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Multiport Scattering Matrix Measurement Using
a Reduced-Port Network Analyzer

Hsin-Chia Ly Member, IEEEand Tah-Hsiung ChuMember, IEEE

Abstract—A novel method for acquiring the scattering matrix of sured ports is reduced by one. With their method, sthgort
an n-port network from measurements using a reduced-port net- - scattering matrix can be reconstructed frosets of the reduced
work analyzer is developed. This method can obtain the scattering (n — 1)-port scattering matrix by connectimgknown termina-

matrix of a nonreciprocal or reciprocal n-port network With the tors to each port one at a time. This port reduction process can

use of a three- or two-port network analyzer. The formulation of - : X >

this method considers the imperfection of terminators used in the b€ continued to reduce the port order, and the resulting minimal
measurement, and only two of the terminators are required to be reduced port order is three. With the idea of reconstructing an
known. Experimental rgsults from a four-port microstrip circuit n-port scattering matrix fromn( — 1)-port scattering matrices,
show good accuracy using the developed method. two-port reduction methods (PRMs) are proposed in [15]. They

Index Terms—Multiport network, scattering matrix  are called type-1 and type-lIl PRMs. Only three terminators are
measurement. required in each step of port reduction in both methods, and the
order of measured ports can be reduced to two for both recip-
rocal and nonreciprocal networks.

. . ] In this paper, we present a new formulation of the PRM,
HE multiport scattering matrix measurement ofiaport  cajied a type-lll PRM, for solving the-port scattering matrix
network may need to design a special multiport netwokom j, sets of the reducea (- 1)-port scattering matrix by con-

analyzer [1], [2] or to use a two-port vector network analyzg{ectings, terminators to each port one at a time. The minimal

with all other @ — 2)-ports of the test network connected withyrder of measured ports can be reduced to two for a reciprocal
perfect terminators based on the definition of the scattering M#port network. In addition, only two of the terminators are

trix. The multiport network analyzer requires specific caIibrqrequired to be known instead afin [9] or [14].

tion methods, e.g., [2]-[5]. On the other hand, the instruments, the following sections, the basic formulation of the devel-

and calibration methods needed to measure a two-port Sz type-Ill PRM is described in Section II. Experimental re-

tering matrix are well developed. Agilent 8510C and Anritsyts of four-port reciprocal and nonreciprocal circuits are given

ME7808A are two typical two-port vector network analyzerg, section I1l. The measured results are verified and compared

and the 16-term error model is the most general approach {gfn those measured with the assumption of using perfect ter-

calibration [6]-[8]. In practice, the imperfect terminators mushination. The accuracy of experimental results is also analyzed.
be taken into consideration when using a two-port network apmg|ly, a conclusion is given in Section IV.

alyzer to measure an-port network accurately. The rigorous
methods for solving the scattering matrix of a multiport network
using a two-port vector network analyzer with known termina-
tors were described in [9]-[12]. A multiport network analyzer For ann-port network, when a terminator with a reflection
using a two-port network analyzer with a calibration methoepefficient ofI';, is connected at théth port, the relationship
was given in [13]. It uses the method proposed in [9] to recobetweensff) of this reduceds{ — 1)-port network andS;; of
struct then-port scattering matrix from two-port scattering mathen-port network is given as
trices. Currently, multiport vector analyzers are available, e.g., S G, T
Agilent N4446A consists of an 8720ES two-port vector network S = 8y ZHOM Lk
analyzer and an N4418A four-port test set for port extension. 1= Spil's
In [9], then-port scattering matrix is calculated directly fromin (1), the port numbering is the same for theport network
O3 sets of two-port scattering matrices. In [14], Lin and Ruaand the £ — 1)-port network. This equation means that there
proposed an approach from the port reduction point-of-view. Age a total o, (n — 1)2 values ofsg.“) to be measured.
aterminator is connected to arport network, the order of mea-  |n the following, we will first present the formulation for di-
agonal elements in the scattering matrix ofraport network,

and then derive the formulation for off-diagonal elements.
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As given in [14], the matrix equation to relate the diagonal elene can obtain

ments of am-port scattering matrix and the elements of reduceSd(

(n — 1)-port scattering matrices is

with (4)—(6), shown at the bottom of this page, for> 3. In
(3), [Rnxn] and[S,] are matrices related to the reduced—{
1)-port scattering parameters and the reflection coefficients

