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Line Network Network (LNN): An
Alternative In-Fixture Calibration Procedure
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Abstract—An alternative method for a network analyzer cal- m, e ‘ m,
ibration is evaluated. This line network network (LNN) method — «—— [A] i = IN] — SN (B[~ o
avoids de-embedding of the device under test (DUT) and it allows >—— a — — o
the characterization of an unknown two-port inserted between ™ L == JI’R A . s
an arbitrary number of cascaded unknown two-ports. An un- NS testefixture NN

known obstacle must be moved on a transmission line into three
positions. The LNN calibration technique delivers the electrical ) o
wavelength or the relative dielectric constant of the transmission [D] [N] ) (E] .
line and the scattering parameters of the obstacle. Since the
connectors do not have to be exchanged, nonreproducibilities Fig. 1. Error model of a network analyzer with four measurement channels
of the connectors are only a minor problem. Additionally, a (double reflectometer) interfacing a test-fixture.

double-calibration technique is presented. The double-calibration

technique is used to employ the LNN method on both sides

of the two-port DUT in order to perform an error-corrected (a special case of Txx). All of these conventional calibrat-

measurement. Experimental results compare the LNN method jng methods exhibit the common drawback that during the
¥V'th the tru-reflect-line (TRL) method particularly for an in- cojinrating process the individual calibrating standards must
ixture calibration. . ) . .
successively be inserted and taken out again, which poses a
Index Terms— Calibration of a network analyzer, de- problem with the reproducibility of the contacts.
\e/irg:eddlng, in-fixture  measurements,  microwave  de- © The gecond way to get the corrected parameters is as
' follows. The reflectometer is calibrated in either a coaxial-
type or another type of a waveguide, then the calibrated
|. INTRODUCTION network analyzer is used to characterize the fixture networks

I N ORDER TO measure the scattering parameters ofl &1 and [H]~. This is termed a de-embedding [2] or two-

device under test (DUT), the chip or wafer must be mountd{§" de-embedding [3] and is used in the frequency- [8] and
in a contacting fixture, which transforms the actual chip dime-domain [9] options. o . .
wafer parameters. When in-fixture standards of a similar quality are available,

Fig. 1 shows the block diagram of a double reflectomet@f in-fixture calibration should give more accurate results than
with a test-fixture. a de-embedding, since the evolution of measurement errors is

[A] and [B]~! are virtual, linear-error networks interfacing@duced _
the DUT and the fixture networksG] and [H]~! to an In this paper, the authors present a simple and robust
error-free double reflectometer (network analyzer with fogelf-calibration method, where the calibration constants are
measurement ports, e.g., HP8510, Wiltron 360). evaluated via closed-form analytical equations.

There are two ways to obtain the unknown DUT parameters? further advantage of this new method is the fact that one
with high precision. can perform a calibrated free-field measurement without mov-

The first way to get the corrected parameters is as follow8d the antennas. Therefore, this procedure allows calibrated

The network analyzer is calibrated inserting standards at ff¢asurements with antennas for high frequencies.

site of the DUT [1]. One directly calculates the combination Additionally, the authors present an alternative method of

[D] and [E] ~! of the error networksA] and [B]~! and the calibration, th_e so-called double-calibration _tech_nlque which

fixture networks (] and [H] . employs the line network network (LNN) calibration methqd
The DUT is implemented in a transmission line, (e_gbefore and after the DUT to perform an error-corrected in-

microstrip or coplanar line). This is termed an in-fixturdIxture measurement. With the double-calibration technique

calibration [2] or one-tier de-embedding [3]. This method g€ can determine the corrected scattering parameters of a
calibration is well suited for the Txx self-calibration procePUT without the direct connection (thru or line) of the test-
dures [4]-[6], as well as the tru-reflect-line (TRL) method [7 orts of the network analyzer. It should be mentioned that any
wo-port calibration method for double reflectometers [e.g.,
Manuscript received June 12, 1996; revised November 21, 1996. TAN, TRL, thru-match-reflect (TMRY)], is equally well suited
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four-port to two-port reduction to form a matrix equation:
L
/ 1 / 1
myoomp ) _ —1{Mm3 Ty 1
N1 7@y <m’2 my ) = [DIINJE] <mﬁ; mj ) (3
Nz 2 = [M]=[D|[N]E]" )
N3 'iz with the measurements matrix
L, “obstacle m, m my m -1
[M] = mh m! m.  m" 3)
Fig. 2. The four calibration measurements of the LNN calibration procedure 2 2 4 4

with a circular obstacle on a planar microstrip substrate. ..
P P and the abbreviations

— bond wire obstacle  gupstrate [D] =[A][G]
et — ™™

The D;;- and E, ;-coefficients of the 2« 2 matrices D] and
[E] are the eight unknown-correction quantities which may be
Fig. 3. LNN calibration with an unknown obstacle on a planar microwaveeduced to seven by fixing one of them to unity [5].
substrate. Considering in Fig. 2 the left-hand and the right-hand

reference planes for deriving the so-called self-calibration, one

the DUT. Therefore, this alternative calibration method allowgbtains with the line through connectio.{[[L]) for the first
calibrated measurements even when it is impossible to remaadibrating measurement
the DUT (e.g., mixer measurements).

