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Abstract — Calibration accuracy and stability for on-wafer
measurements above 110 GHz need to be better evaluated. This
paper presents a comprehensive evaluation of multiline through-
reflect-line (MTRL) calibration across an ultrawide bandwidth of
1-220 GHz using microstrip and coplanar impedance standards on
the same GaAs chip. For the selection of impedance standards,
different combinations of line lengths are evaluated in terms of
normalized standard deviation and mean absolute error. The
results show that increasing the number of lines significantly
enhances accuracy and stability, which is consistent with previous
observations below 110 GHz. However, this study affords new
insights into the robustness of MTRL calibration across different
impedance standards and offers practical guidance for ultra-
wideband on-wafer calibration.

Index Terms — Calibration, measurement error, metrology,
grounded coplanar waveguide, microstrip, microwave technology,
millimeter wave technology, scattering parameter.

[. INTRODUCTION

Calibration accuracy and stability are critical for on-wafer
measurements, especially at millimeter-wave and terahertz
frequencies. Achieving accurate calibration at frequencies
above 110 GHz presents significant challenges due to increased
signal degradation, higher-order modes, and system
uncertainties. These factors can substantially affect the
reliability of measured data, making uncertainty analysis vital
for high-frequency on-wafer measurements [1].

Microstrip and coplanar transmission lines are typically used
as interconnects for efficient signal transmission and
impedance matching in microwave and millimeter-wave
circuits. As the operation frequency expands above 110 GHz,
magnitude and phase errors become more significant while
parasitics become more impactful. Ultra-wideband on-wafer
calibration using microstrip or coplanar impedance standards
allows precise de-embedding of parasitic effects, which is
crucial for accurate characterization of both active and passive
components at the preferred reference planes. Even for
narrowband circuits that do not perform as designed, ultra-
wideband measurements are needed for out-of-band
oscillations and systematic diagnosis. However, despite the
widespread use of microstrip and coplanar lines in high-
frequency circuits, comprehensive studies of calibration
accuracy and stability above 110 GHz remain limited [2]. As
such, further exploration is needed to support the development
of reliable ultra-wideband measurement systems.

To date, multiline through-reflect-line (MTRL) calibration
[3] is one of the most accurate and wideband calibration
techniques by using multiple transmission lines of various
lengths. This technique has proven to be effective in improving
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calibration accuracy and minimizing the effects of
discontinuities and higher-order modes, which are prevalent at
high frequencies. Additionally, MTRL calibration reduces the
impact of uncertainties in the standards by averaging errors
over multiple lines, thereby improving statistical stability.

In this paper, we present a comprehensive evaluation of
MTRL calibration from 1 GHz to 220 GHz, using microstrip
and coplanar impedance standards fabricated on the same 50-
pm-thick semi-insulating GaAs chip. It is found that the
differences in calibrated scattering (S) parameters are negligible
by different calibration standards, e.g., microstrip vs. coplanar
lines and single vs. multiple lines. This suggests that users can
have the flexibility when choosing on-wafer calibration
standards. On the other hand, the normalized standard deviation
(NSTD) and mean absolute error (MAE) generated by Monte
Carlo analysis of calibration uncertainties can give more
insights than the S parameters. For example, the NSTD and
MAE benchmarks show that increasing the number of
impedance standards significantly improves calibration
accuracy and statistical stability. Thus, it appears that
conclusions based on MTRL calibrations below 110 GHz can
be extended to ultra-wideband MTRL calibrations.

II. MEASUREMENT SETUP

Fig. 1 shows that the measurement setup comprises an
Anritsu ME7838G 70-kHz-t0-220-GHz VNA, an MPI TS2000-
IFE fully automated probe station, two MPI TITAN T220A-
GSGO50 probes, and an MPI TCS-050-100-W impedance
standard substrate [4], [5]. With optical feedback through
pattern recognition, the probes automatically land on different
impedance standards with an accuracy better than + 1 um,
despite their different lengths. This is critical for measurements
up to 220 GHz but difficult to achieve manually.

For on-wafer calibration, the micrographs of Fig. 2 illustrate
the microstrip and coplanar impedance standards. The
microstrip standards include a THRU, an OPEN, and six
transmission lines 200-, 250-, 1000-, 1350-, 5000-, and 7400-
um long. The coplanar standards include a THRU, an OPEN,
and six transmission lines of the same lengths as the microstrip
lines. The line lengths are selected to ensure calibration stability
and accuracy across the ultra-wide bandwidth, based on the 1:8
length ratio for optimal phase coverage and minimal calibration
discontinuities [4]. All lines are designed with a characteristic
impedance of 50 Q at 140 GHz. The microstrip lines are 35-um
wide; the coplanar lines have a 25-um center electrode with 25-
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Fig. 2. Micrographs of (a) microstrip and (b) coplanar THRU,
OPEN, 200-um line, and 250-um line standards fabricated on 50-um-
thick semi-insulating GaAs substrate. Longer lines are used but not
shown.

um gaps to the ground electrodes. With offset calibration, the
100-um-long THRU becomes effectively zero-length THRU.

