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Abstract—This contribution presents the measurement 

strategy to accurately characterize probe-fed high-gain antennas 

operating in the sub-THz band. First, a near-field technique 

employing a quasi-optical system is introduced to enable 

characterization of backside radiating antennas (with respect to 

the landing pads). The proposed setup employs classical 

manipulators for probe landing (i.e., above the structure) and 

linear xyz CNC controlled translation stage. After, the calibration 

and modelling techniques to allow for an accurate input reflection-

coefficient at the antenna input plane, and the estimation of the 

antenna gain, in a near field planar scanning system, are described 

in details. The experimental data of an high-gain backside-

radiating lens antenna operating in D-band are presented to 

validate the proposed approach and characterization bench. 

Keywords—Near-field measurement technique, Probe-fed 

antenna, backside radiating antenna, antenna in-package 

characterization, sub-THz frequency characterization, D-band. 

I. INTRODUCTION 

The sub-THz band >100GHz is being targeted for the 

upcoming 6th generation of communication systems, partially 

thanks to its large available bandwidth. High-capacity line-of-

sight data links are being proposed for coverage in highly dense 

scenarios, such as the one presented in [1] or for back-haul 

systems [2]. For these scenarios, high-gain lens antennas are 

envisioned to realize the required transmit (Tx) and receiver 

(Rx) gain to establish the communication link [3]. 

 

 

 
(a) (b) 

Fig. 1.  (a) Schematics and (b) photograph of the planar near-field antenna 

measurement setup. 

The use of linear (motorized) translation stages, which 

enable high precision control even with higher loads compared 

to the robotic arms, can lead to an accurate phase acquisition in 

the sub-terahertz by employing mm-wave extenders based 

architectures. In this contribution, we propose the use of planar 

scanning systems in combination with quasi-optical (QO) 

approaches to characterize probe-fed and backside radiating 

antennas in the near-field. In [4], QO approaches have been 

employed for backside radiating antennas. Nevertheless, this 

far-field approach was hampered by strong vibrational coupling 

between the motorized stage and the RF landing-probe. 

We present a novel approach using a 45° mirror providing 

a 90° rotation between the AUT radiation and the measurement 

plane, allowing to decouple the landing environment from the 

motorized one (see Fig. 1). Moreover, we detail the techniques 

to accurately characterize, in the sub-THz range, the antenna 

input impedance and the antenna gain in setups operating in the 

near field. To have an accurate reflection coefficient 

measurement, a calibration and modelling technique has been 

implemented to transfer the calibration accuracy of a two-port 

TRL to a one-port SOL, this is described in Section III. A 

technique to estimate the antenna directly from one set of 

measurements and simulations of the AUT in the near field, is 

introduced Section IV.  

The proposed setup and the discussed techniques are 

validated on a probe-fed backside radiating lens antenna from 

[7]. The lens radiates a collimated beam of 30-32dBi of 

directivity across the 140-170GHz band. 
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However, the characterization complexity of these 
antennas increases exponentially when integrated in package 
or IC technology. In these cases, the Antenna Under Test 
(AUT) is a breakout of the final (fully integrated) system and 
is often probe fed to minimize the design of extra interfaces. 
In addition, given the high permittivity of the substrate 
materials used at these frequencies (i.e., silicon and III-V 
compounds) the radiation is in most cases realized through the 
substrate/package, resulting in feeding and radiation to be 
opposite to one another [3][4], [4]. In [5], various mm-wave 
probe-fed, backside-radiating, antenna characterization 
systems are reviewed, with several employing custom 
suspended probing environment and the use of complex multi-
axis robotic arms to perform far-field measurements of the 
AUT. When high-gain lens antennas are considered, these 
approaches become impractical given the large volume of the 
setups for reaching the far-field distance. In [3], the 
mechanical restrictions lead to a phase-less spherical 
measurement system, which required multiple scans and 
iterative solver processes, contributing to a lower accuracy of 
the reconstructed phase. 
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(a) 

 

 

(b)
 

 
(a) Probe plane TRL 

 
(b) SOL 

 
(c) Antenna plane TRL 

Fig. 3.  (a) Probe-level TRL calibration. (b) 1-port SOL cal kit. (c) TRL cal kit 

for de-embedding until antenna reference plane (blue dashed lines).  Images are 

not to scale. 