)
k) K)o _ k) k), Sis (k) (k)
gi Sij‘l‘si]- Sji _Sji Sij +F—_S” Sjj

J

k1 k) _ o)
+<SJJ _F_J> S“—I—(S“ —S“] )Sj]

©)

A$ described in Section 1I-A, all the diagonal elements can be

terminators used, where@$,| contains the diagonal elementsexpressed in terms &, (or designated asin the following

to be solved.
In Appendix A, the determinant df?,,«..] is proven to be
zero. This means the elements%f in (4) cannot be solved ex-

for simplicity). The right-hand side of (9) is then a polynomial
of ¢ with the order of one.
Forn > 4, a different port, that is different from, j, andk

plicitly, but can be expressed in a polynomial form in terms afan be taken and (9) becomes

one element, such &5,. The equations to solvg ; are givenin
the following derivation of the formulation for solving off-diag-
onal elements of;;. In addition,det [R,,x,,] = 0 provides are-
lationship between th8;;’s of (n — 1)-port networks and the re-

flection coefficients of all terminators. One can then utilize this
relation in the following two ways. One is to verify the measure-

ment consistency by calculatinigt [R,, «,,] with known values

()
(h) MW a . _ o) o) | Si o) o)
SJL SZJ+SU S]l _SJL SL] +F—j_5“ Sjj
g 1 N
+<SJ(;)_ >5ii+(5g)—5i(f))5jj-
(10)

r;
From (9) and (10), one can then express the off-diagonal ele-

of S;;'s andl';’s. The determinate of (6) should be close to zemmentsS;; andS,; in terms oft. In other wordsS;; andsS;; are
if all the values are correct. Alternately, one can use this equzelynomials oft with the order of one. Let

tion to reduce the number of terminators that must be known

the measurement. It is proven in Appendix B that only two %
the terminators used to reduce the measured ports are required

to be known instead of, as in [9] or [14]. This then relaxes the
measurement requirements.

B. Off-Diagonal Elements

As aterminator is connected at tfith port, (2) can be written
as

ing,, — fi(t) Sjj = fa(t) Sij = f3(t) Sji= fa(t) (11)
en (7) becomes

(5= 1) (= £00) = h0ss) @12

whichis a second-order polynomial equatior.dfwo solutions
of ¢ (or S11) can be found. As is solved, all the diagonal and
off-diagonal elements can be calculated from (11).

Note there are two possible solutions%f for the two dif-
ferent values of. To determine the correct value gfone can

(ST(IJ) 3 Si') (Fi 3 Sjj) = 8,85 (7 Substitute the resulting values intg o r
J A=SD g, — T (13)
By substituting (7) into (10) in [14] given by , Rt
*) *) 5) o(k) The correct value of then gives a very small value &f based
_ (S.(k) _ 5) (5(1?) _g. ) The derivation of the PRM formulation given above by re-
AN VANV A ducing the order of. ports to ben — 1 is valid for a nonre-
hj=12...m i#j; 1,77k ciprocal network in general. One can repeat this port reduction
(8) processtoreduce the measured ports to a minimal order of three,
[Sa] = [T1S11 T2S2 T'nSnn ] 4)
[Se] = [T18) —T285) T85) — 385 s - 1,80 ®)
and
[1-T»8) — (1—r15§?) 0 0 0 ]
0 1-T382 - (1—F2S§§>) 0 0
0 0 1-T,8% 0 0
[Rrscn] = 44 (6)
0 0 0 =T = (1T 180,
11,55 0 0 0 - (1—1“15&”)
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Fig. 1. Circuit layouts of: (a) reciprocal four-port network (or “R” network)
and (b) nonreciprocal four-port network (or “NR” network).

