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LMR 16—A Self-Calibration Procedure
for a Leaky Network Analyzer

Kimmo Silvonen

Abstract—A thru-match-reflect/line-match-reflect (TMR/LMR) a
self-calibration procedure based on the 16-term error model is Ideaer—
shown. The error model takes into account all the leakage paths of VNA| a3 Sm
a wafer prober, test fixture, and network analyzer. Simple closed- _b_; !
form calibration equations are presented. The method is very ay a
robust—zero leakage paths and symmetrical or matched-error R 1
networks can be handled equally well as more general cases. The Idcal 0 E ! Sa
algorithm is suitable for nonleaky network analyzers as well. The VNA| 5, 2
calibration is comprised of two-port measurement of the following bs b2

standards: T(L), M-M, R-R, R-M, M-R. Two matched loads Fig. 1. The measurement configuratioB,, denotes the measurement

(M) are the only standards that have to be known in addition  5y.data S, being the actual scattering parameters of the standard or DUT,
to the thru (T) or line (L). The reflection coefficient of the two  which are measured through the error adajier

identical reflection standards (R) is found in addition to the
error parameters as in the normal TMR method. Experimental
measurements with the LMR 16 have been made. All the possible match-reflect-based (TMR/LMR) self-calibration procedure is
combinations of five calibration standards for the 16-term error developed for the 16-term error model. In addition to the
model are tabulated. The limitations of the super-thru-short- I ts of T. M=M d R R t dditi |
delay algorithm are defined for the first time. normal measurements of 1, M=M, an T WO additiona
two-port standards are produced by pairs M-R and R-M
Index Terms—Calibration, de-embedding, microwave measure- (M = match, R= reflect). If there were no leakage paths
ment, network analyzer, scattering parameters, wafer probe. ' X '
the last two measurements would be redundant.
The analysis gives simple closed-form equations for the
|. INTRODUCTION error terms, for the device-under-test (DUT), and for the

ETWORK-ANALYZER self-calibration procedures forynknown reflection coefficient’. If a line (_delay) is used
the eight-term error model have been available for ovifStéad of a zero-leng;ch thru, the method gives the fiafi®,
20 years [1], [2]. A correction procedure [3] is sometime¥hereT is Sz = ¢™" of the line ( is the physical length
used to eliminate the switching errors due to a nonide®} the line whiley is the propagation constant). Eithéror
source and load match. This, together with the isolatidn Must be known.
measurement, extends the eight-term model essentially to
the 12-term error model. After the introduction of the thru-
match-reflect (TMR) calibration procedure [4] a larger variety
of possible self-calibration techniques have emerged [5]-{7].
Recent research has also been oriented to multiport netwérkFormulation

analyzers [8]-{10] and to leaky measurement systems modelecthe measurement configuration suitable for the eight-
by the 16-term error model [11]-[15]. The methods in [11fhrough 16-term error models is shown in Fig. 1. The error
[14], [15] are iterative numerical procedures. Many timegetwork is considered a four-port, as usual [5], [17]-[20]. The
however, straightforward calibration equanpns are preferr%rt numbering and other conventions are according to [11].
[12], [13]. There should be less computational effort when ports 1 and 2 are the real network analyzer ports directly
closed-form equations are used. In fact, iterative procedui@nnected to the DUT denoted 9. During the calibration,
seldomly occur with the eight- and 12-term error modelghe standards are measured instead of the DUT. An ideal vector
The only solutions for the 16-term self-calibration are thus fgyetwork analyzer (VNA) at ports 0 and 3 sees the DUT through
iterative [14], [15], except the one recently published in [16h hypothetical error adaptdg. ParametersS,,, are the raw
While three standards are enough to calibrate the eiglta measured by an ideal network analyzer. The error adapter
and 12-term error models, at least five two-port standargifes into account most of the nonidealities of the practical
are needed in conjunction with the 16-term (sometimes callggtwork analyzer, wafer-probing system, or test fixture. It is
15-term) model [12]. In this paper, a thru-match-reflect/linggiso possible to connect a calibrated nonideal network analyzer
_ _ ‘ to ports 0 and 3 and restrict the error adapter to describe only
Manuscript received June 28, 1996; revised March 24, 1997. the rest of the measurement system (two-tier calibration). In
The author is with Faculty of Electrical Engineering, Circuit Theoryh. h K i | of th f .
Laboratory, Helsinki University of Technology, FIN-02150 Espoo, Finland.t 'S_Casev the error network is a model of the wa er-problng
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a; and b; are the incident, reflected, or transmitted voltwhere
age waves at the input and output terminals. The actual
S-parametersS, of the DUT or of the calibration standard

must fulfill

el
as 2 by Sa21

Sa12 }
Sa22

by
bo

} . 1)

