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Abstract—This letter presents miniaturized near-field probes to
characterize the electric and magnetic fields in the WR03 wave-
guide band (220–330 GHz) on-chip. The near-field probes are
based on a commercially available coaxial cable, which enables the
construction of both open- and short-circuited probes to measure
electric and magnetic field components, respectively. Furthermore,
it is flexible enough not to damage the wafer under test or the
Ground-Signal-Ground (GSG) on-wafer probe contacting the chip.
It is shown that the measured near fields enable physical insight into
the operation of the chip, which also eases fault detection and the
search for error sources. Finally, the electric and magnetic near
fields measured above the chip can be used to calculate the far
field of the chip antenna. Here, the usually disturbing influence
of the on-wafer probe on the measurement can be significantly
reduced if only the near field dominated by the antenna, i.e., in
close proximity to the chip, is measured. With this technique, both
probe radiation and shadowing can be mitigated. Compared with
complex and accurate robot solutions necessary to measure the
far field in spherical coordinates, the near-field measurement only
requires a cartesian sampling along the chip surface.

Index Terms—Antenna measurements, coaxial components,
millimeter (mm)-wave antennas, near-field measurement.

I. INTRODUCTION

M EASUREMENTS in the millimeter (mm)-wave on-chip
environment are a challenging field of research since the

decreasing sizes of devices and materials under test are char-
acterized using electrically large waveguide flanges, on-wafer
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probes, or even quasi-optical setups. For example, measure-
ments of frontside-radiating on-chip antennas are usually limited
due to the shadowing caused by the on-wafer probe [1]. Further-
more, the probe interferes with the radiation pattern of the an-
tenna through its own radiation [2], [3] and the scattering of radi-
ated fields at the probe body [4]. Especially for electrically large
antennas, the near-field characterization of mm-wave antennas
becomes more attractive as it enables both physical insight into
the operation of the device under test and—with a reference
measurement—even enables gain and efficiency calculations
based on a near-to-far-field transform. Here, either aperture
antennas in the near field [5], open-ended waveguide probes [6],
[7], and fiber-optical-basedE-field probes [8] are used to sample
the field of interest. To minimize the probe footprint, and thus
its influence on the measured field, and enable convenient on-
wafer near-field probes, this letter introduces the use of coaxial
cable-based near-field probes for the WR03-waveguide band
(220–330 GHz). This coaxial cable is connected to a standard
rectangular waveguide flange. It is thus usable with a vector
network analyzer, a spectrum analyzer, or any other electronic-
or photonic-based system using standardized waveguide flanges.
It is acknowledged that using coaxial cable-based probes is
not new in near-field measurements. For example, a method to
calibrate the sensitivity of coaxial cable-based near-field probes
up to 20 GHz is presented in [9]. Furthermore, a waveguide-
to-coaxial-cable transition similar to the one presented here is
given in [10], where an electric field probe operating up to
90 GHz is utilized to evaluate losses and different terminations
of dielectric image lines. To the best of authors’ knowledge,
near-field probes based on coaxial cables have neither been
presented in such a high-frequency band nor utilized for on-chip
measurements.

The rest of this letter is organized as follows. Section II
introduces the overall probe design for an electric- and magnetic
near-field probe and the corresponding prototypes. Section III
shows the near-field measurement and corresponding results
for an on-chip antenna operating around 300 GHz. For com-
parison, finite-difference time domain (FDTD)-based full-wave
simulation results are given here as well. Section IV presents
the far field calculated from magnetic and electric near-fields
and compares it with the full-wave simulation results. Here, the
difference from conventional on-chip far-field measurements is
discussed in detail. Finally, Section V concludes this letter.
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Fig. 1. Micrographs of (a) the fabricated E-field probe, (b) the B-field loop
without, and with (c) the epoxy dome. The pursued probe geometry is depicted
in (d) for the E-field probe without an epoxy dome and in (e) and (f) for the
H-field probe without and with an epoxy dome.