[E]~ =[H]7[B] . (4)

[My] = [D][L][L][E]* (5)
II. THE NECESSARY CALIBRATION STANDARDS in which
The LNN procedure requires the calibration measurement exp —f 0
of a line-standard and two or three measurements of the line L] < 0 exp %). (6)

together with an object to be calibrated (called “obstacle”), as
is seen in Fig. 2. The Greek lettery represents the complex propagation con-
The mechanical length of the line and step-widtimust be stant and/ is the length of the line system. The transmission
known. The characteristic impedangg of the line establishes parameter matrix of the object to be calibrated, the obstacle,
the reference impedance of the measureméifs (= Sr22 =  is [Q].
0). The system impedance is defined to be the samg,as For the second calibrating measurement the obstacle is in
the line. the first position and the measurements matrix is written as
The otherwise unknown obstacle is required to be reciprocal 1
(Sg21 = So12), to have identical reflection coefficients on [Mn] = [D][Q][L][L][E] (7
either side §o11 = Sg22), and its electrical properties musti
not change when it is moved.
The scattering parameters of the obstacle will be determined Q] = <Q11 qu) 8)
in the self-calibration part of the algorithm. Furthermore, the @1 92 )’
self-calibration delivers the generally complex propagation
constanty of the transmission line. However, the algorithm
needs prior rough information regardlng the propagatlon or [Mn1][Mg] ™! = [D][Q][D] . 9)
phase constant in order to resolve a sign ambiguity.
Fig. 3 is a cross section showing the application of the LNN Using a theorem for similar matriceésne obtains
procedure in a network analyzer with a test-fixture in a stripline
technique on a substrate. trace ((Mn1][Mg] ™) = trace ([Q]) (10)

81

n which

When substituting (5) in (7) it follows:

[ll. THEORY
2According to a theorem of the linear-mapping theory the following holds:

. . . Square matricesX] and [Y] for which:
A. The LNN Self-Calibration Technique
Represented as transmission or chain-transfer parameters,
the vector equations of the mutually independent measuri(g]: regular matrix) are similar matrices. Similar matrices have the following
valuesm;, mj, mj, andm/, for the first position of the Properties:
switch [5] andmy, mjy, m4, m/ for the second position trace ([X]) = trace ([Y])
of the switch are combined in accordance with the so-called det ([X]) = det ([Y]).

(X] = K]~ [Y][K].
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from which there results the first self-calibration equation formz m,
determining the unknown obstacle two- — ] Y
/31 = qll + q22' (11) <:1 o e — e~ mg

: I _ (L] [L] pUT (L]

For the third LNN calibration measurement the obstacle is

in the second position and it follows: Fig. 4. Error model of a network analyzer (double reflectometer) interfacing
a double-LNN test-fixture.

[Mn2] = [D][L][Q][L][E] . (12)
Combining the second and third calibration measurements, obstacle D/UT
the evaluation of m7 / |
trace ([Mn][Mz2] ") = trace ([Q]IL][Q]'[L]™") (13)
A
results in the second required equation Fig. 5. Double-LNN calibration with an implemented DUT and an unknown
obstacle on a microwave substrate.
2— /32 = Q12QQ1[2 cosh (2’}%) it 2] (14)
~ Here use has been made of the postulated propertyhat gypstituting (11) in (15) one obtains after a short computa-
is the matrix of a reciprocal two-port: tion the equation for the othey;;-quantities
1= qug2 — q12q01- (15) 4 2
. . . . ==+ — -1 22
The fourth calibration measurement yields, with the obstacle a 2 4 ta (22)
in the third position and g2, follows directly from (11).
[Mns] = [D][L][L][Q][E] . (16) T_ra_nsformlng the problem to scatte_rmg parameter_s,. the sign
o _ decisions are reduced to the evaluation of the passivity of the
Combining (7) and (16), one obtains obstacle. Furthermore the phase of the reflection characteristic