Similarly, the measured (uncorrectehparameterss,,, of
the DUT or of the calibration standard are equated to the

voltage waves as follows:

{bo} _g {ao} _ |:Srnll
bg m as Sm?l

Srnl? :| |:
Srn??

ao
as

} . @)

S-parameterskE and 7T-parametersT (transfer or chain

scattering matrix) of the error network are defined by

bo ag ao
b3 as E: Ez| a3
=E =
by ay Ez E4||ag
bo as as
€00 €03 €0l €02
€30 €33 €31 €32
E =
€10 €13 €1 €12
€20 €23 €21 €22
bo al a1
bg a9 T1 T2 a9
f— T f—
ao by Tz T4 |01
as bo Lbo
to i1 {4 t5 7
to i3 te t7
T =
tg fg ti2 t13
tio  t11 t1a 15

In general, equations betweej)- and ¢;;-parameters [(5)
and (6)] can be found as shown at the bottom of the pad2p) allows the de-embedding of the DUT.

Ao = ATy = t1ot15 — t13t14
Ap = tyt1s — tst1e

Ay = t5t1p — tat13

Az = tet1s — trt1g

Ay = t7t12 — teti3

A = AE3 = ejoea3 — €13€20
Az = e13ea1 — 23611

Ag = eg0€11 — €10€21

A7 = e1zean — ease1n

Ag = ezo€12 — €10€22.

(7)

(8)

9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

There are an equal number of;- and e;;-parameters

both with the 8- and 16-term error models. However, in
the nine- through 15-term error models there can be more
nonzerot;;-parameters than;;-parameters, making some of
the t;;-parameters linearly dependent on each other. Due to
the complicated transformation in (5) and (6), the number
of ¢;;-parameters is also dependent on whighparameters
are assumed zero (if any). The difference of the number of
parameters can be as much as two.
3 Linear equations for the error terms can be developed by

splitting the matrixZ" into four quadrants [17], [18]

(4)

bo |
bg ] _CLQ ] _bQ ]

ao
as a bo

YTy,

T1Sa + T2 = Sin(T3S, + Ty)

Sa=(T1 —SimuT3) 1 (SiuTy — T2).

Matrix equation (19) is the basis of the calibration, while

E— T:T;' T,-TT;'Ts
| Tt —T,;'T;
A Ay Agtg— Aytg — Agtio Aoty — Agtg — Aoty
_ 1 | Az Ay Aotz — Agts — Astio Aotz — Asty — Aatyy (5)
Ag | t1s  —ti3 tiot13 — tstis t13t11 — totis
—t14  t12 tgti4 — t1of12 tot14 — t11t12
T [E2-EiEs By EjE5?
~-E;'Ey4 E;"
01D + €005 + €03l o2 + €7 4 ep3Asg  €00€23 — €03€20  €03€10 — €00€13
_ 1 |estA+es0ls +essAs e +es0A7 +es3As  €30e23 — €3320  €33€10 — €30€13 (6)
A Aj Ay €23 —e13
Ag Ag —€20 €10
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b by as
e or 0 3 PP @y alao
Zgo Zs3 Smi D (22)
: 1 2 . b _hy
75110 Zs - Srnl? S ‘Da0 % (23)
Fig. 2. The effective source and load match in forward (f) and reverse (r) bs _ %a_s
measurements. Spma1 = 0 Das 0 (24)
by b3 %q
These equations can be used with practically any network S0y = az  aoag (25)
analyzer, test fixture, or wafer-probing system. Equation (19) D
produces a set of four linear equations in terms of the 16 D=1-— @a_@ (26)
error-parameters;; [12] as follows: aop aj

