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to be 330Q/0. Thus, for each model parameter, a scaling rule is Calibration and Verification of the Pure-Mode

derived. These scaling rules are compared with the process data in Vector Network Analyzer
Table I. The process parameters are determined from test structures
of the process control monitor of the Siemens HBT process. The David E. Bockelman and William R. Eisenstadt

process data range, e.g., for the base contact, includes variations both

of process inhomogeneity and base layer properties along a whole

wafer. The deviations of the small-signal model parameters from theAbstract—n this paper, the calibration of a pure-mode vector network
regression line are due to the arbitrary selected sample. Neverthelj%@',?]’f:gsﬁg"%/g‘n/?cf rﬁirszg_”;qef de')” Sdc‘;tt?gﬁr;rgh% ;g?:ﬁ‘;;%gg&?;irgr
the scaling parameters compare favorably with the process data, Bifferential circuits, but is also suitable for measurement of general
agreement being better than 10%. The bias condition served as a bagifowave networks with up to four ports. The theory of calibration
for the derivation of the scaling rules; these rules are not restrictedafothe analyzer is developed in terms of a general n-port analyzer,
this bias point, they apply to the normal active region of the transistdpcluding the correction of port-to-port crosstalk. The type of the stan-

: . . . . dards used in calibration is examined, and the minimum number of
The self-heating effect of the HBT is considered in two aspects. F'rgﬁ‘;lndards are summarized for various levels of crosstalk correction. A

the HBT's are op.e.rated under constant current density to achigy&y standard—called a generalized through, desirable for all multiport
almost equal conditions for a comparison. Second, the larger the HBdtwork analyzer calibrations—is introduced. A calibration is performed

area, the more pronounced the self-heating effect for the device. Thgn 0.25 to 25.25 GHz based on standards with coaxial connectors, and

feature is captured in the decrease of the current source paramefgfiécation standards are measured. The measured data is compared
P P wsﬂ National Institute of Standards and Technology (NIST) traceable

‘ . . it
ay and Fzqp with the increase of the area (see Table I). measurements, and errors are found to generally less thagc1l dB in

transmission. In many cases, the error is less than the uncertainty of the
NIST traceable measurements.

V. CONCLUSION Index Terms—Calibration, measurement, measurement standards, net-

Physical scaling rules for AlGaAs/GaAs power HBT’s with 2—1@vorks.
emitter fingers of 120-96pm> emitter areas have been devel-
oped. The parameter extraction method was based on a small-signal
T-shaped equivalent circuit. From the small-signal model, scaling
rules with scaling parameters has been established based on tHaifferential circuits are becoming increasingly important in radio
physical interpretation of each equivalent circuit parameter. TA&dJuency (RF) and microwave applications, particularly in integrated
scaling parameters compare favorably with the measured data fréfiguits (IC’s). The differential circuit topology is being widely
the process control monitor. The scaling rules can provide a basis #fopted in RF IC’s due to its crosstalk immunity and increased

layout of power transistors and for the control of critical performancd/namic range over ground-referenced circuits. This increase in
parameters. differential applications at RF has lead to the development of scatter-

ing parameter -parameter) based characterization of these circuits,
known as mixed-mode-parameters [1].
REFERENCES Accurate measurements are ultimately required for any RF dif-
) ) ferential application, but the measurement of differential circuits
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approach,”IEEE Trans. Electron Devicesiol. 42, pp. 528-533, Mar. . . L . .
1995, circuit operation: the differential mode and the common mode.
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the HBT equivalent circuit with T-like topology from measuredPMVNA and the results of a practical implementation of the PMVNA
S-parameters,"IEEE Trans. Microwave Theory Techvol. 43, pp. calibration are presented in this paper. This paper is organized as
493-498, Mar. 1995. follows. In Section Il, the error model of the PMVNA is presented
and the basic calibration equation is given. The removal of switching
effects is also covered in this section. Section Ill provides details of
the solution of the calibration problem. Section 1V presents measured
results and verification through comparison to National Institute of
Standards and Technology (NIST) traceable data, and conclusions
are given in Section V.
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Ideal The development of the calibration equation (1) is predicated on
VNA Error Network puUT the assumption that the error model remains static throughout the
calibration process and through any subsequent measurements. The
PMVNA (and most other automatic VNA's) use RF switches to set
the stimulus modé However, changing the switch positions violates

