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Motivations

« SiGe bipolar technology is continuously increasing the device max
operating frequencies (i.e., f; and f_.), and currently approaching
0.5THz [Heil0].

 The current development of SiGe HBTs, in EU, Is supported by
several public research funded projects.
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[HeilO] B. Heinemann et al. "SiGe HBT technology with fT/fmax of 300GHz/500GHz
and 2.0 ps CML gate delay", IEDM Tech. Dig., pp. 688-691, 2010.



Needs at (sub)mm-wave

To fully exploit the capabilities of these advanced technologies and aim
at commercial applications there is a strong need for:

« Accurate and verified models of active and passive (BEOL) at
(sub)mm-wave.

« Large signal characterization of the transistor (both power and load
pull).
* Noise characterization of devices and receiver chains.

All these measurement require accurate probe-level S-parameter
calibrations as a first step.
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(Sub)mm-wave challenges

What is different at (sub)mm-wave frequencies?

Measurement accuracy:
- Higher losses
- Lower available power, thus lower dynamic range

Wafer probes:
- Probe tips from the different vendors don’t scale with
frequency, always requiring ~20-25um of signal line.

Calibration substrates:
- Substrate thickness (for single layer substrates) cannot scale
linearly with frequency for mechanical stability (handling).
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CPW lines for probe-level calibration will support several higher
order modes, which should be accounted for and minimized.
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Agilent EM Pro

/

Simulation box: Air
Boundary: Radiation (solution region provides no edge reflection)




EM simulation - excitation

Waveguide ports are able to force and sense
distinct EM waves (i.e., field distributions).

Multimode waveguide port .-"‘* MicrqSﬁrip
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EM simulation - excitation

Lumped ports represent a point excitation and generate fields
disturbance at the transition. The bridge is designed to provide low L
and C.




Multi-modes in CPWs

Co-planar waveguide structures can support several modes,
depending on the frequency and substrate characteristics.
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Multi-modes in CPWs

The various modes propagating on a given structure can be analyzed
numerically by plotting the effective permittivity or the normalized wave
number [Shige90].

“At higher frequencies the value of 3 for
P s CPW mode can become lower than that

dlh=w/h=0.25
La | oemte ™ TEoss S for the surface wave. For freguencies
z';z'.“mf" _—  above that cross-over point, power will
e w2z leak from the slot line mode into the
= oW surfacemavelike surface wave and the propagation
e fominantmode wavenumber will become complex”
" / e i wth 26v3ds) [Shigess]
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[Shige88] H. Shigesawa, et al. IEEE MTT-S vol. 1, pp. 199-202, 1988.
[Shige90] H. Shigesawa, et al. IEEE MTT-S vol. 3, pp. 1063-1066, 1990.



Multi-modes in CPWs

The various modes propagating on a given structures can be analyzed
numerically by plotting the effective permittivity or the normalized wave

number [Shige90].
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Multi-modes in CPWs - PPW

- During calibration the substrate is placed over a metallic chuck,
thus supporting parallel plate waveguide (PPW) mode (CPWG).
- Absorbers can be used to suppress such mode.
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Multi-modes in CPWs — Common mode

-Increasing the gap increases radiation due to the CPW common mode.
-Reducing the substrate ¢, allows to reduce the gap for a given Z, and
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Multli-modes in CPWs - surface wave

Surface waves modes propagate along the grounded dielectric slab.
Losses due to surface waves can be analyzed comparing them with an
ideal CPW air case.

Insertion loss [dB]

Increasing losses due to surface waves
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Multli-modes in CPWs - surface wave

- Surface waves are reflected at dielectric discontinuities.
- Including an air gap in the simulation allows to visualize surface waves
reflections from the S21 interference pattern.