Instead of conventional ground-signal-ground probe pads,
both microstrip and coplanar standards feature wrap-around
grounds to minimize the coupling between probes and
neighboring devices [6]. Because the foundry layout does not
allow totally enclosed metal pads, gaps between pads in the
first

metal layer are patched by the second metal layer, taking
advantage of the two available metal layers.

These standards are fabricated by WIN Semiconductors
using its PP10-20 technology on a 50-um-thick semi-insulating
GaAs substrate with backside metallization. A high density of
through-substrate vias (TSVs) connects the top and bottom
ground planes to prevent unwanted modes. With the bottom
ground plane only 50-um away, all coplanar lines are grounded
coplanar (GCPW) lines.

III. RESULTS AND DISCUSSION
A. Calibration Accuracy of S Parameters

The accuracy of MTRL calibration from 1 to 220 GHz is
evaluated by using single or multiple lines of: 200 gm, 250 um,
200 um + 1000 gm, 200 gm + 1350 ym + 5000 gm, and 200
um+ 250 yum+ 1000 gm + 1350 gm + 5000 pm. Ideally, these
lines should have delays between 20° and 160° for a frequency
range of 1:8 per line [3]. Theoretically, the more lines, the
better. In practice, depending on the required accuracy and
available area, even a single line may suffice.

To evaluate the calibration accuracy of different
combinations of microstrip lines, a 7400-pm-long microstrip
line is used as the device under test. Fig. 3(a) shows the
magnitude of the calibrated reflection coefficient S;; and
transmission coefficient S»; using different combinations of
microstrip lines. (S22 and S, are identical to Si; and Sz, thus
not shown.) It can be seen that the differences are
indistinguishable. Fig. 3(b) confirms that the S>; calibrated by
using 1-3 lines is within 1% of the S»; calibrated by using 5 lines.
Resonance appears around 170 GHz in both simulation and
measurement, probably due to higher-order modes in the
microstrip lines.

Similarly, Fig. 4. shows the calibrated S parameters of a
7400-um-long coplanar line using different combinations of
coplanar lines. Again, the differences are less than 1% across
most of the measured frequency range. However, the resonance
around 170 GHz disappears. This indicates that the high density
of TSVs is more effective in suppressing higher-order modes in
coplanar standards than in microstrip standards, so that
coplanar standards may be preferred for ultra-wideband
calibration.

B. Normalized Standard Deviation and Mean Absolute Error

Although the difference in S parameters appears negligible,
NSTD and MAE better differentiate the calibration accuracy by
using different combinations of impedance standards as shown
in Fig. 5. NSTD reflects the sensitivity to the measurement
noise of the calibration. For example, using a single line, NSTD
= 1 at the frequency when the electrical length reaches 90°.
With multiple lines, errors are averaged over a broader
frequency range, so that NSTD may be smaller than unity
across the entire bandwidth. The results shown in Fig. 5 are
consistent between microstrip and coplanar standards, both
confirming that the more lines, the better.
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Fig. 3.  Calibration accuracy for a 7400-uym microstrip line: (a)

Magnitudes of calibrated S parameters. (b) Differences in S>1 using 1-
3 lines from S21 using 5 lines.

By adding random noises to mimic the measurement
uncertainties, Fig. 6 shows the statistical result enabled by
Monte Carlo analysis, reflecting the overall calibration stability
by comparing the calibrated results (with noise) and reference
values (actual measured data). It can be seen that the 5-line
MTRL calibration has the best statistical performance in terms
of MAE. The 3-line calibration is almost as good as the 5-line
calibration, validating the rule of 1:8 per line for ultra-wideband
MTRL calibration.

IV. CONCLUSION

Using both microstrip and coplanar impedance standards, we
have comprehensively evaluated the accuracy of MTRL
calibration across the ultra-wide bandwidth of 1-220 GHz.
Although single-line and multi-line calibrations resulted in
similar S parameters, the normalized standard deviation and
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Fig. 4. Calibration accuracy for a 7400-um coplanar line: (a)

Magnitudes of calibrated S parameters. (b) Differences in S21 using 1-
3 lines from S21 using 5 lines.

mean absolute error confirm that the more lines, the better. At
least sufficient number of lines of suitable lengths should be
used for a bandwidth of 1:8 per line to ensure statistical stability.
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