trace (M TMne=]"1) = tra LILIIO1- Lt~y ©f the obstacle must be known to F8@imilar to the previous
grace ([Moxa][Mavs] ™) = trace (QIILIILIQ) L] 7H L)) 274 B0 Mo

s Once theg;; coefficients and the produg? are known, the
(17)  so-called self-calibration is complete. Thus, four calibration
delivering the last of the required equations to determine tfifasurements with completely known standards are available.
self-calibration parameters How_ever, for_ t_he computation of_ th®;; and E“ error-
correction coefficients one only requires three calibration mea-
2 — 3 = q12g21[2 cosh(4yf) — 2]. (18) surements with known standards. Hence, there is sufficient
(j}nformation available to determine the correction values in a
conventional way [6].

Note that in this theory the obstacle with the transmission
parameterg;; has been treated as a nonphysical two-port with
zero dimensions implemented between the lines with the trans-

cosh (2v0) = 12-0s _ 1. (19) Mission matrix[L]. One can obtain the physical transmission
22-1h parameters;; of the obstacle with the mechanical lengt.

If the propagation constant is knowna priori, the fourth Via
calibration measurement and consequently the calculatirC}11 7’12) B <exp —~e, 0 )
steps from (16) to (19) can be omitted. o1 Too | 0 exp L,

If the mechanical length is given incorrectly, the result for exD — . 0
~ is likewise incorrect, but the produet still is exact. . <qn q12> < P ) (23)

As both parameters and /¢ subsequently only occur in the
form of this product, the incorrectly given mechanical lengthlotice that the sign decisions rely on the nonphysical
£ does not affect the calibration accuracy. parametersy; ;.

Considering the initially required property that the obsta-
cle should be reflection-symmetrical, the following holds i. The Double-LNN Self-Calibration Technique

Dividing (14) by (18) one obtains an equation for th
determination of either the complex phase constghor the
complex propagation constaftwith the mechanical length
being known:

go1  q22 0 exp v

transmission parameters In order to derive the double-LNN self-calibration tech-
g2 = —go1 (20) nique, Fig. 4 describes the actual calibration scheni#. [
and [E]~! are error networks interfacing the DUT with the

which substituted in (14) results in transmission matrixI{{] to an ideal network analyzer.

By — 2 Fig. 5 is a cross section showing the application of the
g1 = £y / m (21) double-LNN technique in a test-fixture with stripline technique
Ccos vE) —

on a substrate.
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o the determinant on both sides one can resolvexgs:
I [N] ~
o ° <g>2 _ det ([M]) det([E]) 28)
B det (D))
%%
11 [N] In order to make the sign decision it is necessary to have
T T © N a preliminary information about the DUT, but this does not
| | constitute a practical problem.
—o o S Inserting the result ofx/3 from (28) into (27) it follows
1 [N] . for the DUT parameters:
B e 11— i 1—
+ [N] = = [L]7*[L]~*[D]* [M][E][L] . (29)
v | 1N ° “
o—o Ym —o———t—0 For the measurement of the scattering parameters of a non-
| | | reciprocal device like a transistor it may be advisable to turn
N 7 off the dc-voltages of the transistor to guarantee reciprocity
v [N] during the calibration part. If necessary, the transmission may
° 7 ° be enhanced by a coupling bridge during the calibration part.
For the actual measurement the transistor may be operated
o o actively. Notice that the transistor must not be removed for a
Vi (N] . through connection as it is necessary for most other methods.

However, any two-port calibration method for double re-

4 4 ']

] flectometers (e.g., TAN, TRL, TMR), is equally well suited
Fig. 6. The six calibration measurements of the double-LNN calibratioerr the double-calibration technique, if app“eq before _and
process. after the DUT. In general, the double-calibration technique

is useful for a variety of coaxial and noncoaxial environments
and may find further application (e.g., in the field of free-space

Dealing with these two-ports, one obtains in reference I’ﬂeasurements)
(2) the double reflectometer equation: '
[M] = [D][L][L][N][L][E]"* (24) IV. EXPERIMENTAL COMPARISON THE LNN

WITH THE TRL-CALIBRATION PROCEDURE
with the measurement matrixV].

. i S One can find in [10] very useful numerical simulations of
During the double-LNN calibration process the connecto[ﬁe LNN calibration procedure. One can additionally find in
do not have to be exchanged, only the scattering obstacle nl Sé aper the first LNN-error-corrected measurements up to
be moved on the transmission line before and behind the D\ﬁeﬁzp P
(Fig. 6). ' . . . .