- CPW no AirGA
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Multli-modes in CPWs - surface wave

- Surface waves are reflected at dielectric discontinuities.
- Including an air gap in the simulation allows to visualize surface waves
reflections from the S21 interference pattern.
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Multli-modes in CPWs - surface wave

- Surface waves are reflected at dielectric discontinuities.
- Including an air gap in the simulation allows to visualize surface waves
reflections from the S21 interference pattern.
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Fused silica substrate

When targeting (sub)-mm-wave calibrations high quality substrates

(i.e., fused silica) with lower g, and low dispersion, can be used to
fabricate lines for on-wafer TRL cal.
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Fused silica substrate

Fused silica exhibits very low losses, thanks to a small CPW gap and
the higher cut-off frequency of the TE; mode.
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Z0 extraction

The characteristic impedance is extracted using Eisenstadt approach.
Fused silica substrate provides consistent values independent on the
substrate terminations, i.e., energy lost in the (unwanted) substrate waves
IS marginal.
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Standards design

At sub-mm-wave attention must be placed on the electrical length which
occurs between the short location and the center of the thru line.

Low frequency
STD design
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Standards design

At sub-mm-wave attention must be placed on the electrical length which
occurs between the short location and the center of the thru line.

Low frequency S_DUT vs S_ideal
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Cal substrate

Placing the short location at the center of the thru always avoid the change
of sign of the root within the calibration bandwidth.

Mm-wave frequency
STD design
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Cal substrate

Placing the short location at the center of the thru always avoid the change
of sign of the root within the calibration bandwidth.

S_DUT vs S_ideal
Mm-wave frequency
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TRL — a quick recall

The thru reflect line calibration technique requires in order to calibrate a

VNA only a limited number of information.
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“Instead of a collection of offset shorts, or the single
short in conjunction with sliding terminations, ... the only
items now required to calibrate the measurement system
are a section of the transmission line or waveguide in which
the measurements are to be made (which implicitly
defines Z,), plus a termination for which a nominal value for

the argument of the reflection is known.”
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“Thru-Reflect-Line”’: An Improved Technique
for Calibrating the Dual Six-Port
Automatic Network Analyzer

GLENN F. ENGEN, SENIOR MEMBER, 115, Anp CLETUS A, HOER, Mines, s

Abstract—In an earler paper, the unc of 3 “thru-short-elay” (ISD)
s o gt i i etk e
described. Asicther

ex » known sbort, or & “calibestion circuit” climinated. This paper will
procedure.

I Ivmobucrion

HE APPLIC, of digital technology to the
field of microwave rement is perhaps best
illusteated by the automatic netwOMagpalyzer (ANA), In
addition to the time-saving features. er. a major
shift in measurement strategy has been int In
particulzr, the requirement for an ideal item of test o

Fig 111 s comenient to imodel u reflectomeier a3 an ideal one i
Stssade with 8 v port “error bos

ment (e.g., reflectometer) has been replaced by a more
complete theery in which deviations from the ideal are
eaplicitly recognized, evaluated, and, in theory, eliminated
from the final measurement result. The determination of
these “deviations from the ideal” is penerally referred to
as the ANA “calibration.”

In the case of the conventional ANA, which is based
upon the four-port reflectometer, it is convenient [1] to
visualize the calibration as shown in Fig. 1. Here the
nenideal reflectomter has been modeled by an ideal one
in cascade with & two-part “error box”

The properties of the ideal reflectometer can be chosen
a way that its sidearm wave amplitudes b,, b, are,
respectively, rgent and incident waves at
4 fietitious “detector plane” Wi 1o

twe-port “error bos.” The paramelers of the “error box
are provided by the ANA calibration, After this has been
dore, these perameters, in combination with the reading
of the complex ratio detector, permit an “exact” de-
tesmination of the signals at the measurement plane.

In order 10 make two-port measurements, it is con-
venient 1o introduce a second (nanideal) reflectometer
and complex ratio detector which is then modeled in the
sante way as the first one. This is shown in Fig. 2.