This method can only be used with four sampler network

Sat1 Sa21 1 ’ analyzers capable of measuring and a3 independently. In
Sa12 Sa22 1 ’ two-tier calibration with the calibrated network analyzer, the
Sat1 Sa21 1 ’ correction is unnecessary.
Sa12  Sa22 1,

- rnllSall - rnllSaQI - rleSall - rleSanv C. 16-Term De—Embedding Equations

—Sm1159a12  —Sm1158a22 —Sm128.12 —Sm125a22, ]

—Sm215a11  —Sm21Sa21 —Sm225a11  —Sm22Sa21. After the error terms are defined, the embedded

—Sm215012  —Sm215a22 —Sm22Sa12  —Sm225422, S-parameters of the DUTS,,) are first measured. The

5.1 5,19 to de-embedding can be performed using the following

—Smi1 —Sni12 | | &1 equations:
—~m21 —Pm22 e
—Sma21 —Sma22d L5 (SmTs — T1)Sa = Tz — STy
(21a) o |® b||Sa1r Sarz| _|e f 27)
¢ d||S21 Sae2 g h
(21b)
=0. (21c) where
(21d)
a = Smi1ts + Smiztio — to (28)
b= Sniite + Smiztin — 11 (29)
= Spo1t Smaotig — t 30
B. Effect of Source and Load Match N 21ty T om2ato — T2 (30)
d = Sma1tg + S22t — 13 (31)

In the 12-term error model [21] the reverse and forward- S S 32
source and load-match terms are defined separately. This is €=t = Omliti2 = Omi2t14 (32)
essential with an imperfect measurement system, because the [ =t5 — Smiitiz — Smiatis (33)
switches change the configuration of the network (Fig. 2). g = teg — Smo1ti2 — Smootia (34)

However, the 16-term error model, is an extension of the h=t —§ _S . 35

=t7 m21t13 m22t15. (35)

8-term model and by itself cannot take the separate forward-

and reverse-load match terms into account. This will decreagge resulting equations are simply

the measurement accuracy especially when highly reflective
devices are measured [22]. If the forward-source match is not

de — bg

equal to the reverse-load match, or if the forward-load match Sar1 = ad — be (36)
is not equal to the reverse-source match [see (22)—(26)], will df — bh

correct the error [3], [15]. It can be shown that the equations Sa12 = ad — be (37)
are exactly the same as thieparameters solved from the ag — ec

T-parameters in [5] (10). The equations are used both with Saz = ad — be (38)
the measurement of the calibration standards and with the ah — fc

measurement of the DUT. The following primed quantities Saz2 = ad — be (39)
denote the reverse measurement direction while the unprimed

refer to the forward direction: D. Comparison with the Eight-Term

bo = Smi100 + Smi203

/ / /
bo = Srnlla() + Smmag
b3 = Sm21a0 + Sma2a3

/ / /
3 = Srn?lao + Sn122a3

Transmission-Circuit-Unknown (TCX) Algorithm

Equations (21a)—(21d) are used in the transmission-circuit-
unknown (TCX) algorithm [6], [22] without leakage terms.
The quadrantd'; and E; are all diagonal matrices in the case
of the eight-term error model. If error terms is set equal to
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one,t15 will correspond to the parametérin [6] as follows: F. Possible Calibration Methods for the 16-Term Error Model

—AL 0 L1 O One of the 16 error terms (in this case) is scaled equal
T 0 —kAR 0 kR (40) to one, in fact, the other terms are calculated as a function
T | =Ly 0 1 0 of the scaling parameter. At first glance, four calibration
) —kRsy O k measurements seem to give enough equations to solve the
Ly O Lip O remaining 15 error terms. By numerical simulation it can be
0 Ry 0 Ry shown that all the 16 sets of 15 equations are singular for any
E= Lyy 0 Ly O (41)  four standards. The situation does not change even though the
L0 Ryy 0 Ry standards would be nonreciprocal and nonsymmetrical. This
means that five two-port calibration measurements are strictly
whereejg = Ly = 1 andegs = Ryy = ;. needed [12]. The only proof of this known to the author is

the result of the simulation. Five standards already make the
E. Restrictions of the Super-Thru-Short-Delay Algorithm  self-calibration possible, although seven were used in [15].