II. NEAR FIELD PLANAR ANTENNA MEASUREMENT SETUP 

The near-field antenna measurement setup is shown in Fig. 

1. It uses a CNC mechanical x-y-z scanner and a vector network 

analyzer (VNA) with WR5.1 frequency extender modules. The 

AUT is fed by a wafer probe mounted on a commercial micro 

manipulator, securely mounted on an optical table. The CNC 

scanner is stationed on a second optical table, thus preventing 

vibrations generated by the CNC machine from impacting the 

stability of the RF landing probe.  

To enable the quasi-optical plane translation, the AUT is 

fixed to a metallic fixture that positions the lens antenna facing 

downward. The fixture holds a 45° flat mirror used to forward 

the radiation towards the near-field x-z measurement plane (see 

Fig. 1). The mirror is mounted on a manual rotation stage that 

can adjust the tilt in 𝜃 and 𝜙. These two degrees of freedom 

allow for the alignment of the aperture antenna with the 

waveguide probe. For example, with the employed lens AUT 

which radiates a collimated beam, the alignment is achieved by 

maximizing the flatness of the measured phase on the scan 

plane. A circular 3 inch (~76mm) mirror provides a projected 

ellipse of 76mm × 54mm which is significantly larger than the 

projected circular aperture of the lens (𝐷𝑙 = 30𝑚𝑚). Since the 

lens antenna radiates a collimated beam, the beam will not 

diverge significantly in the proximity of the lens. In this case 

the distance between the lens and the mirror was 24mm, and 

from the mirror to the measurement plane was 64mm.  

 The near-field measurement plane, indicated in Fig. 1, is 

scanned by an open-ended waveguide probe connected to the 

second VDI WR5.1 frequency extender. Absorbers were used 

around the waveguide area of the extender to minimize the 

multiple reflections in the setup.  

III. REFLECTION COEFFICIENT CHARACTERIZATION 

  

The quality of the calibration transfer standards, employed 

in the one port antenna setup, can be evaluated by comparing, 

in the two port probe station environment, the input impedance 

of the (unterminated, port 2) line of the transition TRL kit 

(shown in Fig. 3c) using two methods:  

1) A direct TRL calibration using the custom designed 

calkit shown in Fig. 3c. This represents the reference 

data. 

2) A one port calibration using the calibration transfer 

standard obtained using the procedure described above,  

Fig. 2. (a) Schematic overview of the different calibration procedures to move 
the measurement plane from the waveguide flange A to the antenna reference 
plane C. (b) S-parameter boxes corresponding to the overview of (a).  

The input reflection coefficient of the AUT is a parameter 
of key importance in the characterization of the antenna. 
Conventionally, when an over-the-air setup is considered (i.e., 
port 1 connected to a wafer probe and port 2 connected to the 
probe antenna), a one-port calibration is carried out at port 1 
and an eventual de-embedding step is employed to reach the 
antenna reference plane. When operating at sub-THz 
frequencies, the error introduced by the inaccuracies of the 
standard definitions (both commercially available as well as 
custom designed/EM simulated) of the devices used in the 
calibration process, i.e., short, open and load, makes this 
approach not pursuable. Calibration algorithms such as the 
thru-reflect-line (TRL) requiring partial knowledge of the 
standards response [7] are the standard approach to correct 
VNA systematic errors, and to derive fixture and 
interconnection responses at sub-THz [8]. Such approaches 
(offline TRL calibration) can be used to derive the entire input 
section bend with probe and antenna feed transition (i.e., Sprobe 
and Stran in Fig. 2), by using dedicated calibration structures in 
a two-port probe station. Nevertheless, the connecting and 
reconnecting of mechanical (pre-characterized) parts in sub-
THz setups, leads to poor overall accuracy, as shown in Fig. 5, 
dashed, where the resulting antenna reflection coefficient is 
shown. To improve the accuracy of the measured input 
impedance, we use transfer devices to replicate the accuracy 
of the TRL calibration to the one-port calibration [9]. 

