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An In-Circuit Noncontacting Measurement Method
for S-Parameters and Power in Planar Circuits

Jorgen Stenarsoistudent Member, IEEKIas Yhland, and Claes Wingqvist

Abstract—A method for measuring the reflection coefficient
and absolute power in the propagating waves from a circuit em-
bedded in a planar circuit environment is presented. The method
utilizes a pair of inductive and capacitive probes. The standard
one-port vector-network-analyzer calibration is extended to allow
the measurement of power in the forward and backward waves.
Experimental results are presented for measurements between
700 MHz and 20 GHz. Good agreement between the new noncon-
tacting method and a standard coaxial measurement method is
demonstrated up to 12 GHz for power and up to 14 GHz for the
reflection coefficient. The method is useful for in-circuit testing of (@)
open transmission-line structures, e.g., microstrip.

Index Terms—Electromagnetic probe, microwave circuit testing,
power measurement, scattering-parameter measurement, vector
network analyzer.

I. INTRODUCTION

N MICROWAVE circuit design and testing, there is a need

for S-parameter and power measurements on system sub-
circuits when the system is fully assembled. While it is easy (b)
to disconnect and measure sub-circuits with coaxial interfaceg, 1. (a) capacitive probe configuration. (b) Inductive probe configuration
this becomes difficult when the entire system is integrated oricameasuring the waves on a transmission line. This figure shows a side view
single circuit board. I5-parameters or power is to be measuref the probes as positioned along the transmission line.
for the sub-circuits on the circuit board, it is often necessary
to cut the circuit board into pieces. Another approach is to ug@ctive probes (Fig. 1) [2]-[6]. There are several drawbacks
coplanar probes to contact the sub-circuits. This method also#gthese methods. The first method requires complicated laser
quires physical modification of the system, temporarily cuttingquipment usually not available in a microwave laboratory. Both
the transmission lines connecting the device-under-test (DURjethods have the disadvantage that the probing has to be done

Therefore, it is desirable to switch to a nhoncontacting tecbither using two probes separated by a certain distance or by
nique. By applying the test signal through the normal signal paifoving a single probe to two locations to allow the calculation
of the system and measure the signal with noncontacting probgfsthe propagating waves. Ideally this separation should be a
it is possible to measure titeparameters and power waves diguarter-wavelength. This is inconvenient when measuring over
rectly. a wide frequency band, as it requires probe movement during

For S-parameters, two such methods have been reported. the sweep. There is seldom much space between sub-circuits on
first method is based on electrooptic probing. It utilizes thg circuit board, thus, low-frequency measurements become dif-
field-dependent refractive index (Pockels effect) of a substratgult with these methods.
e.g., GaAs, to measure the field amplitude around a transmisNeither of the noncontacting methods noted above offer a
sion line [1]. The second method uses capacitive probes or §traightforward means for absolute power measurements.

This paper is an extension of the results presented in [7],

, _ _ . where a method to solve the aforementioned drawbacks is pre-
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Fig. 2. Fixture for the proposed solution with one capacitive and one inductitég. 4. Test circuit foiS-parameter measurement verification. Microstrip line
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Fig. 5. Test circuit for power measurement verification.

Fig. 3. VNA test setup block diagram for noncontacting measurements.
present at the DUT. Normally this is not a problem because

o the ol ircuit . tand. th I ‘ b the device is measured standalone at a well-defined interface,
0 the planar circuit environment and, thus, aflows for an abs .g., coaxial connectors, where it is easy to control the power

lute power calibration of the system. Power correction metho el. The conventional VNA calibration procedure can be

similar to the one used here are presented in [8]-{10]. augmented with an extra step for power calibration. A power
measurement is then used to adjust the error coefficients of the
Il. GENERAL PROCEDURE VNA so that power corrected waves can be calculated.