In [17], [18], the super-thru-short-delay algorithm based on Very good res.ults were gchieved gsing only fqur calibration
the 16-term error model is presented. In the both articles, itfagasurements in [11]. This is possible if additional assump-
assumed that one of the quadrants (€Ig.) can be arbitrarily tions concerning the reciprocity or symmetry of the error
chosen. In Speciale and Franzen’s preliminary work [17], Retwork are made, or if at least one of the leakage paths can
is admitted that “no formal proof of this invariance has ye€ neglected (or assumed known). An iterative procedure finds
been given.” In [18], it is mentioned that some restrictions afesolution, although the 15 equations are not independent. In
expected, but nothing other than singularities are ever statedfictice, this is the same as assuming an arbitrary value to one
T is assumed known, 12 unknowns are left. Three standagignore of the unknowns. There is, however, no guarantee that
would then possibly be enough for a complete calibration. the solution is close to the correct one because the number of

Detailed analysis has shown that in its original form, theossible solutions is infinite.
super-thru-short-delay method gives correct results only undeA sufficient number of independent equations is achieved
the following special conditions. using thru (T) and/or delay line (D, L) with different combina-

« A symmetrical and reciprocal DUT is measured with §0ns of match (M), short (S), or open (O). For example, M-M

measurement system, in which every quadignis also Means matched loads at both ports 1 and 2 simultaneously.
symmetrical and reciprocal. Aarbitrary quadrantT; A natural choice for five two-port calibration standards

can be chosen as follows: would be pairs M-M, S-S, and O-0, in addition to the thru
and the delay line. However, this combination of standards
T, = B ﬂ (42) does not allow the determination of the error parameters. The

nonsingular combinations verified by careful simulations are

E; are diagonal and symmetrical. This means a symmetft M—M can always be replaced by L (D). Of course, the left

cal measurement system with no leakage paths (e.g., a & right ports can also be interchanged. In [12], there were six
fixture and two-tier calibration)I'; has to be diagonal as essentially redundant combinations, which have been omitted

follows: here. Complete listings of the 156 different combinations
including all the dual cases are shown in [24].
T, = {(1) ﬂ (43) The error parameters can be solved from linear equations
produced by (21). A good way is to use (21a)—(21d) for the first

