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Abstract: A new level of accuracy in the
measurement of microwave parasitic has
been achieved, due to the combined
development of microwave wafer probes and
on-wafer inpedance standards. Repeatable
losses and reflections in the probes can
be readily removed from measured data, but
radiation losses and crosstalk cannot be
mrrected and must be minimized. CMeport
and twoport on-wfer standards for several

probe footprints are shown, and their per-
formance verifid.

Introduction

Timely development of either monolithic
microwave circuits or ultra-high-speed digital cir-
cuits requires precise knowledge of monolithic cir-
cuit element parameters and their variations and
pamsitics. The complex Eture of scxrre of these
ele,ments and their interactions has precluded accu-
rate theoretical prediction or even scale rrcdel-
ling. iticrovave wafer probes hve been shown to be
an accurate and convenient tool for the detailed
netwxk analysis of monolithic elements [1,2]. A
vafer probe can be viewed as an adapter from coax
to konding Pads, and as such will perturb microwave
measurements in the same fashion that ccaxial
adapters affect measurements. Ikmnstrated
microwave wafer probes allow uncorrected measure-
ment accuracies similar to the accuracies achieved
with SMA connectors. However, the combination of
microwave probes with a corrected network analyzer
and on-!.afer in~edance standards which are much
s!raller than a wavelength allows on-wafer S-
parameter Imeasurements with a new level of accu-

racy. In this paper we discuss the requirements on
the probes to be usable with a ~rrected netwrk
analyzer, some typical oneport, twqmrt, and bal-
anced calibration techniques and results, and a
discussion of probes and calibrations for high-
speed digital circuits.

Probe requirements for use with a corrected
network analyzer

‘There are three classes of sigml degrad~tions
which a wafer probe can cause: losses, reflections,
and crosstalk. When using a probe (or any adapter)
with ~ corrected network analyzer, the tolerable
level of losses or reflections is relatively high;

the only limit is maintaining sufficient signal
level for gocd signal-to-noise ratio.

%wever, the losses and reflections must be as
repeahble as the resolution desired. If signifi-
cant signal power is radiated from the probe(s),
the probe losses are normally not repeatable. This
is kcause the mferr wfer chuck, or other conduc-
tors are moved in relation to the probes, causing
changes in the radiation impedance. %diation from
one line to another can also occur, creating

crosstalk.

For twoport calibrations, the standard 12-
element vector correction mcxlel [3] includes a
leakage correction element for each direction, but
the ability of this element to cxxrect for
crosstalk is very limited [1]. In practice, it has
been found that limiting crosstalk between probe
lines is simpler and more accurate than attempting
to correct for it. Crosstalk can be caused either
by coupling between transmission lines on the
probe(s) or by common-lead inducizzmces. Since the
crosstalk is uncorrected, even in a corrected rreas-
urement, any crosstalk will appear in low-level

transmission measurements. The allomble crosstalk
level is approximately equal to the required
transmission accuracy. Demonstrated Firs of

single-line microwave probes achieve greater than
45 dB isolation through 18 GHz. Tim-line probes

with a signal-ground-signal contact configuration
achieve a worst-case isolation of only abut 20 dB
through 18 GHz. This is due to the comnon-lead
inductance of the ground contact (abut 50 pH), the
worst case being when all the contacts are shorted
together.

(ln-=fer calibrations

A “t-w-tier” deembedding approach [4] is pos-
sible, wherein the probe parameters are measpred
and stored for removal from parameters mexured
from a CQSX calibration. M3wever, since the probe

contact to the standards on the @edance standard
substrate (1SS) is faster and more repeatable than
making -X connections, two-tier deemtedding is a
waste of time and accuracy. Therefore, the pre-

ferred approsch in calibration is to use the on-
hafer standards to calibrate directly at the probe
tip(s) (“one-tier” deembedding).
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The wafer probe adapts from a coaxial
transmission medium to essentially twinstrip or
coplanar v,aveguide or other coplarx+r lines on the
m f er surface. However, since the dimensions of
many nr.molithic structures for ICS and for
impedance standards are smll with respect to a
wavelength, these on-vafer structures are lurqed in
nature. The impedance standards for L&in oneport
and twport a 1 i brat ions are arn lyzed for accuracy
using theoretical predictions of psrasitics, meas-
urement at low frequency, comparison to other stan-
dards, and scale modelling.

Impedance standards have been built on CaAs,
Si, and alumina. The CaAS and alumina calibrations
perform very similarly, while the Si calibrations
show significantly more capacitance to the sub-
strate, as expected.

The type of calibration standsrds used must
correspond to the contact configuration of the
probe(s). For simplicity, the standards for the
probes shown in figure 1 [1,2] will be considered
first. Generally, narrower contact spacings allow
slightly more accurate mlibration; tend pads as
small as 50 um wide on 100 um centers are readily
used.