. J |:T11 FTIZ} . s the primary assumption of the error model. These switching errors

n-port 1 nel ;] nport

2 n+2

— [S.] must be effectively removed before the error model can be applied to
. n-by-n a calibration. In addition, imperfect pure-mode generation can lead
nby2n oy g b 0 to violation of the static assumption. As shown in [2], the PMVNA
generates the differential and common-mode stimuli froni/a 80’
hybrid power splitter. It has been shown that any imbalances in
the splitter, together with any phase and magnitude imbalance in
Fig. 1. Error model for the general n-port VNA. the PMNVA, will generate a spurious mode simultaneously with
the desired mode [6]. These imbalances, which change as the RF
II. PMVNA ERROR MODEL switches change, can cause significant inconsistencies in the raw
Before calibration of the PMVNA can be attempted, an errorpixed-modes-parameters_. For acc_urate calculation qf raw m_ixed-
mode s-parameters, any imperfections and changes in the stimulus

model is needed. A generalized error model for an n-port network
must also be removed.

analyzer, including all port-to-port leakage errors, has been introduce he removal of the switching effects and the stimulus imbalance

by Speciale [3].' The error model, shown in Flg.' L emplpys %N be achieved through the application of all eight samplers in the
error network with2n ports, and the error network is an equivalen

representation of all linear repeatable errors. All repeatable error: J)MVNA' This approach is an extension of two-port VNA techniques

the PMVNA can be represented with the generalized error mod I]' By using measur_ements atall samplers for each switch position,
. .the effects of the switch and mode imbalance can be removed from
with n equal to four. In the case of the PMVNA, the error network i
) . : . L e measured-parameters.
a mixed-mode representation, as defined in [1]. A similarity transform
relates the error matrices of the two-port PMVNA and the standard
four-port VNA [2], thus the applicability of the error model of Fig. 1 Ill. SOLUTION OF THE CALIBRATION PROBLEM

is assured. Due to this transformation, the calibration theory of theThe construction of the calibration equation (2) and its subsequent
PMVNA parallels that of a standard four-port VNA. solution are the heart of calibration process. The conditions under
Each signal path in the error network is an error term which mughich a solution to (2) can be found will first be presented in terms
be found during calibration. The error model of Fig. 1 includes alif a general n-port problem. These conclusions will then be applied
possible error terms, including all port-to-port leakage paths. For g the calibration of the PMVNA.
n-port VNA, there arein(n — 1) leakage terms out of a total of For purposes of this paper, a solution is valid for calibration only
(2n)? error terms. It is important to address the PMVNA calibratiorf jt is unique within one arbitrary scalar. That is, #f is a valid
problem in the most general terms, but there are some simplificatiafifution vector of (2), then the only other solution vectors that exist
of the error model that are also of interest where some of thge o7,, where is any complex scalar. In other words, the null
leakage paths are neglected. One such simplification of the er&gjace off> must be of dimension one. For ease, this type of solution
model neglects all leakage between ports, which will be called thgi| be called an ordinary solution. For an n-port calibration, a single
no-leakage model, leaving a total of error terms. standard will be considered to always have n-ports, regardless of
In general, VNA calibrations require the application of multiplesctual construction of the physical standard. For example, an n-port
calibration standards. With the use of the measured and aSSUrﬁ%ich standard may be constructed of a group of n independent
known actual s-parameters of the standards, all error terms aghe-port match loads, but for purposes of discussion, the group will
to be found. An algebraic solution approach to the general n-pgjé considered as a single standard. Because of the special case of
network analyzer calibration problem has also been introduced Ry |eakage, calibration standards will be considered to be either a
Speciale [3]. When the error network of Fig. 1 is expressed i@flection or transmission standard. A reflection standard is defined
terms of chaining:-parameters (callettparameters), the relationshipas a group ofn one-port reflection standards (such as the n-port
between measurestparameters (with errors) and actual (errorlesshatch example above); a transmission standard is defined to have
s-parameters can be expressed by transmission between at least two ports. For the full error model,
10180 4 Tio — SmT5180 — STy = 0 (1) both types of standards are treated the same, but in the case of
the no-leakage model, the reflection standards generate fewer sets
where 5, is the actuals-parameter matrix,5,, is the measured of measurement data (hence, fewer equations) than the transmission
s-parameter matrix, and;; are the four equal partitions of the standards.
error networkT'. In terms of an n-port VNA, the error network is  The determination of the number of required standards for calibra-
represented by &n-by-2n unknown network, and eachparameter tjon js based on consideration of the rank of the coefficient matrix
matrix is an n-by-n matrix. The matrix equation (1) can be appliegh. For an ordinary solution to (2), matri® must have a rank of
to all standards, and expanded, with the resulting scalar equati@y@cﬂy(gn)z — 1. For the full error model, each standard generates
linear in the elements df". The set of all scalar equations can then,2 equations. It can be shown [8] th&t will have rank of exactly
be rewritten as (2n)? — 1 only with five or more n-port standards. This means that
D=0 2 5n” equations are generated for the solutiordef error terms, so
_ the system of equations (2) is overdetermined. This is consistent with
wheret? is a column vector comprised of the elementsTof[4],  ypdated results from Speciale [9]. Conclusions about the no-leakage
[5]. Given thatm different calibration standards are applied, the