These conditions can be expressed in an alternative form. Tt the second standard, (21a)—(21c) for the third standard, and
quadrantsE; must commute with the standards, the DUT, and@1b)—(21c) for the two remaining standards. These equations
each other. always give a solution for the combinations mentioned above.
In general, three standards allow the measurement of aYt, the solution is not necessarily always optimal where error
DUT, if e13 =0,e20 =0,¢e10 = €3 = k = La1 /Ro1 = 1. In sensitivity is concerned.
practice, these conditions can be encountered only with two-Five two-port calibration measurements may sound imprac-
tier calibrations. In fact, the situation is approximately th#cal, but taking into account the speed of modern network
same as the nearly symmetrical case in [23]. Because theg@lyzers it should be no problem. The availability of standards
standards instead of two are used, leakage paths other tisaflso usually not a bottleneck, because the same standards
e1z3 and eyg can be included. In [23], inferior results wereare already used in short-open-load-thru (SOLT), line-reflect-
achieved using the super-thru-short-delay algorithm for thrline (LRL), and LMR methods. However, two similar one-port
short-delay and for thru-open-delay standards, but the restandards are needed with many (not all) of the procedures
were much better for the thru-short-open combination. Thdbove. Self-calibration procedures usually assume identical
test fixture model was nonleaky and reciprocal, but slightheflection-standards on either side. Sexed connectors may
asymmetricalL2; # Ro;). If more leakage paths are assumedause problems when the same type of standard has to be
to be zero, the value df can be solved from the data of threeconnected to both analyzer ports, whether it is done simultane-
calibration measurements. ously or not. Wafer prober measurements may, in this respect,
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TABLE | match, S-parameters of the standards will be
NONSINGULAR COMBINATIONS OF FIVE TWO-PORT CALIBRATION STANDARDS IN ~
CONJUNCTION WITH THE 16-TERM ERRORMODEL. T=THRU, M=MATCH. S=SHORT, 0 T
O=0rEN ORVICE VERSA. T ORM-M CAN BE REPLACED BY L=LINE (=D=DELAY) thru or delay A= T 0:| (44)
Nr. [[St1]St.2 [St.3 | St.4 [ St5 0 0
1 T |SM |MS |SS |00 match-match B = 0 0} (45)
2 [T |SM |08 |S8S [0-0 L
Z ? gﬁ 1\04__1\5/[ ?)__SM g_-so reflect-reflect C = 1(; H (46)
5 [T |SM | M-O|OM]SS L
(73 $ gﬁ 82 ;)/I'_l\é gg reflect-match D = 1(; 8} 47
8 [T 7SM [0S [s0O [0-0 -
9 T |8M M-S 180 |00 match—reflect E = | 0} (48)
10 T {SM |MS |OM|SO 0 I
11 |T |SM [MS |OM|OS
12 |T {SM |M-O|SO [0-8 where T = ¢!, [ and v are the physical length and the
13 )T |SM |OM|SO |08 propagation constant of the line. For a zero-length fhirg 1.
1‘; $ ﬁiﬁ gg 8:8 gjl(\)/[ Because the leakage affects the measurement, the one-port
6 |lT IMmM|ss |so |os standards have to be simultaneously connected to the analyzer
17 {T |M-M|SS |S-O |MS ports in measuremeniB, C, D, andE. If no leakage paths
18 T | M-M |55 |50 § M-O are present, standar@® andE are redundant. The same data
19 T | MMSS |SM M-S is included inB and C.
20 [T [M-M|SS |SM |M-O I :
21 It Immiss |owm!mo In the course of the calibration, the value of the reflection
22 |T |M-M|S-O |SM [0S coefficient" can be found from a second-order equation as
23 )T | M-M)| S50 |S-M | M-S in the eight-term LMR method. In fact, the unknown §s
;g g Mﬁ g:g %R& ﬁ:g so thatZ” can be calculated if* is known or vice versa. Of
5% TT 1D S5 150 VoM course, neithel’ nor 7" is allowed to be equal to zero. The
27 T |D S8 |sM | M-M resulting equations are surprisingly simple, partly because of
28 |T | D S-S | O-M | M-M the excessive use of the match as a standard.
;g $ g 28 ?AM ﬁM To improve readability, the resulting equations are shown
a1l |p M Mg Mﬁ first. The derivation of the method is outlined in the Appendix.
3 1T 1D SM MO | MM MatricesM, N, O, P, andR are based on the measurement
33T |D S-S |s-0 |o-M data and defined by
34 |T |D S-S |S-M | O-M
3 T |D S-0 | S-M | O-M M= (Ma — M¢)N (49)
3 |T |D S-M | M-S | O-M N = (Mg — Ma)~“ (Mg — Mg) (50)
be easier to accomplish than calibration at the coaxial ports O =Ms -Mc (51)
(if sexed). In general, the one-port standard at port 1 does not P=(Ma-Mc)R (52)
have to be identical to the same type of standard (short, open, R = (Mp — Ma) (Mg — Mp). (53)

or match) at port 2, if the standards are exactly known. It
is, however, expected that several self-calibration procedures-oefficientsm, n, o, andp are functions of the elements
are feasible using the standard combinations in Table 1. Thtthe matrices

combination Nr. 14 is already used in [16] as a self-calibration _

procedure. Another one will follow in the next section. m = (Po + On) Mz — (P2 + O22) M2y (54)

n=021PFP2— 0xnPF (55)
ll. SELF-CALIBRATION PROCEDURELMR 16 0= (Mo + O12) P11 — (M1 4+ O11) P12 (56)
The following procedure allows 16-term calibration using p = O12M>z — O11 M. (57)

standards T, M-M, R-M, R-R, and M-R (Nr. 19in Table I). T As mentioned earliet-» is used as a scaling parameter and
means a thru or a delay (line), M is an ideal match, and R is an : 1eth IS U Ing p

unknown reflection standard (typically nonideal or ideal shoft assumed to be equal to one. E'tw or t1; has to be
ggculated from a second-order equation

or open). Measuring the standards in this order necessitat

only six connections in the sense of [15] in comparison with to=1 (58)
seven and five connections needed with the 12-term thru- N2 mo . mp P2
reflect-line (TRL) or TMR, respectively. In this case it is not <—) =— (t5)° = —31t, (59)
possible to replace M—M with a delay line. r np no Mz

