variations for pulse position and pulse phase measurement are

shown in Fig. 4(a) and (b). One can observe that the numerically
simulated results match the real data quite well to within a
few microns. As the assumptions made for the approximate
closed-form expression, e.g., spherical wavefronts of constant
amplitude, are satisfied in the far-field, the closed-form expres-
sion better approximates the real data asαff increases. Moreover,
the pulse phase measurements are more closely approximated
than the pulse position measurements. However, with increasing
αff , the phase response becomes strictly linear (see Fig. 4); thus,
the curves in Fig. 4(a) should approach with greater values of r,
just like in Fig. 4(b).

By definition, the far-field region of the 5 cm radar target starts
at 2.57 m. Nevertheless, at this distance, the actual deviation of
reference points is still 80 to 90 μm, emphasizing the relevance
of our investigations.

VI. CONCLUSION

We demonstrated the existence of distance variations due
to near-field effects on free-space measurements with ultra-
wideband mmWave radar. As these variations were up to a
quarter wavelength, they were significant in micrometer ac-
curate ranging applications. We propose two computational
methods: a numerical simulation by means of physical optics
(see Sections II and III) and an approximate closed-form ex-
pression (19). The theory was validated by sophisticated ex-
periments, showing excellent agreement. Therefore, in practice,
the proposed methods can be used to correct distance estimates
without the need for time-consuming and expensive calibration
in advance.
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