Figure 1. A simple coplanar probe configuration
which has achieved accurate microwave results. Gne
probe head has a ground-signal contact configura-
tion and the other probe head has a signal-ground
contact amfiguration. Note tit the probe contict
areas are visible from the top, since they extend
just beyond the end of the probe bard.

Oneport calibrations

Figure 2 shows the mini.nnl set of two120rt
=librations for the probes in figure 1, and a
CaAsFI?T with the corresponding fcotprint. In Fig-
ure 2, the short standard is simply an ~rea of
metallization which creates a low inductance

between the contacts. lhe 50-ohm losd is a 50 urn

SHORTCIRCUIT m:::m

50-OHfl LOAD

SOURCE ORAIN

1[
SOURCE

THRU CALIBRATION
GATE

1X300 urn GaAsFET

Figure 2. Minimum oneport and tmport stanikirds
for the probe fcotprint illustrated in figure 1,
and a GaAsFET with a corresponding fcotprint.

square resistor deposited on the GaAs. Its resis-
tance can be measured at IX, its series inductance
is alculated to be about 30 pH, and the parallel
capacitance is calculated to be 4.9 fF on G=@&
The cpen-circuit standard is just the probe raised
from the substrate. The stray capacitance can be
empirically determined, as is done for cmxial
calibrations. By ensuring that the corrected
reflection coefficient magnitudes of high-Q coils
and capacitors are less than one, the open-

ca~citance an be determined to within abut 3 fF.
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+J15

~
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Figure 3. Corrected oneport mmsurements of vari-
ous on-wafer impechnce standards. The short, the
50-ohm resistor, and the open were used as the
three standards for calibration.
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Figure 3 shows oneport measurements of the
calibration standards and other inpedance standards
after calibrating the system with a short, a 50-ohm
termination, and an cpen circuit. The other stin-
dards are necessary to verify the accuracy of the
calibration, since repetition of the calibration
standards only proves that the system repeats its
m-surements. ?+s can ‘be seen in figure 3, the
resulting measurement ts are extremely tightly
grouped and demonstrate the lumped mture of these
elements.

The measurement of a 50 X 150 um rectangle of
metalization (just large enough to short the signal
contact to the ground contact on the probe) is
shown in Figure 4. Abut 30 pH of inductance is
measured, comparing well with the expected induc-
tance. Extra conductor under the end of the probe
tip causes a small interaction between the conduc-
tor and the very end of the probe tip, resulting in
an apgarent negative inductance as large as -60 PH.

ONE-PORT CALIBRATION, 2-!8 ~Z, I GI+Z STEPS
2 x 6 IIIL SHOW
S11 PLOT +J5M

~

.J!5

-J15

Figure 4. Corrected oneport measurement of a 50 X
150 urn metallized rectangle, illustrating the abil-
ity to measure inductances below 50 pH.

TwoPort calibrations

‘Twoport corrected S-~rameter measurements
with the standard 12-element error model use the
ahve czilibration for each port, plus a through
connection and isolation calibration standards.
The through standard crmnects the two ground con-
tacts together and the two signal contacts
together. For the isolation calibration, either
the probes are open-circuited in air, minimizing
any coupling between them, or the isolation error
terms are simply set to zero.

Figure 5 shows the measurement of a 10-dB pad
after the twoport calibration, verifying the hslc
accuracy of the standards. Figure 6 shows the

measurement of a typical lX300 um @AsFET, along
with its lumped equivalent circuit [5].

Gm 1

10DS PAD

n
S21 and S12 6ND ?

-!0,0

i

n
A -25,gJ5j .
G
n
I -39.00

;
D -35.00
E

D -,@ ~
B

-45.00

2000 4M$R 6009 S000 12000 12000 14S80 1600S !WCIO

FREOUENCY (MHZ)

Figure 5. Corrected twoport measurement of a snrill
10-dB pad. The measured S21 rmgnitude tYplCdllY
varies +0.1 dB over 2 to 18 GHz..
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Figure 6. Measured 2-18 GHz S-wrameters of a typ-
ical 1.0 X 300 um FWI’, using the microwve wsifer
probe. The circles are S-parameters of the sin@i-
fied equivalent circuit calculated from the rWKS-
ured ~rameters.

‘Ihe above discussion illustrates the calibra-
tions for a simple proke configuration. ~libra-
tions for other types of probe footprints, includ-
ing configurations for mxt commercially-vailable
discrete FU1’s, are possible. Since most discrete
devices ksve rmt been designed for RF probing, spe-
cial ground connections between the gate probe tip
and the drain probe tip are often necessary.