Five two-port measurements are made with the standards ts = _BEEM L - _oMnts (60)
A, B, C, D, andE, each representing-parametersS, in oM T T pPuto
Fig. 1. The measurement data correspondin§ tpare M 4, ts = _Etls (61)
Mg, Mc, Mp, and Mg, respectively. Assuming an ideal Py
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30

|Port 1 HP8510C Port 2|
Mag
splitter Leaky VNA splitter q
0.995+
Port 2 j

( Port 1

20 dB att.

—

0,990
Fig. 3. An artificial leaky VNA. ]

0.9854

tig = ———t12. (62)

Ma, 0.980

Pha

L0
[ s0

I--60

70

The problem of root choice is solved as usual—the reflection !

coefficient is approximately known (e.g+;1 or —1) or the
delay-line length is known with an accuracy of better than
+A/4 (A = wavelength). The root can possibly be chosen

T

1.25

Mag(l) ——
Mag(2) ——

— — ——
1.5 1.75 2

Freq [GHz]
Pha(l) ——
Pha(2) ——

based on the fact that = tl()/t12 ~~ +1 with port-to-port Fig. 4. Si2 of a delay line. Curve 1: LMR 16 with the leaky network

symmetrical test fixtures or wafer-probing stations in two-tier
calibration [6].

analyzer. Curve 2: Direct measurement with HP8510C.

The remaining error terms can be easily calculated as ]
follows: S21dB |
1 1 25 — ]
ts = (Riitiz + Rmtm)f - t13T (63) 1
1 1 ]
o = (Nufus &+ Noohio) s =g (64) 50}VW\\/\/\/\/A\/W\“/
1 1 ?
tio = (Rartiz + Rozta) 5 — tis 7y (65) s
1 1 ]
ti1 = (Nortis + Nootis) = — tia (66)
FlT -100———————————————————————
1 1.25 1.5 1.75 2
to = Mci1ts + Mci2tio — f(011t12 + O12t14) (67) Freq [GHz]
1 1 9
t1 = Mci1tg + Mcoiotn — =(01q1t O10t15) (68
' cufo+ Mot F( 11f13 + G2ty ) (68) Fig. 5. Isolation measurement with shorts connected to the leaky VNA ports.

1
t2 = Mcoits + Mcaotio — f(021t12 + Oz2t14)

t3 = Mcorte + Mcaztin — %(021t13 + Oa22t15)
ty = Mpiitio + Mpiotiy
t5 = Mpiitis + Mpiotis
te = Mpa1t1o + Mpaotiy
t7 = Mpa1ti3 + Mpaotis.

" . c
Additionally, the source- and load-match correction can %

used during the measurements.

IV. PRACTICAL MEASUREMENTS

(69)

(70)
(71)
(72)
(73)
(74)

Curve 1: LMR 16 with the leaky network analyzer. CurveS3; seen by the
calibrated HP8510C when the leaky VNA with shorts was measured.

As an exampleS, of a delay line is shown in Fig. 4. The
results of the new LMR-16 calibration method are compared
with the direct HP8510C network analyzer measurement (51
frequency points, 12-term SOLT).

To illustrate that the new procedure is able to handle
the leakage, isolation measurements were done with short
ircuits at the measurement ports. Fig. 5 compares the 16-term
%rrected results to the isolation seen by the network analyzer.
It is important that calibration standards are not used any more
as test objects when the accuracy of the calibration is checked.
As a result, one would get the originally assuntegarameters

The measurement network shown in Fig. 3 was used to t@étthe calibration standards. When measuring the isolation of
the new algorithm in practice. The configuration can already Bee termination pairs M-M, O-O, O-M, and M-O (which
considered a de facto standard being used by several autivggse used in calibration), nearly ideal values were achieved
[11], [13], [15]. as expected.