The calibration requirement now calls for abtaining the
parmeters of error boxes 4 and 8. One procedure for

ing this is via the “thru-short-delay” (TSD) technique
[21. 3], 1n this technique, the error boxes A, B become the

Meonscrptrceived Apel 30, 1573 reied Augus 2. 1
The wuthors are with the Flectromagactic Technology otion, N
tioma. Bureau of Standards, Boulder, CO B030%.

Fig 2. For twport messurements 3 second. refleciomerer s added
and modeled a5 th first. Farameters o the 1o error hoses are obiained

messursmenis with the Gonnestions shown, where for TSD
inown shor s eneraly wieh il for TRL sry sninown gty
reflecting termination may

key components in three additional (fietitious) two-ports,
The first of these is the cascade combination of 4 and &
and is formed (Fig 2) merely by connecting measurement.
planes 1 and 2 together (thru). The second two-port is a
degencrate one and results from terminating the measure-
ment planes with shorts (shor). Finally, mc substitution
of an (unknown) length of (nonreflecting) line between
the measurement planes 1, 2 yields the i two-port
which is thus comprised of A, the length of linc, and 8 in
cascade (delay). Given the scatiering parameters of these
three two-porls, it is possible 10 solve for the individual
scattering purameters of error two-ports A, B.

U.S. Government work not pratecied by U.S. Copyright
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TRL — a quick recall (cont.)

Calibrations equations and “residual” errors can be easily investigated
employing circuit simulator, and making use of the extended analysis tools
which are now embedded in the data displays, i.e., Agilent ADS.
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TRL — a quick recall (cont.)

After applying proper renormalization (on a well-behaved TEM line) effect
of high tand provides no additional error to the calibration.

Error
@S 11_err=abs(Sdut(1,1}-SRef(1,1)) EWS22_err=abs(Sdut(2,2)-SRef(2,2))
ms21_en’=abs(8dut(2.1 }SRef(2,1)) m812_err=abs(8dut(1 2)-SRef(1,2))

Z0 vs TanD @ freq = 250 GHz
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Probe-substrate coupling

First (qualitative) measurements show limited impact of probe
capacitive (coupling) versus the substrate. This indicates the
possibility of calibration transfer also at sub-mm-wave.
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Probe-substrate coupling

First (qualitative) measurements show limited impact of probe
capacitive (coupling) versus the substrate. This indicates the
possibility of calibration transfer also at sub-mm-wave.
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Meas. results - Fused Silica

- Probe level TRL calibration performed on fused silica structures.

- Measured data correlates well with simulation predictions

- Measured characteristic impedance for short and long lines is
consistent.
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Meas. results - Alumina

- Alumina lines (after TRL using fused silica), correlate well with
simulation, exhibiting the expected high loss due to radiation modes.

- Alumina lines measured over different locations show interference
patterns, as seen in simulations.
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Meas. results - Alumina

- Alumina lines (after TRL using fused silica), correlate well with
simulation, exhibiting the expected high loss due to radiation modes.
- Alumina lines measured over different locations show interference

patterns, as seen in simulations.
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Meas. results - comparison

Fused silica lines, exhibit low losses arising from mode coupling, thus
providing a good base for (sub)mm-wave probe level calibration.
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Meas. results - BICMOS

Lines implemented in BICMOS back end, measured after fused silica
calibration, show high correlation with 3D simulation (EM Pro).
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Meas. results - BICMOS

Lines implemented in BICMOS back end, measured after fused silica
calibration, show high correlation with 3D simulation (EM Pro).
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Conclusions

A detailed analysis, based on 3D EM simulations, of the effect of
multimode propagation occurring on CPW structures was
presented.

The limitations on the predictions of the electrical behavior of
CPWs integrated on electrically thick substrates were discussed.

A fused silica substrates was proposed and fabricated to perform
accurate (sub)mm-wave calibration.

Experimental data of CPW lines on both fused silica as well as
alumina (after a TRL calibration using fused silica) were performed
and show high correlation with their simulations.

Experimental data on BICMOS lines, after fused silica calibration,
shows high correlation with 3D EM simulations, validating the
calibration transferring assumption.
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