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An I/Q-Mixer-Steering Interferometric Technique for High-
Sensitivity Measurement of Extreme Impedances

Abstract — An all-electronic, I/Q-mixer-based interferometric
technique to reduce measurement noise in the characterization of
extreme impedances is presented. The proposed technique
employs a standard vector network analyzer, an arbitrary
waveform generator and an I/Q-mixer chain to generate a very
stable cancellation signal. This hardware implementation enables
frequency scalability, due to the large commercial availability of
the mentioned components, and high stability, speed and
repeatability, due to the fully electronic approach. The proposed
technique is embedded in a scanning microwave microscopy
(SMM) setup to demonstrate a more than 50% noise reduction in
the measurement of dielectric materials.

Index Terms — network analyzer, high impedance
measurement, scanning microwave microscopy.
I. INTRODUCTION
Accurate high frequency measurement of extreme

impedances (referenced to the system impedance) has always
been a very challenging task. This is due to the reduced
sensitivity, leading to increased measurement noise, of the I'-
to-impedance transformation, when dealing with a highly
reflective device-under-test (DUT) [1]. Recently, the need to
characterize ultra-small devices (i.e., ultra-scaled CMOS,
carbon nanotubes and nanofets, etc.) and the advancement of
near-field scanning microwave microscopy (SMM) has
spawned an increased interest for extreme impedance
measurements. As an example, ultra-small device
characterization requires the accurate measurement of very
small capacitances (i.e., below 20 fF) while SMM techniques
are based on a nanometer probe illuminating a surface with a
high-frequency signal, to resolve small resistivity and
permittivity differences over a high-impedance offset [2], [3].
To achieve a better sensitivity in the impedance value of
such high I" devices, several techniques have been proposed,
which can be grouped in two main categories: matching
techniques and interferometric techniques. Both techniques
attempt to renormalize the VNA reference impedance (50Q2)
to a value closer to the targeted DUT, thus resulting, after
renormalization, to a low magnitude of the reflection
coefficient (i.e., high sensitivity region). Matching-based
techniques employ high-Q resonant networks [3], providing
the proper impedance transformation only at a fixed, limited
frequency points, not allowing for a flexible choice of
frequency for a given set-up implementation. Interferometric
techniques create, by various means, a signal b;,; such that, by
destructive interference, the wave scattered by the DUT (b) is
cancelled out. This results in a measurement of I' equal (or

very close) to zero, since b=-bjnj, and I'=(b+bjyj)/a where a is
the incident wave [5]-[8]. Moreover, a two-port technique has
also been proposed and proven to achieve an improvement in
stability and accuracy of I' measurement [4].

In this work, a simple, stable, fast and frequency-flexible
one-port interferometric technique using an I/Q mixer as a
cancellation wave steering module is described and
implemented. Section II describes the technique and its
qualitative advantages in the stability of the cancellation point
over current implementations. Section III presents an SMM
setup and measurement results, demonstrating high dynamic
range and resolution images, exhibiting a reduction in
measurement noise of 50%, compared to the conventional
technique.

II. PROPOSED INTERFEROMETRIC TECHNIQUE

Fig.1 gives the simplified block scheme of the proposed
technique. The VNA’s source power, is split to provide the
LO drive of a passive I/Q mixer, which is phase-coherent to
the incident wave a’. The second branch of the splitter loops
back to the R-channel jumper. A low-noise amplifier
optimizes the LO drive level for the passive I/Q mixer. The I
and Q ports of the mixer are controlled by DC values,
allowing to adjust the signal phase and amplitude without any
frequency conversion. After being “steered” in the I/Q plane,
the signal is injected into port 3 of a directional coupler
towards port 1, see Fig. 1. When no signal injection is applied
at port 3, the reflected wave b’ at port 1 is a phase-shifted and
attenuated version of the wave reflected from the load, due to
the presence of the coupler. However, if a signal is injected at
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Fig. 1. Simpliﬁed block scheme of the proposed I/Q-steering
interferometric technique.
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port 3 (biy), the resulting wave b’ exiting port 1 is given by
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Fig.2. Flow analysis of the indirect contribution (Ab’) to
cancellation due to DUT reflection: (a) interferometric technique using
power divider and a passive tuner and (b) proposed interferometric
technique using directional coupler and an active signal injection. The
red dashed line indicates the path of the unwanted contribution
(indirect) to the injected signal and its effect on the reflected wave
back to the VNA. Assuming I'yy=0.1,T. =0.9,C=-10dB and I = -
40dB, more than 50dB reduction on Ab’ can be acquired with the
proposed technique.
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where @ and @r are the phase shifts of the coupling and
through paths, respectively, and C and L the coupling factor
and insertion loss in dB, respectively. We can, therefore,
calculate that the injected signal required to result in zero
reflected signal to the VNA, namely, b’ = 0:

@)

Equation (2) provides the by that cancels the reflected wave
and, thus, drastically lowers coefficient measured by the
VNA.