Fig. 2. Measurement arrangement of a four-port network (DUT) with its ports
1 and 2 connected to an Agilent 8510C.

as given in [14]. In other words, theport scattering matrix can TABLE |
be reconstructed from the measurement of terminated three-porbort DESCRIPTION OF THESCATTERING MATRIX IN THE PRM PROCESS
networks. In addition, the terminators used to reduce the mea-

sured ports can be partially known. In the following, we wil Ports of resulting | Ports of intermediate| Ports of measured Ports of actually
; ' four-port S-matrix | three-port S-matrix | two-port S-matrix measured two-port
show that, for a reciprocal network, the measured ports can S-matrix
1211 1211
further reduced to be two. 1231 310 TR
23_11 23 11
. 12_11
C. Reciprocal Network 124.1 14 11 710
) 1234 24 11 24_11
For a reciprocal network 13_11
134_1 14 11
_ (k) _ o(k) 34_11 34 11
234_1 24 11
By introducing (14) into (9), it becomes 34_11
(4)
k k2 S5 k) ok
2Si(j)5ij = S,L-(j) + F‘—‘ -5 )SJ(]-) ll. EXPERIMENTS AND VERIFICATION

J
The experiments using the developed type-lll PRM con-

1 .

+ (5](?) - F_> Sii + (Sz(tk) - Sff)) Sji (19)  tain two parts: experiment 1 for a reciprocal network and

! experiment 2 for a nonreciprocal network. In experiment 1,

which meansS;; can be expressed as a polynomiat wfith the the scattering matrix of a reciprocal four-port network is re-
order of one. Therefore, by letting;; = f5(¢) and substituting constructed from the two-port measurements using an Agilent
itinto (7), it becomes a second-order polynomial equatioh 0f8510C. In experiment 2, this reciprocal network is connected
Similarly, one can solve the correct valuetaénd reconstruct with an isolator at one port to become a nonreciprocal four-port

then-port scattering matrix using the same procedure as in thetwork. As shown in Section 1I-B, the scattering matrix of
nonreciprocal case. this four-port network can be reconstructed from its terminated
For a reciprocal network, one can find that all formulationthree-port networks. Since the multiport vector network ana-
given above are valid until is three. This means that the mindyzer is not available in our laboratory, the three-port scattering
imal order of measured ports can be reduced to be two. In otimeatrices for the PRM process of this nonreciprocal network are
words, one can use the derived formulation of the type-Ill PRihlculated using the reconstructed four-port scattering matrix
to acquire the scattering matrix of a reciproeaport network of a reciprocal network from experiment 1 and the measured
using a two-port network analyzer. scattering matrices of the isolator and terminators used. The
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Fig. 3. Reconstructed results of: (a) input, (b) coupled path, and (c) direct path characteristics of the “R” network.

experiment 2 results are finally verified with the measurecbnnected with two terminators. Terminator 1 is a 6-dB attenu-
two-port scattering matrices of the terminated four-port nomtor with a shortload for the PRM measurement. Terminator 2 is

reciprocal network. a 5012 load for the PRM verification. Note that the pair of ports
1 and 2 connected to an Agilent 8510C is only one typical mea-
A. Measurement Arrangement surement arrangement. The actual measured ports of the DUT