A simplified block diagram of the one-port vector network The complete calibration is a two-step procedure. The first

. sttep is the conventional one-port calibration for the microstrip
analyzer (VNA) setup used for the noncontacting measuremen 5 . . :
reference plane using three standards. Fig. 4 shows the design

is shown in Fig. 3. This setup is very similar to a normal VNAbf the standards. The second step is power calibration. Itis com-

The main difference is that, instead of connecting the receivers A
) ; rised of an adapter characterization and a power measurement
of the VNA to the internal couplers, they are connected direct] : . :
at is transferred from the coaxial reference plane to the mi-

to the probes that measure the current and voltage on the trans- . . . .
o crgstrip plane. The adapter is the part between the microstrip
mission line. The fact that the current and voltage are measure . .
erence plane A and the coaxial reference plane B (Fig. 5).

instead of forward and reverse waves is not a problem. Since thie
current and voltage are linear combinations of the forward and
reverse waves, this is taken care of automatically by applying a
standard VNA error correction procedure. Another difference is The pair of probes manufactured for the verification of the
that the RF signal is applied through the embedding circuits wfethod contains one capacitive probe [see Fig. 1(a)] and one
the system during testing and through a connector during caliductive probe [see Fig. 1(b)]. The inductive probe couples
bration (Fig. 3). This means that the embedding impedance faainly to the magnetic field, which is a measure of the current
the DUT is different from the embedding impedance of the calia the transmission line. The capacitive probe, on the other hand,
bration standards. However, there is no need to know the embeduples mainly to the electric field surrounding the transmission
ding impedance since the impedance of a one-port can be diae and, thus, gives a measure of the voltage on the transmis-
culated from the voltage over and current through the one-psitn line.

without knowing the source impedance. The capacitive probe is manufactured from a piece of stan-

When using the conventional VNA calibration proceduredard 0.085-in semirigid subminiature A (SMA)-type coaxial

there is no information available on the absolute power levadable. The outer conductor and dielectric was cut away and a

I1l. PROBE AND TEST SUBSTRATE DESIGN
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short piece of the center conductor is used as a probe. The in-

ductive probe was made in a similar way, but a longer piece of L")z _a>
center conductor was stripped to allow the folding into a loop. T i
The end of the center conductor was soldered to the outer con- - 4_
ductor. m, b 5

A simple probe fixture was designed (Fig. 2), which allows
manual adjustment of the height of the probes above the trans- =
mission line. This is, however, meant to be used as a means , I
of adjusting the coupling before the calibration-measurement’ 6. Model used fof5-parameter and direct power calibration.
cycle begins. It is imperative that the relative height remains . L
c)(;nstantgduring the CF;/cIe because the position isgincludedtgﬁ calculated fromnl_ a_n_dm2, and the refle.ctlon coefficient is
the correction factors. Two holes on each side of the transmﬁ en calculated by dividing by a as follows:
sion line are used to guide the positioning pins (Fig. 4) of the
probe fixture. It is important that the holes are accurately posi-
tioned relative to the transmission line and the calibration refer-
ence plane. To allow some flexibility in the choice of reference
plane, _several pairs of holes were placed along the transmission Do+ TooM,  Toy /Ty + Tos/T11 M,
line (Fig. 4). YTy +TeM, 1+T/TuM,

The microstrip test circuits were manufactured on a Rogers
RT/Duroid 5870 substrate with. = 2.33 and a thickness of whereI", is the reflection coefficient of the termination. The
0.38 mm giving a 532 linewidth of 1.11 mm (Fig. 4). A coaxial Standard calibration procedure is to measufg for three dif-
connector is attached to one end of the microstrip line. It is ust&fent terminations, e.g., SOL, where the letter subscript of the
to connect the RF source or a VNA. The other end is terminati@riables is used to denote which standard is used. Rearranging
with a calibration standard, or a DUT. For the microstrip calibrd3) for these three measurements gives the calibration coeffi-
tion kit, the terminations are short, open, and{30sad (SOL), Clent equation
the DUT is a 24%) resistor. The short was made by soldering

b T T:
r—?_ 1M1 + 22m2' @)
a  Tumg+Tiaomo

If we substitute the ratio ofz, to mq by M, this gives

®3)

. . . . . MsT -1 -M T15/T; I
a piece of wire from the microstrip line to the sidewall of the 58 s 12/ T o s
. : X . i Mol'o -1 —Mo| |To/Tu | = | -To 4)
fixture, the open by just leaving the end of the line open, and fi- MTr -1 —-M Too/T, T
nally, the load was made by soldering two 1QGurface mount LoL L 22/2 L
resistors in parallel to the sidewall. and, thus, the error coefficients, normalizedliq, are known

