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Abstract— The capability of shield-based test-fixture design used II. 3-PORT MEASUREMENTS WITH2-PORT VNA
in conjunction with three-port device measurements is demonstrated. . . .
The reduction of forward coupling and common-ground parasitics fa- This section outlines a method that can be used to per-

cilitates simple de-embedding that can easily be applied to multi-port  form three_port S-parameter measurements with a two-port
measurements. The procedure is detailed and the capability of the VNA. The method is based on work by Tippet Speciale
method is demonstrated with gigahertz device measurements. ' . . e ’
and Dropkin [5], [6] and combines three different two-

port measurements into corresponding three-port parame-
|. INTRODUCTION ters for the DUT. As illustrated in Fig. 1a, each two-port

On-wafer device characterization is an important enablep-Parameter set is measured with an arbitrary impedance
for high-performance first-try RF integrated circuits. With ©N the “third” portn which is not connected to the VNA.
the high-paced development, device models often lack bedeally, this impedance is 3B but this is not achievable due
hind IC technologies and direct on-wafer measurement s of® Parasitics of the intervening chip-to-coaxial interface, ca-
high importance. However, traditional two-port measuringP!€S: and bias-tee’s. By moving the termination around, we
configurations, e.g. common-source and common-emittePPtain & total of three two-port S-parameters sets, naviied
are not appropriate in circuit configurations where no devicdPOrt 1 to port 2)M2 (port 1 to port 3), and13 (port 2 to
terminals are DC and AC grounded. As a possible solutionPort 3) respectlv_ely._Thls measurement series is illustrated
multi-port measurements facilitate independent biasing of0f @ MOSFET in Fig. 1c and the obtained results are

all device terminals. In practice, three-port measurements
are often sufficient, e.g. for BJT/MOSFET characterization. Sy #12 #32 and 55/'23 55/'33 1
Although three-port measurements have become more ST R O SIS

convenient with multi-port test-sets and network analyzers,

there are still some critical issues that relate to the enviEach of these measurements is calibrated by conventional
ronment of thedevice under testDUT). Silicon technol-  two-port methods using straight and bended standards. Af-
ogy, which has established itself as a leading RFIC conter a successful two-port calibration, the above sets of two-
tender, suffers from large parasitics of interconnects angdort S-parameters are normalized according to Table I.

the semiconducting substrate [1]. For the on-wafer char-

acterization of physically small devices, this leads to large
measuring inaccuracies although thector network ana-

TABLE |
REFERENCE IMPEDANCE VERSUS MEASUREMENT

lyzer (VNA) has been properly calibrated to the probe tips. Reference impedancgQ]
Hence, we need to apply additional correction in the form Measurement | Port1 | Port2 | Port3
of de-embedding. However, a multi-port generalization of m; gg ‘ZJ gg
common de-embedding methods [2], [3] is too complicated M3 7 ) 50

for practical use. In this paper, we extend the shield-based ] ]
test-fixture design method [4] to three-port measurements. 10 be able to combine the three measuring sets, they need
The low forward coupling of the test-fixture facilitates low- {© beé re-normalized to the same reference impedance on
complexity de-embedding without reducing accuracy. Wethe same port. Hence, we need to know the “third” port
detail the measuring method and illustrate its capability withmMPedancess, Z, andZs. With each two-port calibra-
gigahertz device and circuit measurements. An RF CMOgion, these impedances are estimated using a thru standard
circuit example demonstrates how the use of two-port mea@S shown in Fig. 1b. Once, these “third” port impedances
surements give strongly misleading results while three-por@® known we can re-normalize all measurementg o

measurements succeed. (port 1),Z, (port 2), andZz (port 3) by employing standard
re-normalization techniques [6]. Note that we cannot re-
The RISC group’s Internet address is http://tele.auc.dk/risc/. normalize directly to 5Q for all ports. The re-normalized
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the worst-case port-port coupling exhibits negligible values.
Further, the low-loss ground shield effectively mitigates the
impedance between DUT and ground pads.
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Fig. 1. lllustration of (a) two-port configuration with port 3 terminated, (b) -20 |
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where we average redundant measurements. As a final step, Fig. 3. Port-port coupling of shield-based three-port test-fixtures.