Fig. 1(a) and (b) shows the reciprocal four-port networRre discussed in the following.
(or “R” network) and the nonreciprocal four-port network (or
“NR” network) used in the experiments. The “R” network i- DUT Measurement Ports
a four-port microstrip circuit with a 50-mil-thick RT/Duroid Table I illustrates the port arrangement of the scattering ma-
6006 substrate. By connecting an isolator (Narda 10S-4080)tax at different orders in the PRM process. The first column
port 2, as shown in Fig. 1(b), it becomes a four-port nonrecijs the ports of the DUT, i.e., 1234 represents ports 1-4 of the
rocal network. resulting DUT four-port scattering matrix. The ports of inter-
A typical two-port scattering matrix measurement arrangeiediate three-port scattering matrices required to reconstruct
ment by terminating two selected ports of the device-under-télsis four-port scattering matrix are shown in the second column.
(DUT) is illustrated in Fig. 2. In the measurement, an Agilenthe type of terminator connected is also given. For example, the
8510C is calibrated with the use of full two-port calibration andecond element 123_1 represents a three-port scattering matrix
an adapter removal technique. A SUN Ultra 1 workstation &f ports 1-3 with terminator 1 connected at port 4.
linked through an IEEE-488 interface for data recording and The third column describes the ports and terminators for
PRM calculation. In Fig. 2, an Agilent 8510C is shown corthe two-port scattering matrix measurement. Similarly, the
nected to ports 1 and 2 of the DUT, whereas ports 3 and 4 dirst two digits represent the measured ports connected to an
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Fig. 4. Comparison of: (ay1: and (b)S.; of the “NR” network with.S;; from the four-port scattering matrix reconstructed by the PRNS;; from the
measured two-port scattering matrix, afid;; from the calculated two-port scattering matrix.

Agilent 8510C and the following two digits represent the typdifferences are due to the soldering and that four SMA connec-
of terminators connected. The actual measured ports are thans are not identical. The scattering parameters for the coupled
given in the last column. As listed in Table I, there is a total gfathsS», S13, Sa24, andSs4 are shown in Fig. 3(b). Fig. 3(c)

six sets of the two-port scattering matrix to be measured for th@ves the direct path characteristicsf, and S»3. Similarly,

PRM calculation in order to reconstruct the four-port scatterirthese characteristics are very close, respectively, because the
matrix of the “R” network given in Fig. 1(a). “R” network is symmetrical.

In this experiment, the reflection coefficients of four
terminators used for each port are all given without using
det [R,x»] = 0 to solve them, as described in Appendix B.

As described in Section I, the first process in the PRM calclistead,det [R,x»] = 0 is used as a criterion to verify the
lation of the “R” network is to solve the intermediate three-pofh€asurement consistency. For each two- to three-port scattering
scattering matrices from the six measured sets of two-port sd@@trix reconstruction, as in Table I, the valuedofi [R®)] is
tering matrices. The four-port scattering matrix is then recoMery low and within the range 660 dB.
structed from the four three-port scattering matrices, as given in
Teble I. The measurement frequency range is 2 &H¥GHz. D. Experiment 2
Since the “R” network is reciprocal, there are only ten elements
of the four-port scattering matrix to be solved. The results areAs described in Section Il, the minimal order of the reduced
shown in Fig. 3. ports for the “NR” network is three. In this experiment, the

Fig. 3(a) shows the resulting four reflection coefficients ahree-port scattering matrices required for the reconstruction of
S11, S22, S33, andS,44, which are very close to each other. Theithe “NR” network are calculated using the results of the “R”

C. Experiment 1
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Fig. 4. (Continued.)Comparison of: (cf1- and (d)S14 of the “NR” network with.S;; from the four-port scattering matrix reconstructed by the PR¥S; ;
from the measured two-port scattering matrix, &8, ; from the calculated two-port scattering matrix.

