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Advanced Characterization Approaches
with Pad-Model De-Embedding

of sub-THz Devices for 6G Applications

Abstract — This work describes accurate methods for the
characterization of sub-terahertz (sub-THz) devices and pad
de-embedding procedures. The extraction of the intrinsic DUT
is enabled by generating a precise pad model using two-tier
calibration approaches. Moreover, the proposed approaches
offer a solution to the designers to preserve precious silicon
area by presenting a simplified and potentially parameterizable
pad model. Employing two different thru-reflect-line (TRL)
calibration kits (calKits) together with the DUT on the same die,
this research validates the proposed calibration strategies. This
paper uses as DUT at J-band, i.e. a Marchand balun, fabricated
using IHP SiGe BiCMOS technology with an aluminum
back-end-of-line (BEOL), alongside the mentioned calKits. The
goal of the paper is to assess the performance of the DUT and
validate two de-embedding methods. Moreover, the pad model
offers a way for accurate DUT characterization saving silicon
area for future optimized designs.

Keywords — 6G, balun, characterization, J-band, sub-THz,
TRL.

I. INTRODUCTION

Following the introduction of the IEEE 802.15.3d standard,
the bandwidth (BW) spanning 252GHz to 325GHz is set
to enable high data rates for the sixth-generation of wireless
communications (6G) and beyond [1]. The high BW enables
the design of integrated circuits which accommodate high
frequency signals with unprecedented data rates, potentially
exceeding 100Gbit/s. Such systems supporting high data rates
pave the way to a multitude of unforeseen applications such
as autonomous cars, joint communication and sensing, robotic
medicine, new applications in data centers, and 6G back-haul.

Numerous excellent studies have already proposed
advancements at the subterahertz (sub-THz) frequencies
for various building blocks, including low-noise amplifiers
(LNAs) [2], frequency multipliers [3], power amplifiers
(PAs) [4], and full transceivers [5] as well. These works
operating in the sub-THz region is known for the complicated
measurement procedure when interfacing circuits with probes
and vector network analyzers (VNAs). Therefore, a precise

Fig. 1. Schematic of a conventional Marchand balun used as DUT

characterization becomes imperative. While commercial
calibration kits (calKits) offer thru-reflect-line (TRL)
structures, whose use have been widely adopted as a reliable
method, setting the reference plane at the probe tips and
transferring the cal to a different substrate (i.e. moving from
alumina to silicon) has been shown to reduce the calibration
quality [6]. To address this issue, the authors have developed
two on-wafer calKits following the approaches presented in
[7], [8]. A first 30-Ω calKit is used for the 1st-tier calibration
to move the reference plane to the probe tips and get the
response of the DUT including the pads, whereas a second
50-Ω calKit serves two separate roles: primarily to extract
the behaviour of the pads (using the 1st-tier calibration
achieved with the 30-Ω calKit) and deriving their model, and
secondarily to obtain the intrinsic DUT measurement (this
time, employing a new calibration with the latter calKit).
After the pad model has been extracted, its behaviour can be
de-embedded [9]. Moreover, the obtained model can then be
reused to de-embed future designs, when the pad interface is
kept. The circuit designer does not need other de-embedding
structures, having already a response provided by this simple
model, which could be parameterized. Thereby, saving further
silicon area. Finally, a J-band Marchand balun is designed
and employed as DUT, validating the proposed approaches.

II. DESIGN OF THE MARCHAND BALUN

One of the most common balun topology used as a
reliable on-chip interface between the differential circuits
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Fig. 2. Three-dimensional view of the sub-THz J-band Marchand balun

Fig. 3. Micrograph of the fabricated thru (top), reflect (middle), and line
(bottom) standards for (a) 30-Ω, and (b) 50-Ω calKits.

and the single-ended probes at frequencies above 100GHz
is the Marchand balun. The schematic of a conventional
balun is shown in Fig. 1. This configuration has been largely
analysed in [10], [11] and is mostly based on transmission
lines (TLs) [12]. Therefore, the proposed design utilizes
broadside-coupled TLs, tackling impairments encountered in
the sub-THz region [13], [14]. Nevertheless, the Marchand
balun can achieve perfect amplitude and phase difference
with a negligible separation between its differential ports, as
shown in Fig. 2. However, a practical design necessitates
connecting the differential ports to TLs, which introduces a
gap. Consequently, the single-ended termination is exposed
to a TL which becomes marginally longer then λ/2. This
adjustment is due to the length of the two λ/4 TLs and the

Fig. 4. Pad model using (a) T-shaped impedance equivalent and (b) lumped
elements

Fig. 5. Measured and modeled S-parameters of the pad: (a) |S11|, (b) |S21|,
and (c) |S22| against the frequency.

gap on the differential side, degrading the performance of
the balun. Nevertheless, the additional line segment can be
fine-tuned by electromagnetic (EM) simulations [13]. Another
pitfall at sub-THz frequencies are the imperfections given by
the nonideal ground. In a conventional design, the two λ/4 TLs
belonging to the differential ports must be connect to ground
often through vias. In EM simulations, the vias are typically
oversimplified, leading to discrepancies between simulations
and actual measurements. To address this issue, two bypass
capacitors are placed at the very end of the λ/4 TLs, serving
as RF ground. Measurements along with the de-embedding of
the pads are then required to validate the behaviour of the
intrinsic J-band Marchand balun.