A weak leakage path was produced connecting a 20-dBThe measurement accuracy can still be enhanced by us-
attenuator between the third ports of two Wilkinson powdng identical reflection standards at both ports. In numerical
dividers (center frequency 1.4 GHz). The connector tygémulations, no roundoff or systematical errors were found. A
used was SMA. The LMR-16 calibration was performed withormal nonleaky network analyzer alone can also be calibrated
male and female shielded opens as identical) reflection with the method. As an extreme special case, the algorithm
standards and fixed loads as match standards. Measuremals@ works with totally ideal error networks, i.e., the calibration
revealed differences between the two reflection standards @t@ndards are measured with a calibrated network analyzer.
to connector wear. The source and load match correction wassuch a case, the error networks reduce to two matched
not used. zero-length lines with no interconnection.



SILVONEN: LMR 16—A SELF-CALIBRATION PROCEDURE FOR A LEAKY NETWORK ANALYZER 1047

V. CONCLUSION [MpT3B-McT3C+(Mp—-Mc)T4](B-C)"'=T,
A new class of calibration procedures especially suitable for (A15)
network analyzers and wafer probes is introduced. The proceni, T3A — MpTsD+(Mg —Mp)T4)(A-D)" 1 =Ty
dures rely on five two-port calibration measurements, which is (A16)

the minimum number needed for full determination of the error .
coefficients with the 16-term error model. Possible combina- [MaT3A~MgpT3E+(Ma ~Mg)T4(A-E)™" =Ty,
tions of thru, delay, match, short, and open are tabulated. The (A17)
theory of the 16-term error model, including the callbratmprma”y eliminating T4

and de-embedding equations, is outlined. The restrictions of

the 16-term methods published in earlier literature are define@MBT3B — MAT3A + (Mp — Ma )T4](B - A)
Equations for the LMR 16 self-calibration procedure are given. = [MgT3B — McT3C + (Mg — Mc)T4](B - C)™!

The usability of the algorithm is shown through measurement (A18)
examples. [MpT3B — MAT3A + (Mp — Ma)T4](B — A)~!
APPENDIX = [MAT3A-—MpT3D+ (M — Mp)T4(A-D)™!
The derivation of the self-calibration procedure is given here (A19)

in detail. Only the most common matrix operations are needefVz T3B — Ma T3A +(Mp —Ma)T4](B—A) ™!
No advantage was found when formulating the problem wit -1
S = [MAT3A-MgT3sE+(Ma —Mg)T4]J(A-E
Kronecker products [18], which in this case lead tox44 [MaTs e TsE+(Ma e) Tal( )
matrices. On the contrary, not bigger thanx22 matrices (A20)
have to be inverted with the present method. Substituting the standards3-matrices into the previous
Unity matrix I and matriceq, Ng, Se, S+, andN,, (cf. equations

north-west) are denoted as follows: 1
MaTs — (Mg — MA)T4QT

Ne=lp o] M=l @ |
0 0] 0 0 =McT3 — (Mg — Mc)Ta5 (A21)
[0 0] 00 1 r
Sw=l1 oy Se= [0 1} (A2) MaTs - (Mp - Ma)TaQ
_[o 1] 1o r r
Q= 1 0] - {0 1}' (A3) =MaTs <I+ NeT) Mp T5Ne 7
S-parameters of the calibration standards 1 r
+(Ma —Mp)T4 QT +S o3 (A22)
thru or delay A =17Q (A4) .
match—-match B =0 (A5) MaT; — (Mp — MA)T4QT
reflect—reflect C =11 (AB) r r
reflect-match D = I'Ny, (A7) =MaTs <I + SW_) ~ MeTsSw7;
h—refl = . A r
match—reflect E = I'S, (A8) +(Ma - ME)T4<Q LN, T2> (A23)

The following five matrix equations are written using (19):
Next, (A22) and (A23) are multiplied b¥’/T", which after

MA(T3A +T4) - T1A=T, (A9)  some manipulation yields
T3B +Ty4) - T:B=T (AL0) 1
Mp(Ts )T 2 (Ma —Mc)T3 = (Mp — Ma)T4Q~
Mcg(T3C+ Ty) — T1C =T, (Al11) }‘
Mp (T3D + T4) T:D=T, (A].Z) - (MB - Mc)T4f (A24)
ME(T3E + T4) -T{E=T,. (A13) 1