network in experiment 1 and the measured scattering matriaes threeM S;1’s with port pairs(1, 2), (1, 3), or (1, 4), as
of the isolator and terminators used. Based on the PRM fornmeasured with an Agilent 8510C. However, the difference be-
lation for the nonreciprocal network developed in Section Itween them is not noticeable, therefore, oMS;; from the
the resulting four-port scattering matrix of this “NR” networkport pair(1, 3) is given in Fig. 4(a). The results in Fig. 4 show
is shown in Fig. 4. that the measured result$S;; are identical to calculated results
The reconstructed four-port scattering matrix is verified with’'S;;. However, there are some discrepancies betwHef);
the measured two-port scattering matrices by connecting tands;;. This is because the reflections from two imperfect50-
terminators 2 (532 loads), as illustrated in Fig. 2. In addi-terminators contaminate the DUB]; in the measurement when
tion, these two-port scattering matrices are calculated using th@ng a two-port vector network analyzer. In addition, the dis-
four-port scattering matrix of the “NR” network with the mea<crepancy betweeh/ Sy, andS14 is in the range of a few tenths
sured reflection coefficients of 5Q-loads. The reflection coef- of decibels, which is considerable smaller than those in the other
ficients of all four 50%2 loads are approximatehy20 dB. The scattering parameters shown in Fig. 4. This can be explained by
measured and calculated two-port scattering parameters (te reflection from the terminator at port 2 being blocked by the
noted asM S;; andC'S;;) are also given in Fig. 4, and they arasolator, hence, only the reflection from the terminator at port 3
shown to be identical. This shows that the reconstrusSteaf affectsS;4 through the coupled path. Since the coupling in the
the “NR” network have good accuracy. In addition, a quantitalirect path is much larger than that of the coupled path, the dis-
tive discussion on the accuracy of reconstructed scattering peepancy betweem! S, andSy; in Fig. 4(a) is more severe than
rameters is given in Appendix C. that for M S, andSy4 in Fig. 4(d). The discussion on the accu-
The measured port pair fdZ.S;; is given on the top of each racy comparison of this type-lll PRM with a type-l and type-II
figure. Note that not all/ S;;'s are shown. For example, therePRM in [15] is given in Appendix D.
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IV. CONCLUSION changing the subscripts and superscripi{sRﬁ?)] to bei, 57 and
k as
In this paper, a novel PRM (type-lll PRM) has been devel- 1-T.8@  _ (1—F45(7)) 0
oped to reconstruct the scattering matrix of a multiport network I e
from the measured reduced-port scattering matrices. The effe §(3)’} — 0 1-T,8W  — (1—1‘]-5(.'?))
of nonideal terminators are completely taken into consideratio 7
in the derived formulation. The equatielet [R,x,] = 0 to 1-1;,8% 0 _ (1—Fi5¢(ik))
relate the reflection coefficients of terminators and measured
scattering parameters is used as a criterion for verifying mea- (A.2)

surement consistency. It can alternatively be used to reduce gie | R®)’ | can also be shown equal to zero.
required number of known terminators to two. With the devel- Note that[R<3)] has a similar form a&Rsxs] given in (6)
X ’

oped PRM, one can measure the scattering matrix of a reupro&:ﬂ they are not equal. The elementétR\(?’)] are from the  —

n-port network with a conventional two-port network analyze&)_port scattering matrices, whereas the elemenf&ef ;] are
For a nonreciprocal-port network, the measured ports can b, 1 tyo-port scattering matrices. However, forraport
reduced to the order of three. network [R(n)] = [Ruxn] ’

1 - nmxXn|-

Step 2: Assuming det [R*~D] = 0, prove that
det [R®)] = 0.
APPENDIX See (A.3), shown at the bottom of this page. Since
det LR(?’)"} = 0, the first row can be written as a linear
A. Proof ofdet [R,xn] =0 combination of the second and third rows.

imilarl QIR i A.4), sh h f
The following proof uses the induction method starting frorﬂ]iSImI arly, [ZV] is written as (A.4), shown at the bottom o

. S page.
a3x3 matnx (7). 3) Thpe Igast two rows can be rewritten into a new form by using
iip 1: Provedet [R®V] = 0. det [R®"| = 0, then (A.4) becomes (A.5), shown at the
bottom of the following page, whereis a constant. One can
1-Ty8) - (1_r15§§)) 0 express this determinant by extracting the last column to give
. ” ) det [RM] = ¢ (1 — FlSﬂ")) (=1)F det [R*=D] = 0 since
[R(S)} - 0 1-T355; - (1_P2522 ) det [R*=D] = 0. Therefore, based on steps 1 and 2 of the

inducti (m] = _
1Ty 0 _(1—F15ﬁ)) induction methoddet [R(™] = det [Ryx,] = 0.