III. CALIBRATION KITS

As mentioned before, two different calKits have been
designed both for TRL calibration, each serving a distinct
purpose. The first calKit is based on homogeneous 30-Ω TLs,
and it is used as 1st-tier calibration, more specifically it sets
the VNA response and reference plane, i.e. center of the
thru. Moreover, employing homogeneous TLs allows to easily
move (back) the reference plane to the probe tips by using
the propagation constant, γ, of the TL extracted during the
calibration. The necessity of such a calKit is mostly practical.
Indeed, the low-impedance TL offers a line width which does
not need the use of pads, removing the errors associated to the
width discontinuities of the pad-to-line transition [8]. The 30-Ω
calKit, shown in Fig. 3a, comprises three standards: the thru,
the reflect, and the line. Similarly, the 50-Ω one, depicted in
Fig. 3b has the same structures. However, there is a difference
in the TL widths between these two calKits. Specifically, the
TL width in the 50-Ω calKit is narrower than that of the 30-Ω
one. This reduction in width necessitates the use of pads to
ensure proper landing of the probes. The application of the
50-Ω calKit is twofold. Firstly, it facilitates the extraction of
the pad response, after calibrating the 30-Ω kit. Secondly, it
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Fig. 6. Micrographs of the fabricated Marchand balun test structures in (a) single-ended to single-ended in-phase, (b) single-ended to single-ended out-of-phase,
and (c) back-to-back configuration.

Fig. 7. Measurement setup used to probe the 8-inch wafer

Fig. 8. Measurement procedure of the DUT: (a) raw-data acquisition, (b)
applying 1st-tier calibration with the 50-Ω calKit, and (c) applying 2nd-tier on
top of a calibration with 30-Ω calKit, using S-parameters of the pad and its
lumped-component model.

enables the determination of the intrinsic behaviour of the
DUT. This measurement can then be validated by comparing
it with the results obtained after de-embedding the pad model
from the initial calibration, namely 1st-tier using the 30-Ω
calKit. Through this double approach the accuracy of the
calibration process is not only validated, but also the detailed
response of the intrinsic DUT can be extracted. Moreover, the
pad model can be parameterized and reused by the designer
without the need of using further silicon area.

IV. PAD MODELING

The pad model is of paramount relevance in the design
procedure. Having precise knowledge of the parasitics is
necessary to evaluate the DUT performance. In designing the
model, one can extract the pad behaviour can be extracted from
S-parameter measurements, converting them into admittance
or impedance parameters. A π-circuit is typically used with
admittance parameters, whereas a T-shaped equivalent circuit
is employed for impedance parameters, which can be easily
calculated. Then, S-parameters of the extracted pad behaviour
can be easily transformed into a Z-matrix, and ZA, ZB , and
ZC of the T-shaped circuit, shown in Fig. 4a, can be written
as

ZA = Z11 − Z12, (1)
ZB = Z22 − Z12, (2)
ZC = Z12 (3)

where Z11, Z12, and Z22 are related to the Z-matrix. In Fig. 4b,
ZA is modeled as RA and LA, ZB can be seen as the series
combination of RB and LB , whereas ZC can be given by
RC and CC . These parameters could then be used to create
a parameterized cell with opportune evaluations. The values
extracted from the measurements are LA = 17.2 pH, LB =
4.22 pH, and CC = 6.13 fF. Nevertheless, only RA = 0.66Ω
has a physical meaning, since the other two resistive elements
are negligible or negative.

V. MEASUREMENT RESULTS

Three test structures have been fabricated for this study,
as shown in Fig. 6. The first two structures facilitate
the characterization of single-ended to single-ended phase
difference between in-phase (see Fig. 6a) and out-of-phase
(see Fig. 6b) ports. Conversely, the third structure, presented
in Fig. 6c, comprises a back-to-back configuration used to
validate the loss. The Marchand balun utilizes the two top thick
metals of the back-end-of-line (BEOL) for its TLs and has a
size of 145×75 µm2. The measurement setup is presented
in Fig. 7, where an 8-inch wafer is installed on a metal
chuck and probed with WR3-waveguide probes. The probes
land on the DUT pads to acquire the raw data as shown
in Fig. 8a. Three different calibration methods have been
used. The first, namely 1st-tier, is performed using the 50-Ω
calKit moving the reference plane at the center of the thru, as
per Fig. 8b. Therefore, with this calibration the measurement
of the DUT provides a direct de-embedding of the pads.

430Authorized licensed use limited to: TU Delft Library. Downloaded on November 08,2024 at 09:37:07 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 9. Intrinsic back-to-back measured and simulated S-parameters of
the balun: (a) |S11|, (b) |S22|, and (c) |S21| against frequency, using the
mentioned pad de-embedding techniques.

Fig. 10. Measured and simulated phase difference of the two
single-ended-to-single-ended balun structures against the frequency,
de-embedding the pad behaviour.

The 2nd-tier calibration is achieved on top of the calibration
performed using the 30-Ω calKit and then de-embedding the
pads, as reported in Fig. 8c. the 2nd-tier (1) calibration isolates
the DUT de-embedding the pad behaviour through previous
measurements, whereas 2nd-tier (2) utilizes the pad model
given in the previous section.

Measured S-parameters are shown in Fig. 9, where 1st-tier
and 2nd-tier (1) are overlapping each other. Even though
2nd-tier (2) follows closely the trend of the previous methods,
S11 in Fig. 9a and S22 in Fig. 9b show a shift in frequency.
This should be taken into account when designing the circuit,
whereas for the phase difference the three methods do not
show tangible discrepancies as reported in Fig. 10. Finally,
the methods presented demonstrate optimal agreement with
simulation results, showing an offset of approximately 0.6 dB
and a phase difference with maximum offset of 4◦.

VI. CONCLUSION

This paper presents different approaches in the
characterization of DUT for sub-THz applications. Through
the fabrication of custom 30-Ω and 50-Ω on-wafer calKits and
the introduction of a pad model, this study provides accurate
S-parameter measurements and pad de-embedding procedures.
The three different approaches validate the measurements and
the close alignment with simulation results underlines their
precision and reliability.
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