This procedure is accomplished by first performing a 
probe-level TRL calibration using the device shown in Fig. 3a, 
fabricated on a fused-silica substrate. After employing this 
calibration, the response of the SOL transfer standards shown 
in Fig. 3b is acquired. These transfer standards can then be 
employed in the setup of Fig. 2 to derive (without removing 
any connection in the setup) the de-embedding data from the 
waveguide calibration up to the probe tip (i.e., Sprobe matrix). 
Finally, a TRL kit to extract the response of the transition 
from the landing pads to the antenna feed-line is measured, as 
a second-tier TRL (with respect to the probe plane TRL of 
Fig. 3a), providing the Stran matrix of Fig. 2. 

employing the Stran matrix to de-embed the transition 

section.  
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(a) (b) 

Fig. 4.  (a) 𝑆11
𝐷𝑈𝑇and (c) 𝑆12

𝐷𝑈𝑇 extracted from the direct calibration and from the 

used two-step calibration process. 
 

 

Fig. 5.  Measured reflection coefficient of the AUT compared against full-wave 

simulations. 

IV. GAIN ESTIMATION IN THE NEAR-FIELD 

Accurate calibration of absolute gain measurements proves 

to be a substantial challenge in near-field setups, particularly in 

the context of probe-fed antennas. First, a good phase stability 

is imperative to enable a near- to far-field transformation [6]. 

Furthermore, extracting the gain of the AUT using Friis 

transmission equation is not feasible in this scenario, as the 

power spreading does not follow the square of the distance.  

In this contribution, instead of relating the power received 

of the AUT with a standard gain antenna as in [3,6], we propose 

to compare the power received of the AUT with the simulated  

or estimated value of this power received. For this, a good 

estimation of the power spread of the AUT can be obtained 

using semi-analytical methods.  

  

    
(a) (b) 

Fig. 6.  (a) Measured electric field in the scan plane contoured with the -10dB 

field (dotted-white) and outlined the mirror aperture (dashed-black) and the lens 
aperture (dashed-red). (b) E/D/H-planes of the far-field radiation of the AUT 

after the NF-FF transformation. Dashed lines are simulated whereas solid is 

measured. 

𝐺𝑚𝑒𝑎𝑠 = 𝐷𝑚𝑒𝑎𝑠 − 𝐿, see section C. 

A. Radiation Pattern Measurements and Directivity 

The near-field measurement plane, located at a distance of 

8.8 cm from the tip of the lens, covered an area of 8 × 8 cm and 

was sampled with a step size of 0.88mm (corresponding to 𝜆0/2 

at the maximum measurement frequency of 170 GHz). The 

electric field amplitude on the measurement plane at 155 GHz 

is shown in Fig. 6a. The lens aperture diameter, outline shown 

in red in Fig 6a, contains most of the field, the -10dB contour 

of the field is shown in white. The area between the lens 

aperture and the projection of the mirror, outlined in black, 

shows some (minor) diffraction effects probably due to the 

edges of the mirror.  

Observing the far far-fields obtained after a near-field to far-

field transformation in Fig. 6b, we note a good agreement with 

the simulations. The cross-polarized field was measured using 

a 90° waveguide twist and also presents an excellent agreement 

with the simulation (see trace D-plane CX).  

The directivity of the extracted far-field patterns is shown 

in Fig. 7a, achieving an agreement within 1dB across the 140 - 

170GHz band. This variation can be attributed to the truncation 

effect of the mirror and the near-field measurement plane.  

B. Estimation of the power spreading in the near-field 

As mentioned, to extract the gain, the measured 

transmission coefficient will be related to a simulation of the 

transmission of the lens AUT on the measurement plane. The 

simulated 𝑆21
𝑠𝑖𝑚 parameter can be expressed as  

|𝑆21
𝑠𝑖𝑚|

2
= 𝑃𝑅𝑥/𝑃𝑎𝑐𝑐 , (1) 

where 𝑃𝑅𝑥  is the power received at the the waveguide probe tip 

and 𝑃𝑎𝑐𝑐  is the accepted power by the AUT, 𝑃𝑎𝑐𝑐 = 𝑃𝑡𝑥(1 −

|𝑆11
𝑠𝑖𝑚|

2
). The power received is calculated as 

𝑃𝑅𝑥 = ℜ{𝑆𝑧}𝐴𝑒𝑓𝑓 , (2) 