(A.1) B. Proof of the Required Minimal Number of Known
' Terminators to be Two

By substitutingS‘,i? givenin (2) into (A.1) and after proper ma- Without the loss of generality, two known terminators are
nipulation, it can be shown thatt [R(3>] = 0. In addition, by connected at ports 1 and 2 with their reflection coefficienis;as

1-Teas oy = (1-1ishY) 0
[rO] = 0 L-Tesi? = (=TS ) (A3)
1 - TS 0 ~(1-Tusth)

[1-Ty8) — (1 - rlsﬁ)) 0 0 0 ]
0 1-T;82  — (1 - PZS§§)> . 0 0
0 0 1-T,s% ... 0 0

7] = o (A4)

0 0 0 1-Ts%-1 (1 - rk,ls,i’“_)hk_l)

| 1-TuS() 0 0 0 - (1—r15§’;>)
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TABLE I
CALCULATED RESULTS OFMEAN ABSOLUTE VALUE |S';;|, ABSOLUTE
MEAN VALUE |st|, STANDARD DEVIATION o, MAGNITUDE ERROR
AND PHASE ERROR OF S ;

andl'. Det [R®] = 0 of (A.1) gives a linear equation with the
order of one fod';, thereforeI's can be calculated. Similarly,
the reflection coefficients of other terminators can be calculated

usingdet R<3>’} = 0 of (A.2) by properly selecting the ports

1, 7, andk. Therefore, the minimal number of known termina Sij Su S Siz Sn
tors Is two. mean of | Sj; | 0.369 0.229 0.066 0.346
C. Accuracy of Reconstructed Scattering Parameters " 0.12x10° 0.52x10° 0.18x10° 0.36x10°

The accuracy of the reconstructed four-port scattering mat S S B ’
of the “NR” network is discussed in the following by expressin ° 3.79x10 2.20x10 2.65x10 74110
CS,L']' andMSij aSCSij = Sij + ST¢e andMS,-]- = S;l] + magnitude 0.135 0.083 0.344 0.184
ST, WhereSfj is the actual scattering parameter of the “NR = dB) ’ ' ’ )
network. ST and STy, are the spurious components due t ™ phase error 0.899 0.550 2317 1228
the reflection from imperfect termination 1G5;; and M S;;, (degree) ) ) i )
respectively. One can then use the differenc€ 6f; andM S;;
to estimate the reconstructég; accuracy given by 3

ij S S S S
Si; — 8% = (CS;; — MSi;) — (STc — STnr).  (A6) L " . » “

In (A.6), the values of mean and standard deviatiof'sf; — ™" of |51 0.629 0.629 0339 0.064
MS;; are first calculated. Sinc€7¢ and ST}, are at least " 0.22x10° 0.18x10° 0.13x10° 0.08x10°
—20 dB belows;; for all 16 scattering parameters, one can a: " ) i i )
sume the mean and standard deviationdgr— S, are equal c 3.67x10° | 4.88x10° 3.42x10° 1.54x10”
to those forC'S;; — M S;;. -

This assumption is then validated by expandfffi- and ~ ™egnimde 0.051 0.067 0.087 0.205
STy. Taking S14, for example, the difference betwesh, — e}z‘;‘e(ed:o)r
S, andCS14 — M Sy, can be expressed as p(deg,ee) 0.334 0.444 0.577 1.365

1
(CS14— MS14) — (514 — S}y) = r—3(534513 — 55,573)