The LNN calibration on the left side of the DUT delivers It has been shown in [10] numerically and in [11] experi-

the error-corrected coefficients, wifl,» set to unity mentally that the LNN_seIf-callbratlon p_grt IS & good way to
evaluate the propagation constant. Verification measurements

Dy Dis of the double-LNN calibration procedure has been published
[D] =« Dy 1 in [12]. One automatic method of movement of the obstacle
_ a[ﬁ] (25) before and after the DUT for the double-LNN process is given

in [13].
except for a common complex facter For the comparison of the LNN correction process with the
Similarly, the LNN calibration on the right side of the puT I RL-calibration process, the resulting _equations were applied
delivers the correction values to measurements values. The following measurement have
. . been carried out on a HP 8510 C with a self-made test-fixture
[E] =3 <]§11 El?) over a frequency range of 2-10 GHz. The raw measurement
En 1 data have been read out and processed on a personal computer.
:/j[ﬁ] (26) For the LNN calibration the step-widthof the movement of

B _ the obstacle was 0.75 cm and the microwave substrate was
with Fs set to unity. The error boxH] is the same as the TMM3 (¢, = 3.25).

error box [E] except for a common factos. We have used a cylindrical block out of metal (diameter:
Inserting D] and [E] into (24) one obtains 3.6 mm, height: 2 mm) and fixed it in plastic to realize the
o o~ - obstacle. Additionally, we have produced a simple and robust
M] = 3 [D][L][L][N][L][E] . (27)  fixture with slots in a distance of 0.75 mm to move the obstacle

without changing its electrical parameters.
Here, use can be made of the postulated property ¥aiqg Fig. 7 shows the measurement values of the reflection of the
the matrix of a reciprocal two-porfdet (N]) = 1}. Taking used obstacle evaluated via the LNN self-calibration process
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Fig. 7. Measurement of the magnitude of the obstacle evaluated via fhig. 9. Magnitude of the transmission of a 5Q-series resistor er-
LNN-self-calibration process (solid line) and via a LNN calibration (dashexbr-corrected with the LNN-procedure (solid line) and the TRL-procedure

line) versus frequency. (dashed line).
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Fig. 8. LNN-error-corrected (dashed line) reflection measurement of a céig. 10. Magnitude of the reflection of a 2.2-pF series capacitor er-
ibration-line standard versus frequency. ror-corrected with the LNN-procedure (solid line) and the TRL-procedure
(dashed line).

and via the LNN calibration. In the latter case (i.e., the LNN ) ) ) .
calibration) the obstacle is treated as a normal DUT. ThRVer well-matchedand high-reflective calibration standards.
figure proves that the self-calibration process does not hal/a& numerical results of [10] prove that it is disadvantageous
a range of unreliable calibration (here at 6.2 GHz). to use an obstacle with a high-reflection value for the LNN
The following TRL-error-corrected measurements do nSE!l-calibration process. _
break down because the step-widthwas so short that the 'S rgatterlof ffact Is the main reason that thed LNNr']
first multiple of half a wavelength was outside the consider&rected resuits o common DUT's are not as good as the
frequency range. TRL-corrected results (Figs. 9 and 10).
Since for the LNN calibration measurements nonrepro- Aside from these aspects of h|gh-preC|S|pn mgasurements,
ducibilities of the connectors are only a minor problemthese measurements results show that with this new LNN

the LNN-corrected measurement of the line-standard shoW?thOd one can perform useful error-corrected measurements.

superior results in comparison with the TRL-corrected mea-
surement (Fig. 8). V. CONCLUSION

However, for a high-quality error correction of the mea- A simple and robust in-fixture calibration method has been
surement of a common DUT it is necessary that one providésscribed in close-form solutions. The LNN calibration tech-
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nique delivers the electrical wavelength or the relative dielef2] H. Heuermann and B. Schiek, “The double-LNN calibration technique

tric

constant of the transmission line. Since the connectors for scattering parameter measurements of micro-strip deviceg5tm
European Microwave ConfBologna, Italy, 1995, pp. 343-347.

do not have to be exchanged in the calibration process, N@fs; _ " “\orrichtung zur vollautomatischen MeRwertkorrektutir f
reproducibilities are only a minor problem in the calibration  elekirische Bauelemente und Schaltungen auf planaren Mikrowellen-
process of the LNN procedure. leitungssystemen, Patent P 43 36 436.5, Oct. 26, 1993.

The experimental results show that the LNN calibration
technique delivers better error-corrected results than the TRL

calibration technique for well-matched DUT's. But in the case
of a DUT with a high reflection coefficient the TRL procedurt
is the better choice. :
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