coefficient matrix D has dimensionsngn®)-by-(2n)*, and7 has  1Hp 8510C Network Analyzer: On-Site Service Manttgwlett-Packard,
dimensions(2n)?-by-1. Santa Rosa, CA, Aug. 1991.
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TABLE |
CALIBRATION SUMMARY
Egns from Stds
Number of Minimum Number of Stds
Error Model Type Unknowns Transmission Reflect for Ordinary Solution
Full-lcakage 4n? n* n? 5
No-leakage 4n n? n depends on n

model are not as general, since the minimum number of required
standards depends on the number of ports n. For example, if nis 4 (as
for the PMVNA), at least two transmission standards are required for

3.5mm (F) 3.5mm (M)

rank of4n —1 = 15. In contrast, if n equals 2, at least three standards @ )
are required (e.g., line—reflect—match (LRM) [4]). All conclusions are
summarized in Table I.

Of course, the rank of the coefficient matri® is effected by Lucas
the type of each standard used in calibration. For error models like Weinschel
Fig. 1, it has been found [8] that at least one of the standards must Model 1580

be constructed so that at least- 1 nonzero transfer functions exist
between its ports. In other words, such a standard interconnects all of
the VNA’'s measurement ports simultaneously. Hence, this standard
will be called a generalized through standard. It is important to note
that the generalized through does not necessarily provide low-loss 3.5mm (F)
interconnection between the ports. Without a generalized through
standard as one of the minimal set of standards, the rank of the
coefficient matrix will not be sufficient for an ordinary solution to the
calibration equation. As its name implies, the generalized through is a
generalization of the through standard of two-port VNA calibrations.
For a two-port VNA, the through provides transfer between all ports.
However, with more than two ports, the generalized through standard @
is less familiar. It can be shown that one or more two-port throughs 3.5mm (F)
used as a single-port standard are not sufficient for an ordinary
solution to (2). Furthermore, use of multiple pairs of throughs, each
connecting different ports, will not provide sufficient rank Ihfor ~ Fig- 2. Schematic of coaxial star-network standard.
an ordinary solution.

The PMVNA calibration has been implemented with the applicane corrected-parameters can be transformed into standard four-port
tion of the above conclusions about general VNA calibrations. Withparameters if desired.
n being four, the PMVNA calibration standards can be defined in
physical terms. For this paper, calibration standards with 3.5-mm

coaxial connectors are used. Five standards are combined to create ) - )
the calibration Kit: To provide a verification of the accuracy of the PMVNA calibra-