(A.7) magnitude and phase errors. As the error vector is in the same
wherel'; is the reflection coefficient of the 5Q-load connected direction asS¢,, it has the largest magnitude error. On the other
at port 3.(1/T'3)S34.513 and (1/T'3)S5,S1; are the dominant hand, as the error vector is perpendicula#q it has the largest
termsinSTc andST)y, respectively. In (A.7)534513—55,573  phase error. With the value &f; assumed to be equal £,
can be rewritten as the calculated mean value [¢f¢; |, magnitude, and phase errors
are listed in Table Il. Note only eight typical terms are given. It

wherep, = S5 — S% andps = Ss4 — S%,. Since the mean shows that all the magnitude and phase errors are approximately

and variance of; andp, are known, the mean and variance oSS than 0.18 dB and T.2except forS:» andSs». The larger

S34513 — S%,5% can then be calculated. The calculated resulffgrors qf these two parameters may be due to their magnitudes

show that the mean and variance differences betdigen ¢, P€ing significantly smaller than others.

andCS;; — M S;; are quite small, as assumed. Results of the )

estimated values of the mean and standard deviatiof fersy, D- Accuracy Comparison of Three PRMs

are listed in Table II. This section gives a comparison of the accuracy of type-l,
Since the standard deviation gives the root mean square digpe-II [15], and type-1ll PRMs in this paper. The accuracy of

tance betweery; andS;;, one can then use the mean valueeconstructed scattering parameters is expressed as the magni-

of |S$j| and the calculated standard deviation to estimate thele and phase errors. Since the errors are normalized to the

534513 — 53,873 = S34p1 + S13p2 — p1p2 (A.8)

1-Tys) - (1—1“155?) 0 0 0 T
0 1-T382 - (1—r25§3)) 0 0
0 0 1-Tys8 ... 0 0
det [R(k)} =c X det o
1-To1S, s 0 0 - (1-Tusf) 0
| 1-Ts 0 0 0 - (1-ris) |

(A.5)
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TABLE 1l [2] A. Ferrero, U. Pisani, and K. J. Kerwin, “A new implementation of a
CALCULATED RESULTS OFMAGNITUDE AND PHASE ERRORS OF THE multi-port automatic network analyzetPEE Trans. Microwave Theory
RECONSTRUCTEDSCATTERING PARAMETERS USING THREE PRMs Tech, vol. 40, pp. 2078-2085, Nov. 1992,
[3] A.Ferrero, F. Sanpietro, and U. Pisani, “Accurate coaxial standard veri-
S;i Su Sz Siz Su fication by multiport vector network analyzer,” IEEE MTT-S Int. Mi-
Tmag, error 005 0,652 0.086 0027 crowave Symp. DigMay 1994, pp. 13_6_5—1368._

Type I PRM (dB) : : : : [4] A. Ferrero and F._ Sanpietro, “‘A S|mpI|f|ed_aIgor|thm for leaky network

phase error 0212 2.46 0.579 0178 analyzer calibration,TEEE Microwave Guided Wave Lettol. 5, pp.
(degree) 119-121, Apr. 1995.
‘mag. error 0.047 0.223 0.067 0.028 [5] R.A. Speciale, “A generalization of the TSD network-analyzer calibra-

Type I PRM (dB) tion procedure, covering-port scattering matrix measurement§EE
phase error 0.309 1.489 0.441 0.183 Trans. Microwave Theory Teghvol. MTT-25, pp. 1100-1115, Dec.

(degree) 1977.
Tye I PRM m(g('n;;m 0.135 0.083 0.344 0.184 [6] J. V. Butleret al, “16-term error model and calibration procedure for
ype phase error on-wafer network analysis measurement&EE Trans. Microwave
(degree) 0.899 0.550 2317 1.228 Theory Tech.vol. 39, pp. 2211-2217, Dec. 1991.
S;i Sis Sy Sss Suz [7] H. Van Hamme and M. Vanden Bossche, “Flexible vector analyzer cal-
ibration with accuracy bounds using an 8-term or 16-term error correc-
mag. error 0.070 0.021 0.104 0.248 tion model,”IEEE Trans. Microwave Theory Teghol. 42, pp. 976-987,

Type IPRM (dB) June 1994.

phase error 0.464 1.398 0.688 1.661 [8] H. Heuerman and B. Schiek, “Results of NWA measurements with
(degree) leakage errors corrected with the TMS-15 term proceduresiEEE
mag. error 0.126 0.432 0.112 0.416 MTT-S Int. Microwave Symp. DigMay 1994, pp. 1361-1364.