A fourth test circuit with coaxial connectors at both ends wass follows:
also made (Fig. 5). This circuit is used for the power calibration

e L 1 Tio/T;
and verification. T 12/T11

f— . 5
To1 /T Too/T1n ©)

IV. CALIBRATION As can be seen from (3), the normalized error coefficilfits
In this section, we first give a method for calibration of'e sufficient for reflection coefficient measurement. The mag-

S-parameters and power in the case where the power mél pde ofIy; is necessary when measuring the absolute power

can be connected directly to the reference plane of intere\gt”,‘verﬁzr?tndb' The phase dfy, is not necessary for any mea-

e.g., a coaxial interface. Second, this method is extended® . . . .
allow calibration at a reference plane, e.g., microstrip, wher he magnitude o, is determined by measuring the power
the power meter must be connected via an adapter. absorbed by a load at the reference plane
. L P =|ap|* — |bp|*. (6)

A. S-Parameter and Direct Power Calibration

The most common approach to error correction is by molSing (1) and (6) gives (7), shown at the bottom of the following
eling the VNA as a linear two-port. A useful review of the VNAPage. After this step, all four error coefficients are known as
calibration subject can be found in [11]. The signals measurfjlows:
by the VNA are designateak; andms, the actual waves at the
reference plane are designateahdb (Fig. 6). The two-port can
be thought of as any ordinary two-port, e.8, 7-, orY-param- and it is now possible to calculate the power correctemhdb
eters. The two-port matrix elements are called error coefficientrom (1).
T-parameters (1) are a natural choice when power correction is

T = |11, |T (8)

to be included as follows: B. Transferred Power Calibration
o T, Tl [my Since it is difficult to measure the power directly at a mi-
[b} = [Tm ng} [mJ ) crostrip reference plane, a transferred power measurement is

used for the calibration. The test circuit in Fig. 5 with coaxial
This equation relates the VNA measurements to the actuainnectors in both ends is used for this transfer calibration. The
waves directly. If the complet&-matrix is known,c andb can calibration model used is shown in Fig. 7, whdlgcontains the
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Fig. 7. Model used fo-parameter and transferred power calibration.

error coefficients for the calibration to reference plane Adpd
is the adapter between A and B.

The adapter is characterized by an adapter removal calibr:

tion. This requires the normalized error coefficiefSs to be

known from a SOL calibration at reference plane A. The adapte

characterization is done in two steps. First, the normalizga-

rameters of the adaptdr, are calculated from a standard SOL

calibration between reference planes A and B. Sechdis

determined froni’, by the added constraint that the adapter is

a reciprocal network
/
Ta

Vdet(T,)

©)

Now thatT, is known, the poweP, delivered to reference

plane A is given by

_ 1— |04
|To, 11 4+ To 1204 |? = [To 01 + Ty, 20T 4 |?

wherePy is the power measured at reference plane B Janis

Py

Pg (10)

the reflection coefficient measured at A when the power metd

is connected at B.
SinceP,4 is now known, this allows the complete determin
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Fig. 9. Magnitude of error vector between noncontacting probe and coaxial
measurements.

ple to minimize this problem. For the noncontacting calibra-
tion case, it is the repeatability of probe positioning that is the
algey contributor to errors. The probe to microstrip distance and

the probe position transversal to the microstrip length axis are
especially important since they determine the coupling between
the probe and microstrip line. The position along the microstrip

axis gives a phase error. The DUT used for comparing noncon-
A. Verifying theS-Parameter Measurement Method tacting and coaxial measurements was made from & 2d-

To verify the accuracy of the method, one can choose sevegigitor. The results shown in Figs. 8 and 9 give a good agreement
different paths. The best way is, of course, to compare the m&g-to about 14 GHz for th&-parameters. At approximately
surements to a known well-defined verification standard. Sud@ GHz, there is a glitch in the curve caused by a phase-lock
a standard was not available for the microstrip substrates ugg@blem due to weak coupling for the probe connected to the
here. Rather than developing high-performance calibration st&&ference channel of the direct access receiver (Agilent 8511B).
dards, a calibration is performed through the coaxial connectBhis problem occurs when the distance to a short or open is such
using exactly the same standards. Thus obtaining a verificatityt there is a minimum of the voltage or current on the line
of the noncontacting measurement technique, by the compi@i- the capacitive and inductive probe, respectively. This is a
ison to a standard coaxial measurement. The verifying mexoblem for all devices with a high reflection coefficient, which
surement was done using a conventional testset (Agilent 851 78§ usually the calibration standards. For the particular pair of
with the VNA Agilent 8510C. probes used here, the voltage coupling is more sensitive due to