Fig. 2. (a) Simulated magnitude of the magnetic near-field at 330 GHz for
the H-field probe. (b) Magnitude of the electric near-field for the E-field probe.
Simulations have been carried out using Ansys HFSS.

II. PROBE DESIGN

The probe is based on the Alpha Wire 9442 with an outer
diameter of ≈ 310 µm, which enables mono-mode operation
within the WR03 waveguide band. All dimensions are based on
the manufacturer’s datasheet [11]. The inner conductor consists
of seven stranded wires with a total diameter of 76 µm, and
the outer conductor starts at 196 µm. Two different sensor types
are used, namely, an open-circuited parallel wire to measure the
Ex component and a closed loop to measure the By component.
The corresponding coordinate system used in this letter is given,
along with simulation screenshots and micrographs of the proto-
types in Fig. 1. All prototypes are manually cut, and in the case
of the loop, bent, and soldered by hand. Within the limitations of
accuracy, we have tried to manufacture the simulated geometries
as well as possible. Although only shown for the loop in Fig. 1(c),
the electric field probe with the two parallel wires has also been
sealed using epoxy glue. The simulation considers the epoxy
glue as a spherical dome of relative permittivity εr, epoxy = 2.9,
and a loss tangent of tan δ = 0.02. The simulated electric and
magnetic near-fields caused by the respective probe are shown in
Fig. 2 for the upper band limit of the WR03 waveguide band, i.e.,
330 GHz. It can be seen that the loop size is chosen to achieve
a maximum magnetic field strength at the center of the loop. In

Fig. 3. Probe to waveguide transition (a) in perspective view on the soldered
prototype and (b) detailed view on the cable collet, as well as (c) stacked CAD
model, and (d) the CAD-assembled transition. In (b), the waveguide short circuit
built by a final copper layer is not yet applied, such that the inner conductor of
the coaxial cable can be seen.

contrast, the open circuit naturally produces a large electric field
between the parallel wires.

The transition from coaxial cable to rectangular waveguide
uses the well-known ≈ λ/4 distance between the feed point and
waveguide short circuit, and the inner conductor of the coaxial
cable excites the fundamental TE10 mode in the rectangular
waveguide (cf. Fig. 3). Although the length of the feeding
inner conductor has been optimized to obtain better impedance
matching, the performance limitation is here dominated by
the accuracy of manufacturing the prototypes. For assembly
without micro-machining, the waveguide-to-coaxial transition
is realized with an approach similar to the split-block technique
using a stack of considerably shaped copper-beryllium sheets
of 50 µm and 250 µm thickness (cf., Fig. 3). The thicker 250
µm sheets are designed to match the UG387/U flange, whereas
the thinner 50 µm sheets build a collet for the coaxial cable if
assembled in the correct order [cf., Fig. 3(c)]. Photographs of
the waveguide-to-coax transition and the simulation model for
comparison are given in Fig. 3(b) and (d). Here, the short circuit
at the end of the waveguide has been temporarily removed to
enable the observation of the correct coaxial probe position.

III. PROBE MEASUREMENTS ON CHIP

To show the feasibility of the on-wafer measurement using the
coaxial cable near-field probe, a linear polarized on-chip antenna
consisting of four radiating dipoles is characterized. Details on
the antenna and the operation principle can be found in [12].
The antenna is fed using a commercial GSG on-wafer probe
and the R&S ZC330 frequency extender. The coaxial probe is
connected via a rectangular waveguide to an R&S ZRX330
receiver on a motorized x-y-z-stage. With a straightforward
transmission measurement, the magnetic or electric near-fields
are measured by meandering the coaxial probe over the chip
surface, i.e., scanning the x-y or x-z-plane. A micrograph of the
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Fig. 4. Micrograph of (a) the investigated chip-antenna with the coaxial probe
hovering over the antenna and (b) photograph of the chip-antenna on the chuck
with the on-wafer GSG probe and the coaxial magnetic field probe.