L (Mp — Ma)T3N, = (Mp — MD)T4QF
By eliminating T 1
+ (Ma — MD)T4SeT (A25)

MgT3B — MAT3A + (MB - MA)T4 = Tl(B - A)

MpT3B — McT3C+ (Mg — Me)Ty =T1(B-C) (Mg — Ma)T3Sw = (Mg — ME)T4Q%
MAT3A—MDT3D+(MA MD)T4 ITl(A—D) 1
MaT3A — MgT3E 4+ (Ma — Mg)Ty = T1(A — E) +(Ma ~ Mg)T4Nw . (A26)

It is preferable to solvd's as a function ofl’y and not vice
versa to maintain the analogy to the TCX algorithm. Yet the
[MpT3B-MaT3A+(Mp—Ma)T4](B-A)"'=T1  inverse of the matrix§I, — Mc) does not always exist. To
(A14) overcome this problem a strange approach is used.

we get the following equations foI';:
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By multiplying (A24) first by N, and then byS,,, both

from the right-hand side (RHS), and noting tl@N, = S,
and QS,, = Ny, one gets

(Ma ~ Mc)T5N, = (Mg ~ M) TS0 7
- (Mp - Mo)TaNer  (A27)
(Ma — Mc)T5Sw = (Mg — MA)T4NW%
~ (Mg — MC)T4SW%. (A28)
After solving T3N, andT3S,, from (A25) and (A26)

T3N. = (Mp —Ma)™! |:(MB - MD)T4Q%

4 (Ma — MD)T4SQ%} (A29)
T3Sy = (Mg — M)~ {(MB - Mg)T.Q7
+ (Ma = Me)TaNy, 1 (A30)

and combining with (A27) and (A28)
(Ma — Mc)(Mp — Ma)™*(Mp — Mp)T4Q
I
+ (Mp — M¢)T4Ne + (Mc - MB)TAISeT =0

(A31)
(Ma — Mc)(Mg — Ma) ™' (Mg — Mg)T4Q
+ (Mp — M¢)Ty4Sw + (Mc — MB)T4NW; =0.
(A32)

Using a more compact notation for (A31)-(A32)

r

PT,Q+ OT4N, — OT4S€T =0 (A33)
r

MT4Q + OT4Sy - OT4Ny - =0.  (A34)

M, O, and P are defined in (49)—(53)T4 contains three
unknown error terms, ift;o is set, equal to one of the

following:

T, = [tl? tl?’}. (A35)
t14 t15

Both (A33) and (A34) give four equations for the unknown

error terms

Piitis + Pioti3 =0 (A36)
I
Putig + Piotis + O <t12 - Ttl?,) + O12
I
<t14 - Ttm) =0 (A37)
Ptz + Pooty5 =0 (A38)
I
Portig + Post1a + O <t12 - Ttl?,) + O
I
<t14 - Ttm) =0 (A39)

I
M1tz + Miot1s + O <t13 - Ttm) + O12

I
<t15 - TtM) =0 (A40)
Myt + Moty =0 (A41)
I
Moitis + Maotis + O <t13 - Ttm) + Oa2
I
<t15 - TtM) =0 (A42)
Moitio + Mooty = 0. (A43)

One of the error termg,4 can already be solved using
(A43). Expressingt;3 as a function ofty; from (A36) and
substituting into (A39)—(A40)

tia = —%—z:tm (Ad4)
tiz = —i—itls (A45)
Porty2 — PQQ%—itm + O21t12 + O2 i—itls;
— Oa2 %—z;tm - 022t15; =0 (A46)
Myotys — My i—itm + O12t15 + O12 %hQ%
- 0On i—itls - 011t12; =0. (A4T)

Error termt;; and ratiol’/T can be solved simultaneously
from (A46) and (A47). Oncél'y is determined,I's can be
found from (A29) to (A30)

_ (0t _ 1 1
T3N, = [0 tm} = RT4Qp - TaSo;;
tg O 1 1
L= — NT4Q= — T4Ny ~.
T3S [tn 0} TaQp — TaNw

R and N are defined in (49)—(53). With the calibration
standards defined above, (A15) and (A10) will reduce to

1
T1 =McTs; - (M - MC)T4F
Ty = MpgTy.

The eight remaining error terms can then finally be solved.
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