the matrixS,, is re-normalized back to the nominal refer-

ence impedancgy = 50Q for all ports [6]. This gives us  pye to these properties, the shield-based three-port test-
Smswhich is the final result. fixture can accurately be represented by the simple equiva-
lent model shown in Fig. 4a. Note that each 4-component
ladder-section (for each port) could be reduced to just two
The accuracy of the three-port measurement depends @omponents — a parallel and a series impedance. However,
(i) careful VNA handling and calibration as well as (ii) the chosen representation allows us to separate probe/pad
careful design of the test-fixture holding the DUT. The effects from fixture effects and, hence, use symmetry con-
latter is particularly critical for silicon-based technologies siderations to evaluate the achieved de-embedding accuracy
where high-complexity de-embedding is needed to subtradé]. The series parasitics are extracted using simple and
test-fixture effects [2], [3]. Recently, shield-based designfull short standards, while simple and full open standards
methodologies [4] have introduced numerous benefits, inare used to extract the parallel effects. The open and short
cluding (i) effective mitigation of port-port leakage due to standards are fabricated by removing the DUT from a test-
improved common ground, (ii) high area-efficiency due tofixture and replacing it with the standards shown conceptu-
full scalability of test-fixture parasitics, and (iii) relieved ally in Fig. 4b.
de-embedding requirements since the number of significant Using the three-port measuring approach described ear-
parasitics is reduced. In this work, we have extended théer, we obtain the &3 S-parameter matrix§ys, including
shield-based methodology to a three-port scenario as showDUT and test-fixture effects. To de-embed the measure-
in Fig. 2. As for the two-port case [4], Fig. 3 shows that ment, the scattering matrix is converted into impedance pa-

IIl. TESTFFIXTURE AND DE-EMBEDDING STRATEGY
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Fig. 4. lllustration of (a) test-fixture model, (b) de-embedding standards.

rameters as

Zo-(1+Smg) (I —Smg) * ©)

Ims =

wherel is the 3x3 identity matrix. For each calibrated
port n, we measure the simple/full short and open stan-
dards, thereby obtaining the impedances and admittances

ZSSnv Zfs,n (W|th Zssn Subtracted)qun, andeoyn (W'th qun

subtracted). These may be obtained from measured one-port
reflection coefficients [4]. We then form diagonal matrices

|V Zssl O 0
Zss = 0 ZssZ 0 (4)
[ 0 0 Zs3 J
for cases 'ss’, 'fs’, 'so’, and 'fo’.
parameters are then extracted as

_ -1
YDUT = (((st—zss)l—Yso) 1—Zfs> —on (5)

and can be converted into any desired two-port format.

IV. MEASUREMENTS ANDVERIFICATION

The actual DUT Y-

recall that the shown standards can be used to de-embed
other measurements as well. Since probe overlap on the
standards is critical for the probe-die impedance, the asy-
metrical full standards should only be probed from the in-
tended side.
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Fig. 5. On-wafer three-port test structures.

For each two-port calibration of our HP8510C VNA sys-
tem, the accuracy was carefully evaluated using an open stub
verification standard available on oimpedance standard
substratg(ISS). As no bended reference attenuator is avail-
able on the ISS, a bended thru standard was used to ver-
ify the transmission calibration. For the present measuring
range (45 MHz to 12 GHz), we use a SOLR calibration [7]
to ensure the best accuracy near open and short terminations.
This method also relieves the accuracy requirements for the
bended thru standard. In Fig. 6, the measured and normal-
ized MOSFET input reflection coefficient is plotted for two
different two-port calibrations (zero bias). Very good agree-
ment is achieved indicating a good measuring/calibration re-

To illustrate the capability of the method, three-portliability and good consistency between bended and straight

measurements have been conducted on axR®b um
MOSFET device.

thru standards.

The shield-based test-fixture and de- The complete set of scattering parameters for the consid-

embedding standards, shown in Fig. 5, were fabricated irrred MOSFET in strong inversion saturation are shown in
a 6-metal layer 0.2%m CMOS technology. The pads fit Fig. 7. All curves are smooth which indicates that proper
150 pm-pitch GSG probes. By rotating the chip, the shortcompensation for the reflection at the third port has been
and full open/short standards are accessible by all probeaccomplished. As expected, the low frequency phase differ-
Although the structure consumes a relatively large die areence betweesy; andsz; is 180°. The input reflection cor-
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good isolation between gate and drain/sousgg dnds; ). Fig. 8. Simulated return loss of LNA circuit using two-port and three-port
Although the test-structure consumes a significant amount measurements.

of die space, it facilitates an evaluation of the MOSFET
in all possible configurations; including common-source,

: ) : VI. CONCLUSIONS
common-drain, and common-gain. The same evaluation

would require three different two-port test-fixtures. In this paper, we have demonstrated an on-wafer charac-
terization procedure for three-port devices. Using shield-
it based test-fixtures, we reduce port-port coupling and dan-

gling leg impedance to an extent where low-complexity de-
embedding is facilitated. Measurements display a high level
Ve =2698 V] of consistency, even when a two-port network analyzer is
Vp =2.502 V used. The advantage of using three-port network param-
Vg =1.848 V ; .
I5=1.0 mA eters over two-port parameters for accurately modeling cir-
cuit responses was clearly demonstrated using an RF CMOS

design example.
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