Fig. 5. Magnitude of (a) the measured magnetic field strength y-component
Hy on the chip surface and (b) the corresponding FDTD-simulated current
density x-component Jx in all metal layers at 290 GHz.

antenna and a photograph of the chip with GSG and coaxial
probe in contact are depicted in Fig. 4. It should be noted
that the coaxial cable is sufficiently rigid to be moved without
further mechanical support on the chip area. However, both a
collision with the chip surface indicating a wrong coaxial probe
height and a collision with the on-wafer probe can be recognized
with the microscope as a bending motion of the cable. This
enables a straightforward assessment of the correct measurement
height—the coaxial probe is lowered until it touches the wafer
and then lifted by a few μm to hover over the chip area. The
collision with the GSG on-wafer probe is also harmless, as the
coaxial cable is highly flexible compared with the GSG probe.

As abovementioned, the antenna under test consists of four
dipoles, from which each two are resonant at the same fre-
quency. At ≈ 290GHz, Fig. 5(a) shows the magnetic field’s
y-component measured at the chip surface using the loop probe.

For comparison, the simulated current density in the x-direction
Jx is shown in Fig. 5(b). The simulation has been carried out
using Empire XPU, and the current density displayed is an
overlay of the current densities in all underlying metal layers.
For the measurement, a step size of Δx = Δy = 12.5 µm has
been chosen, and the measured field quantity is depicted without
any interpolation method. Although the measured magnetic
near-field is blurred by both the finite probe footprint and the
near-field measurement height above the chip surface, the correct
operation of the antenna is clearly visible. This underlines how
coaxial mm-wave near-field probes enable physical insight or
fault detection.

IV. FAR-FIELD CALCULATION FROM MEASURED NEAR-FIELDS

Measuring the antenna radiation pattern of typical on-chip
antennas is challenging for several reasons [3], [13]. First, the
typically utilized robotic systems to sample the antenna radiation
are expensive, bulky, and limited in position accuracy [14].
For phase-correct measurements with multiaxis robots, posi-
tion feedback, and correction require implementation effort but
yield excellent results [5]. Tailored two- or three-axis robots
using spherical coordinates are, however, less flexible in their
applicability, although they offer inherently good measurement
performance [15], [16], [17]. Second, the on-wafer probe has a
severe effect on the measured radiation pattern for all frontside
radiating antennas. This is caused by the radiation of the probe
itself [2], [3], scattering of radiated waves at the probe [4],
and shadowing of the radiated fields [18]. The near-field
measurements presented in the following can mostly circumvent
these effects since it requires only a cartesian sampling of the
near field over the chip area and since the measured near-fields
are strongly dominated by the on-chip antenna. It should be
noted that the measurement is carried out in the reactive near-
field, which features comparably high field strengths. Further-
more, the electric and magnetic field strength are measured to
calculate the resulting far-field based on equivalent magnetic
and electric current densities according to Love’s principle [19,
p. 655] without the necessity of using any method of images.
For all measurements, the VNA was set up to acquire 22 fre-
quency points between 220 and 330 GHz with a measurement
bandwidth of 1 kHz to enable a quick acquisition, where each
cut plane took about min to evaluate the near-field sampling
points. The measured antenna geometry is schematically de-
picted with the utilized coordinate system in Fig. 6(a). The
vertical cut planes at y = 0 in Fig. 6(b) and (c) shows the
instantaneous electric and magnetic field strength in the x- and
y-components at GHz, respectively, which has been measured
in coarser steps of Δx = Δz = 25µm. The corresponding hor-
izontal cuts at z = 0 are depicted in Fig. 6(d) and (e), where a
finer grid of Δx = Δy = 12.5 µm was chosen for an accurate
near-to-far-field transform. To compare the intensity of both field
strengths, the measured near-fields at z = 1mm are compared
with magnitude and phase. It is expected that the ratio between
orthogonal magnetic and electric field strength approaches η0,
and a complex scaling factor K has been chosen to fulfill

KEz(z = 1mm) = η0Hy(z = 1mm). (1)
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Fig. 6. Schematic top view on the investigated on-chip antenna with (a) the
utilized coordinate system, the instantaneous field in the measured vertical cut
(y = 0) of (b) Ex and (c) Hy , and (d) the measured horizontal cut (z = 0) of
Ex and (e) Hy at 305 GHz. Since the instantaneous field is shown, the phase
fronts of the radiated waves can be identified.