The main contributor to measurement errors for the coaxildeeper null in the coupling.
calibration and measurement, relevant to this comparison, isthe
coaxial-to-microstrip transition repeatability and similarity. 18 Verifying the Power Measurement Method
turned out to be a major problem for accurate measurementsThe noncontacting power measurements were also verified
Using the time-gating option of the Agilent 8510C, it is posby a comparison to measurements performed through a coaxial

tion of T,, from (7) and (8).

V. EXPERIMENTAL VERIFICATION

P

T =
1] |ma,p +me pTi2/T11|? — |ma,pTo1 /T11 + mo pTo/T11 |2

(1)
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Fig. 10. Comparison of forward and backward power waves for noncontactiRgg. 11. Error between noncontacting probe and coaxial measured power
probe (- - -) and verifying coaxial (—) measurement. waves.

interface. For this case, a DUT quite different from the one usec
for S-parameter verification was used. The basic setup is showi Phase lock logt
in Fig. 5, i.e., a lossy mismatched two-port has been inserte(

between the power meter and the test circuit board. With thea

microstrip-to-coaxial transition, this two-port forms a lossy and & £ i
n
mismatched adapter. The purpose of the two-port is to provide g A~ ::_/\
a mismatched load at the microstrip reference plane and a cor g -10 \.i/ v Yy

venient means for the verifying power measurement.

If the T-parameters of the lossy adapter and the reflectlon
coefficient at the microstrip reference plane of the new DUT are @-15
known, the magnitudes of the incident and reflected waves atthr | |«cau. Probed
microstrip reference plane can be calculated from the reading
of the power meter and, thus, provide a verifying measurement .20
The T-parameters of the lossy adapter were determined fron
time-gated measurements through the coaxial connector of th Frequency (GHz)
two-port carrier using a conventional VNA testset (8517B) with
the 8510C. For this purpose, an adapter removal proceduré: 12. Reflection_ct_)efﬁcient‘at microstrip reference plane for noncontacting

e (- - -) and verifying coaxial measurement (—).
employed (for details, see Section IV).

The power wave measurements agree well with the verifying
measurements (Fig. 10). The difference between the noncon-
tacting measurements and the verifying measurement is showithe presented method shows great promise for in-circuit
in Fig. 11. The data shows less than 0.8-dB difference up tiesting where either reflection or power measurements are
about 12 GHz, except at the indicated glitches that represeaqiuired. This has previously required physical modification
phase-lock problems. As can be expected, this measurememtrisven complete disassembly in order to test sub-circuits in a
not as exact as the ordinary reflection measurement since thierostrip environment. The method has been demonstrated for
power measurement needs the results for the backward and @ore-port measurement, but is extendable to two-ports as well.
ward wave independently. This means that a change in couplifige power calibration is, in principle, only required on one
will result in an error in measured power. On the other handf the ports because the thru standard in two-port calibrations
when measuring the reflection coefficient, this problem tendsfacilitates the transfer of power correction to the second port.
cancel because the error in power for both waves is correlated.In order to deploy the method in a production environment,

There are more glitches in the power curve than in the reflethiere is a need for more research and development. The probes
tion measurement (Fig. 12). This is due to the two-step calibmaeed to be improved to increase positioning accuracy, as well
tion procedure, where the adapter removal calibration has dik electrical performance. The accuracy of the system needs to
ferent frequencies with phase-lock problems since the distarmmeevaluated. Sensitivity to probe positioning errors is an espe-
to the short and open is different and, thus, the minima for tle@ally important topic for the design of the probe system. There
voltage and current occur at different frequencies. There cowtk also unanswered questions regarding how close the probes
also be glitches from phase-lock problems during the measucen be placed to the DUT and still function properly. This will
ment, however this only occurs when measuring DUTs withsgt limits on the necessary spacing between components to be
high reflection. tested.

ection ¢

0 5 10 15 20

VI. DISCUSSION ANDRESULTS
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