For the case of an MMIC, ground mntacts
should be provided next to the input and output
pads to b probed, as well as next to any bias pads
which require off-chip bypassing. Low-impedance
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bypass probes can be used for on-vafer testing, in
place of the bypass capacitors to be used in the
package. The through calibration standard for

probing an MMIC with a fixed probe footprint is a
50-ohm transmission line with ends at positions
corresponding to the input and output of the iWIIC.
However, greater accuracy can be achieved by using
an adjustable probe footprint, since a minimm
length through calibration standard can be used.

Salanced ailibrations

Cl_Leport and tv.oport measurements with balanced
probes have ken performed. A 2–18 GHz 50-ohm halun
(Cascade Microwave @rt no. 010-019) is connected
between each port of the network analyzer and its
corresponding balanced probe, as in figure 7. Nei-

ther probe head has a ground contact, but there is
a virtual ground plane vertically through the
center of each. In this fashion, most of the
imperfections of the baluns are removed, as if they
were just other adapters. The corrected oneport
m~surement results are very similar to those shown
in figure 3. A corrected twoport measurement of a
10-dB @d is shown in figure 8.

BALANCED-SIGNALPROBEHEADS

i-i

CORRECTED

NETWORK

Lu-J
Figure 7. Connection of balanced prok heads with
widebnd haluns and a corrected net%rk analyzer to
achieve talanced on-refer measurements.

Glibrations for digitsl measurements

The measurement of a nonlinear circuit will
not in general be mrrectable using linear tech-
niques, such as the error mcdels for a corrected

netwrk analyzer. Correction of output signals for
frequency response of the output lines (in
software) can be useful, and precorrection of input
pulses (in hardware) to counteract the response of
input lines may be practical in some cases. For
the cmse of digital measurements, crosstalk and
radiation again are not removable from tile measure-
ments. ‘Ihe main problems with ultrafast digital
probing are the same problems with ultra-fast digi-
tal packaging: ground inductance and lowimpedance

power supply requirements. Except for die with
blanced low-iny?edance outputs, wire probe tips are
simply far tca inductive. In addition to ncise
from common-lead inductance, crosstalk between
transmission lines must also be minimized. For
probe crosstalk measurements, a useful pattern is
one which connects tm signal line amtacts and

shorts them to a ground or ~wer-supply contact.
The transmission between twc signal lines is a sen-
sitive measure of the ground or power-supply
impedance (usually a sirall inductance).

Digi&l circuit risetimes do not yet apprcach
the risetimes of available @bles and printable
transmission lines, so the need for wveshape

correction is relatively minor. Pkxe important to

the digital designer is the accurate measurement of
propagation delays. Through omnections for accu-
rate delay calibrations with multi-line probes can
be built in the same style as for twport ANA stan-
dards, with lines at enough different angles and
positions to make throughs between each Fir of
signal lines.

Conclusions

The accuracy available with stite-of-the-art
microwave wafer probes exceeds the best accuracies
possible in tended-chip test fixtures. Wafer-probe

.,
measurements are so rep-table that cne user can
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resolve which side of a bonding pad (about 50 pH)
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is being contacted by the probe tip. In contrast,

S21 flAx RADILJB . a,5
S12 MAX RADIUS . 0,5 the bondwires in a chip test fixture (at least 500

m(15 50
;*

-115

=7s/’
Figure 8. Corrected twport measurement of a bl-
anced 10-dB pad using the test setup shown in fig-
ure 7.

pH) often cannot be se~erated from the device under
test. In addition to accuracy improvements,

wfer-probe measurements @n be performed non-
destructively, and eliminate processing steps to
dice and tend up prototype chips. Balanced-sigm 1
probes have been demonstrated through 18 GHz,
allowing testing of LMMIC designs which make use of
virtual grounds. llLring the design stage, M?lICs
should be laid out with RF on-u.afer testing in
mind.

References

1. E. W. Strid and K. R. Gleason, “A N–12 GHz
Monolithic CaAsFET Distributed Amplifier”, IEEE

Trans. Microvave Theory and Tech., Vol. lm-30,
No. 7, pp. 969-975, July 1982, and IEEE ‘I?ZinS. on

——
—— —

Electron Devices, Vol. ED-29, W. 7, w. 1065-1071,
L7U1Y 1982.

96



2. K. 1?. Gleason, et. al. “Precise MMIC Parameters
Yielded by 18-GHz Wafer Probe”, Microwave System
Newsr pp. 55-65, May 1983.

3. J. Fitzpatrick, “Error LNcdels for Systems M=s-
urement,” Microwave J., pp. 63-66, May 1978.—

4. D. Smnson,’’Ferret CMt Fixture Errors with Care-
ful Calibration,” Micromves, pp. 79-84, Jan. 1980.

5. R. A. Minasianr “Simplified Gal% M.E.S.F.E.T.
Pkxlel to 10 GHz,” Elect. Lett., Vol. 13, %. 8, ~.— —
549-551, Sept. 1, 1977.

97