The accuracy of this normalization depends on the utilized
distance between the antenna and the measurement point, where
close proximity to the antenna would imply nonorthogonal and
possibly phase-shifted field components. This factor is applied
to all measured electric field strengths, such that electric and
magnetic field quantities can be normalized to max |η0Hy| in
Fig. 6. With this normalization, the magnetic field strength
dominates the horizontal cut plane [cf., Fig. 6(d) and (e)] close
to the antenna. Especially in the vertical cut plane of the Ez

component, the measured field quantity exhibits larger noise
contributions. This is caused by the (lower) sensitivity of the
electric field probe, which resulted in a factor |K η0| ≈ 423V/A
to upscale the electric field with respect to the magnetic field.
Furthermore, the radiation in the vertical cut planes is probably
superimposed with the field radiated from the on-wafer probe.

To minimize this probe influence, the near-to-far-field trans-
form is carried out with data obtained in close proximity to
the chip surface. The equivalent magnetic and electric current
densities have been assigned using the fields of the horizontal
cut from Fig. 6(d) and (e), and the equivalent currents outside
the measured range are assumed zero. To consider the probe
sensitivity and possibly different electrical lengths of the coaxial
cables forE andH field probes, the correction factorK from (1)
is used to weigh the magnetic currents. With this normalization,
the radiated far field can be calculated qualitatively, and two cut
planes normalized to the maximum directivity are depicted in
Fig. 7. For a quantitative gain calculation, the near-field of a
well-known reference antenna needs to be measured, as shown
in [7]. With the antenna gain data and directivity normalization,
even the overall antenna efficiency could be calculated [7], which
is challenging for far-field measurements with the influence of

Fig. 7. Radiation pattern calculated from the near-fields in Fig. 6(d) and (e) and
compared with the FDTD full-wave simulation result (Empire XPU) normalized
to the maximum value at 305 GHz.

an on-wafer probe [1]. For comparison, the antenna’s far-field
calculated with the full-wave FDTD solver is given as well,
and the agreement is excellent in the forward direction. A
precise description of the backward radiation (90◦ ≤ θ ≤ 270◦)
is expected if the measured region of the near-field is increased.
The radiation patterns show a better agreement in the E-plane
(the x-z-plane), which is caused by the increased measurement
range along the x-axis (800 µm) compared with the y-axis range
(500 µm). Overall, the agreement is very good, especially given
the stunning simplicity of the measurement method. Observe
that the noise in the measured near fields has a minor effect on
the far fields, as the near-to-far-field transform involves surface
integrals that average the noise contributions. In contrast, the
far field measurement of the same antenna presented in [12]
shows the typical issues associated with on-wafer far-field mea-
surements, such as undulations in the measured pattern due to
interference with probe radiation or the probe scattering and
shadowing in the far field region.

V. CONCLUSION

This letter has presented coaxial cable-based near-field probe
sensors operating between 220 and 330 GHz. The sensors are
designed to receive dominantly magnetic or electric fields by
using nonideal open or short circuits, respectively. Using a
transition to a standardized rectangular waveguide, the sensors
can be applied with any measurement device using the WR03
waveguide, such as frequency converters, mixers and power
detectors. Furthermore, the mechanical flexibility of the cable
enables nondestructive measurement of magnetic and electric
fields close to the chip surface. Besides the physical insight that
can be generated with this method, it might become useful for
on-chip fault detection and has been shown to enable a straight-
forward far-field calculation of on-chip antennas. It has been
demonstrated that the influence of the probe tip can effectively
be reduced such that the limiting effects of on-wafer probes on
on-chip measurements, i.e., shadowing, scattering, and probe
radiation, are mitigated.
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