where 𝑆𝑧  is the pointing vector, 𝑆𝑧 =
1

2
𝐸⃗⃗ × 𝐻⃗⃗⃗∗  at the 

measurement plane, in this case at 8.8 cm distance, and 𝐴𝑒𝑓𝑓 is 

the waveguide probe effective area, 𝐴𝑒𝑓𝑓 =
𝜆0

2𝐺𝑝𝑟𝑜𝑏𝑒

4𝜋
 . The gain  

The results of this comparison are shown in Fig. 4, 
validating that the calibration transfer standards will achieve 
the same calibration quality as the one they have been derived 
from. applying the proposed approach to compute the input 
reflection coefficient of the antenna in the OTA setup, 
provides a significant reduction in the trace ripples, when 
comparing to the offline de-embedding approach, see solid 
blue trace in Fig. 5. Moreover, the figure shows good 
agreement with the CST full-wave simulated data, with only a 
shift in the main resonance peak which is attributed to small 
variations in the fabrication and assembly process. 

The proposed strategy to extract the gain from the 
measured S-parameters relies on first extracting the far-field 
directivity ݏܽ݁݉ܦ via a near-field to far-field transformation. 
Second, the antenna loss L is estimated by comparing the 
measured transmission coefficient ݏܽ݁݉ݏ with a simulated 
ideal transmission ݉݅ݏ of the same AUT in a near-field known 
location. The required simulations steps will be explained in 

ܵ21 ܵ21
section B. Finally, the gain of the AUT will be derived from  𝐺𝑝𝑟𝑜𝑏𝑒 was characterized through a far-field measurement. To 
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Fig. 7.  Measured and simulated far-field directivity and gain of the AUT. 

obtain 𝑆𝑧, first a full-wave simulation of the antenna radiating 

in the lens medium is performed, without considering any 

ohmic or dielectric loss.  After this simulation, the fields on the 

lens surface are approximated using physical optics, and are  

propagated to the scan plane of the same area and distance as 

the one measured. 

C. Estimation of Losses and Extraction of the Gain 

From the raw S-parameters obtained when the waveguide 

probe is aligned at the broadside position with the lens, the 

𝑆21
𝑚𝑒𝑎𝑠  is obtained by de-embedding the transition until the 

antenna plane (Fig. 2). SOL calibration with Stran de/embedding 

is performed to move the reference plane from the waveguide 

to the AUT (Fig. 2). The resulting 𝑆21 , after removing the 

reflection coefficients of the AUT and the waveguide probe, is 

expressed by  𝑆21
𝑚𝑒𝑎𝑠 = 𝑆21

𝐴𝑈𝑇/(1 − |𝑆11
𝐴𝑈𝑇|2). 

The resulting losses are then subtracted from the earlier 

measured directivity to arrive at the estimated antenna gain in 

Fig. 7. The measured gain is compared with the full-wave 

simulation, showing a good agreement within 1 dB in the 140-

170GHz bandwidth. Note that the simulations do not include 

the effect of the reflection of the multiple antenna interfaces 

which may be the cause the rippling present in the directivity 

and the gain. This method is also compared with the estimation 

of the gain where loss is estimated from the subtraction of the 

measured near-field gain and directivity [10]. For very directive 

antennas with high front-to-back ratio as in this case, both 

measurements provide a good estimation of the antenna 

characteristics as shown in Fig 7. However, when the AUT 

suffers from strong back-side radiation and radiation towards 

large angles, the estimation of the near-field power spreading 

allows to understand and assess the radiation of the antenna in 

the measurement scan plane. 

V. CONCLUSION 
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A measurement strategy to accurately characterize probe-
fed high-gain antennas operating in the sub-THz band has 
been presented. Calibration and modelling techniques to 
transfer the calibration accuracy of a two-port TRL to a one-
port SOL calibration were used. They enable an accurate input 
reflection coefficient measurement at the antenna input plane. 
The antenna gain was extracted directly from one set of 
measurements and one simulation. All these techniques have 
been corroborated with a set of measurements compared 
against simulations in the 140-170GHz band.  
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