Type I PRM - (4B) [9] J. C. Tippet and R. A. Speciale, “A rigorous technique for measuring
p (gze Z:)"r 0.836 2.920 0.745 2.805 the scattering matrix of a multi-port device with a two-port network
maggz p— analyzer,”|EEE Trans. Microwave Theory Techwol. MTT-30, pp.

(éB) 0.166 0.167 0.087 0.205 661-666, May 1982.
Type I PRM phase error [10] H. Dropkin, “Comments on ‘A rigorous technique for measuring the
(degree) 1.107 1.107 0.577 1.365 scattering matrix of a multi-port device with a two-port network ana-
lyzer',” IEEE Trans. Microwave Theory Teghol. MTT-31, pp. 79-81,
Jan. 1983.

. . . [11] S.Sercuand L. Martens, “Characterizimgport packages and intercon-
mean values in type-11l PRMs or typical values of the respective  nections with a 2-port network analyzer,” IEEE 6th Electrical Per-
scattering parameters in type-l and type-Il PRMs, the compar- floég‘al%cee of Electronic Packaging Topical Meeting Digct. 1997, pp.
ison can be made upon .these numbers even Wh?n the DUTs {8 p. Woodé, “Multi-port-network analysis by matrix renormalization em-
not the same. Table lll lists the results by adopting Table Il o ploying voltage-wave -parameters with complex normalizatiofoc.

this paper and [15' Table ||]_ Inst. Elect. Eng.vol. 124, no. 3, pp. 198-204, Mar. 1977.
. [13] D.F. Williams and D. K. Walker, “In-line multiport calibration,” iBlst
AS ShOWﬂ n Ta.ble I”,Sll, 521, Slg, and 531 Of the type'l ARFTG Dlg, June 1998, pp 88-90.
PRM, S5 of type-ll PRM, andSs2, Sa4, and Sy, of type-lil [14] W. Lin and C. Ruan, “Measurement and calibration of a universal

PRM have the most accurate results. To explain these accuracy six-port network analyzerJEEE Trans. Microwave Theory Teclvol.
- . 37, pp. 734742, Apr. 1989.

characteristics, one may note that, for the reconstruction of ﬁS] H. C. Lu and T. H. Chu, “Port reduction methods for scattering matrix
four-port scattering matrix using a reduced-port vector network ~ measurement of aiV-port network,”|[EEE Trans. Microwave Theory
analyzer, different numbers of measurement are performed in  Tech, vol. 48, pp. 959-968, June 2000.
these three PRMs.

From [15, Table I], 13 two-port scattering matrices are
measured for the type-l PRM. Among them, nine matrices &
measured between ports 1-3, three are measured between |
1 and 2, and one is measured between ports 2—4. For the typ
PRM, ten two-port scattering matrices are measured with ¢
matrices measured between ports 1-3, three measured betv
ports 1 and 2, and one measured between ports 2-4. For
type-Ill PRM, all possible two-port connections are measure!
As shown in Table I, six two-port scattering matrices are
measured. One may observe that, for the scattering parameters
that are directly and frequently measured, they are given with
better accuracy. This also indicates that the type-lll PRI
has the smallest range of maximum and minimum values 1
the magnitude and phase errors. As shown in Table IlI, tl
maximum and minimum values of the magnitude error fc
type-I1, type-ll, and type-lll PRMs are given &3.652,0.021),
(0.432,0.028), and(0.344, 0.083), respectively.
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