We can compare the proposed setup to other state-of-the art
implementations by analyzing the following statements:

e The cancellation signal should be injected in close proximity
to the DUT. The section of transmission line extending from
the cancellation plane to the DUT acts as a resonator with a
Q factor increasing with length. A very high Q (narrowband)
cancellation is affected by any disturbances present in the
measurement system and the environment (e.g.,
phase/amplitude variation due to cable flexing, temperature
variations). The proposed setup reduces from two couplers
between the cancellation plane and the DUT [5] to one, thus
reducing the Q of the cancellation.

e The cancellation point should be stable and independent of
load variation. In [6]-[8], shown in Fig. 2.(a), the indirect,
unwanted contribution (Ab’) of DUT reflection (b) to the
direct, wanted reflected wave to VNA (b') is a version of
the signal b, attenuated by the isolation I of the splitter and
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Photograph of the experimental setup with zoom-in of the
probe and the wafer (left) and probe microphotograph and dimensions
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Fig. 3.

the reflection coefficient I'y of the load, which in this case is
close to unity, for proper operation of the technique. This
also holds when a hybrid coupler is utilized as a power
splitting element with a passive load providing the
cancellation [4]. In the proposed setup, b is additionally
attenuated by coupling C, as well as the reflection
coefficient of the mixer I'y, which is a constant low value
(i.e., in the order -10dB) that can also be further minimized
by a circulator.

III. SMM EXPERIMENTAL SET-UP AND MEASUREMENT RESULTS
A. Near-Field SMM Experimental set-up

The proposed interferometric technique was employed in a
near-field scanning microwave microscopy setup (see Fig. 3).
An open-ended coaxial probe with 20um diameter at the tip
end is placed a few um above the wafer to scan an area of few
mm?’ (see inset Fig. 3). A CNC machine with um displacement
accuracy (Colinbus Laboflex-30) is used to mount the probe
along with the coupler and I/Q mixer and to perform 2-D
scanning. A VNA (HP 8753D) is used to perform the I’
measurements. A double-balanced 1/Q mixer (Marki
IQ1545MMP) outputs the injection signal into a coupled-line
coupler (Krytar 2611). The LO drive signal is amplified using
two low noise amplifiers (Mini Circuits ZRL-3500 and ZFL-
2500). The DC values of the I and Q ports are set by two
arbitrary waveform generators (AWG) controlled by a PC (NI
PX1-5422).

All instruments are controlled by a MATLAB environment.
A search algorithm is implemented to identify the I and Q
values (Vpc;and Vpep in Fig.1) providing the correct byy; (see
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eq. 2) when the probe is placed over a certain region of the
wafer. The I and Q values are then held constant during the
entire scanning. For comparison purposes, we also carry out a
measurement without interferometric technique at each
measurement point by applying the I and Q wvalues that
minimize the LO feed-through of the mixer, resulting in no
signal injection to the coupler. For all measurements, the VNA
IF Bandwidth was set to 10 Hz, and the measurement
frequency was 2GHz.

B. Measurement Results

Fig. 5 shows the reconstructed 2D images from the
measured I of a wafer extract (silicon trenches and cavities
embedded in SiO;), with and without the interferometric
technique. Since no information can be found in the

(a) (b)
Two-dimensional images of a 3x2.4mm?’ extract of the
wafer (scanning step of 20pm). (a) image acquired from measured I’
amplitude with interferometric technique and (b) image acquired from
measured I" phase without the interferometric technique. The standard
deviation of measurement of all measurement points that fall within
the same material is annotated (SiO, — red and Si — blue).

Fig. 5.

magnitude of the classical measurement (i.e. without
interferometry) the amplitude measurement of the
interferometric technique is compared with the phase of the
conventional measurement. The interferometric technique
shifts the measurement points in a high sensitivity range of the
VNA which allows a reduction of the image noise by more
than 40%, as shown in Fig. 5.

In order to translate the measured I into impedance, a short-
open-load one-port calibration procedure is carried out at port
2 of the coupler (see Fig.1), with and without the cancellation,
respectively. The impedance of the probe at the point where
the cancellation is performed is used as the load standard for
the case of cancellation signal injection. De-embedding of the
probe was done by fitting the measurements to a realistic 3-D
EM model of the structure to acquire the equivalent
capacitance of the probe, resulting from the air gap between
the probe and the wafer and the scanned material properties.

Fig. 6 shows the measured capacitance traces at two wafer
locations (Location 1 — Si and location 2 — Si0O,). The
measurement standard deviation (o) was consistently
improved by more than 50% when the interferometric
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Fig. 6. Measurement traces (100 points) of two locations of the
wafer with different materials (SiO, and Si respectively), with and
without the interferometric technique (blue asterisk and red circle
traces respectively).

technique was enabled (0.32 fF versus 0.7 fF at location 1 and
0.27 {F versus 0.56 fF at location 2).

Moreover, since measured capacitance is linked to material
permittivity, and the material under the probe was known, a
preliminary translation could be done from capacitance to &, to
evaluate the improvement of the measured ¢, precision (o),
which was found to be 0.043 versus 0.097 at location 1 and
0.036 versus 0.078 at location 2. A more analytical translation
into g will follow with the extended version of this paper.

Compared to previous works [6]-[8], this contribution
quantifies the reduction in measurement noise of measured
impedances in one-port, near-field setups employing
interferometric techniques.

IV. CONCLUSION

In this work we presented an I/Q mixer-based
interferometric technique for the reduction of measurement
noise in high mismatched (I") devices. The technique utilizes
only electronic components, offers high variability in
measurement frequency as well as speed and stability.
Preliminary measurement results exhibit a 50% improvement
in measurement of material relative permittivity as well as an
improvement in the 2-D image quality of an SMM setup.
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