tion, it is required to measure some standard other than those used
2) four-port short (four offset shorts); in calibration. The verification_ etaqdarqs u_seq here are provided by a
3) four-port open (four offset opens): Hewlett-Packard 85 057B verlflcetlon I?_lfrhls kit contains four two-
4) pair of zero-length through lines (by connecting test cables Bp"t standards, each accompanied with NIST trace_&hﬂarameter -
ports 1-3 and 2-4): measurements (these _meaeurements have assom_ated unce_rtalntles,
5) four-port resistive star network as the generalized through. a_llso provided). _F_or yerlflcatlon of the PMVNA, various combina-
. o 5 tions of two verification standards are measured, and the corrected
The star network is constructed from two resistive power d'V?derﬁweasurements are compared to the providgzarameters. While
connected as shown in Fig. 2. For this paper, the assume? ac binations of two-port devices does not represent a general differ-
s-peremeters of the star network have been found through rourEjn'tial device that the PMVNA is designed to measure, the 85057B
robin” two-port VNA measureme_nts. . . kit provides a readily available means of accuracy verification. The
After measurement of the calibration standards, the solution @ iication standards have 2.4-mm coaxial connectors, in contrast to
(2) is foupd u.smg singular value decompoeltlon [11]. After th?ne 3.5-mm connectors of the PMVNA, so adapters have been used on
error matrixT" is found, any subsequent device measurements C&fverification standards. These adapters have been characterized and

be corrected through the application of (1). For the PMVNA, thggepedded from all measurements. The verification measurements
s-parameters are expressed in terms of mixed-mep@rameters, but oo made by the PMVNA, which has been calibrated using all five

3.5mm (F)
adapter HP83059A
3.5mm (M) to 3.5mm (M)

Lucas
‘Weinschel
Model 1580

“)
3.5mm (M)

IV. RESULTS AND VERIFICATION

1) four-port match (four 5@2 loads);

2Product Literature: Power Divider Model 158Qucas Weinschel Corpo-  3HP 85057B 2.4 mm Verification Kit Product Manualewlett-Packard,
ration, Gaithersburg, MA. Santa Rosa, CA, Feb. 1991.
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Fig. 3. (a) Measured-parameters with adapters deembedded (bold) and

verification s-parameters of the 28- air—dielectric transmission line, con-
nected between ports two and four while the(B@ir—dielectric transmission

. : . 4
line is connected between ports one and three. (b) Differences betweén]

measured-parameters and verificationparameters of (a) (solid) and factory
uncertainty of verificatiors-parameters (dashed). ErrorsSh; expressed as
the difference of the linear magnitudes of the respective data. Errafs;in
are expressed as the difference in decibels of magnitudes in decibels.

standards described earlier, with perfect isolation between the pog;
assumed. All measurements (calibration and verification) are made

with 1024 averages.

The first verification standard measurement is the simultaneodg]
measurement of the 50- air—dielectric transmission line and the

2542 air—dielectric transmission line. The %B-transmission line
is connected between ports one and three, while th& ZEans-
mission line is connected between ports two and four. Due
space limitations, only some of the measuregarameters of the

2542 transmission line are shown in Fig. 3(a), together with the
s-parameters provided with the verification kit. The agreement be-
tween the two sets of data is quite good, and the errors are shold®l

in Fig. 3(b). The magnitude error &f;; is less than about0.04,

which is good considering the large variation in the magnitudes of “PPl]
parameterS,;, which also varies significantly over the measurement,
has less thas:0.2-dB magnitude error, which compares reasonably

to the uncertainty, and no more thah phase error (not shown) with
respect to thes-parameters provided with the verification kit.

The measurements of other traceable verification standards
given in [8], and all compare well.

V. CONCLUSIONS

The calibration of the PMVNA has been shown to be accurate
terms independent of the PMVNA. Strictly speaking, the accuracy
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have not been shown due to space limitations, but all compare to
verification data with the same general level of accuracy. It is argued
that these many measurements reasonably verify the accuracy of all
16 s-parameters measured by the PMVNA.

The calibration of the PMVNA has been successfully completed in
the theoretical framework of a general VNA calibration. The appro-
priateness of this approach has been established through theoretical
arguments and validated through measured results. The requirements
for a solution of a general PMVNA calibration problem have been
established, and new approaches to calibration standards have proven
accurate. In addition, a new type of calibration standard—the gen-
eralized through—has been introduced. The generalized through is
required for any general n-port calibration using the minimum number
of standards.
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