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Abstract

A de-embedding method for multiport networks, especially for coupled odd interconnection lines, is presented in this paper. This method does

not require a conversion from S-parameters to 7-parameters, which is widely used in the de-embedding technique of multiport networks based

on cascaded simple two-port relations, whereas here, we apply an operation to the S-matrix to generate all the uncoupled and coupled coefti-

cients. The derivation of the method is based on the relations of incident and reflected waves between the input of the entire network and the

input of the intrinsic device under test (DUT). The characteristics of the intrinsic DUT are eventually achieved and expressed as a function of the

S-parameters of the whole network, which are easily obtained. The derived coefficients constitute ABCD-parameters for a convenient im-

plementation of the method into cascaded multiport networks. A validation was performed based on a spice-like circuit simulator, and this

verified the proposed method for both uncoupled and coupled cases.
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. INTRODUCTION

As a frequency continues to increase, the scattering parameter
(S-parameter) seems to be a crucial factor to estimate the per-
formance of high speed and microwave components. One of the
reasons is that the impedance matching is easily achieved to
obtain the S-parameter in real applications. At the same time,
the Z-parameter and Y-parameter are significantly more di-
fficult to measure at high frequencies, as open- and short-circuit
conditions are not easily met [1—3].

Both in analog and digital applications, many passive st-
ructures of interest are embedded between microstrip or strip
lines. If one desires to characterize such structures by S-para-
meter measurements, it is quite difficult to separate the actual
part in which we are interested from its environment [4]. Nor-

mally, the device under test (DUT), which is widely seen as a
part embedded in the test setup, is connected with certain types
of test fixtures, whereas it is not connected directly to the
calibrated reference plane of the vector network analyzer (VNA).
The effects of test fixtures distort the measurement results and
they must be de-embedded for the highest quality measurement
[5-7].

In this paper, we propose a de-embedding method for mul-
tiport networks, especially for coupled odd interconnection lines,
based on the scattering matrix (S-matrix). This paper is or-
ganized as follows. Section II describes the existing and our
proposed de-embedding techniques for uncoupled multiport
networks. Section III demonstrates our proposed de-embedding
method for the coupled multiport networks in detail through
the conversion of the S-matrix. Then, general cases to imple-
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ment the proposed methods for both uncoupled and coupled
interconnection lines are discussed in Sections IV and V. Finally,
Section VI presents our conclusion.

II. MULTIPORT DE-EMBEDDING TECHNIQUES FOR

UNCOUPLED INTERCONNECTION LINES

The S-matrix is an approach to express the S-parameter in a
matrix form. The S-parameters relate amplitudes (magnitude
and phase) of traveling waves that forward on and that are
reflected from a microwave network, and the reference plane of
a phase must be specified for each port to the network [5]. The
de-embedding method is meant to extract the characteristics of
the intermediate connection part between the measured port
and the port of the actual part in which we are interested.

1. Lossless and Uncoupled Lines with Matched Load

When the load is matched to the generator, Z, = Z;, and
they are interconnected through the matched transmission line
with length /, we have a matched condition, and there is only a
phase shift for the change of the reference plane in a lossless
transmission line. The 6, = ./, is the electrical length mea-
sured outward shift of the reference plane of port 7.

eﬁ. 0 6*1'91 0
e® . e o .
s [
0 e/ 0 e’
ey
e/ 0 e/ 0
e—./'f)z e—jtgz
[$']= [S]
0 e /o 0 e /o
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Based on the equation obtained above, we can conclude that
Sy = eZ ag expressed in (1) and (2). In addition, the S
represented the phase of the origin Syv in the input of the
intrinsic DUT, which is shifted by twice the electrical length of
the shift in the terminal plane 7, as there are round paths of
incidence and reflection, and the wave travels twice over the

length [1].

2. Unmatched Load Condition Solved by Generalized S-Pa-
rameters
Practically, the characteristic impedances of a multiport net-
work may be different, where the solution for the matched case
is no longer applicable. Herein, a generalization of the S-pa-
rameters is required to handle the effects of the unmatched load.

The relationship between the incident and reflected waves for
an arbitrary load condition can be expressed by a generalized §-
matrix, as in (3). The S-matrix is composed of the self and
coupled S-parameters of the N-port network, and the definition
of the S-parameter in a network with an identical characteristic
impedance is indicated in (4).

[b]= [5][a] ©

s = b 4)

y

a; fork=#j

As the characteristic impedance of the interconnection lines
does not equal the load, a new set of wave amplitudes is de-

manded, as in (5) and (6).

an = VI1+/VZOI1 (5)
bn = Vni/ \V ZOn (6)
In the unmatched load case, a modification has been added to

(4) to obtain (7), which is the S-parameter for each item to
generalize the matrix [1].

vz,
Sij = + V' for k#j
Vi AV ZOI * (7)

3. De-Embedding Techniques for Uncoupled Interconnection Lines
An N-port network is shown in Fig. 1, where Z, is the
characteristic impedance of the nth interconnection, and the
primed letters @'and 4'illustrate the incident and reflected waves
at the available port for measurement, respectively. The un-
primed letters, 2 and 4, are the incident and reflected waves for
the output port of the interconnection lines, while they are also
the reflected and incident waves for the input port of the DUT.
The transfer S-parameters mentioned are unable to be app-
lied to solve the de-embedding issue that occurred in odd-
number independent ports, as illustrated in Fig. 1, because the
conversion is based on the relations of the basic two-port net-
work. Herein, we propose a method based on the definition of

[S:l (R a— aPUT

Frs s 15 1
e L b = port
bl- :L;S”. 5 a, b]mrr
~ Zo -~ DUT
s, _Jl):—az
Port 2’ :’* 22 22 — -+| Port 2
|8, 8 e T N 3
bk:"‘ 23 ":az . b;JL‘T N-port DUT
. .DUT
av[s..S. Tiby  ay
v | 2 ] ponw
=«
[Py O T DUT
b\.L' YN b_\'

Fig. 1. A schematic for uncoupled N-port interconnections.
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S-parameter, which relates incident and reflected waves, as
expressed in (8).

b|_{Si Silla| ,where [b]_|a’"
b, - Sy Silla 4 ) b"DUT ®

In the equation above, the unprimed 4; and 4; and their de-
fined [S] are the required characteristics of the DUT that can-
not be measured directly. However, the unprimed element 4; is
represented as (9) by the available primed elements from the
first row of (8).

i i

a,=—(8,)" S,a+(s,)" b, ©)

In the same way, the element &; of (8) can be expressed by the
primed incident and reflected waves as in (10) via substituting (9)
into the second row of (8).

b={5,-5,(5,) S Ja+5,(5,) ' h (10)

As a combination of (9) and (10), the incident and reflected
waves only for the DUT are obtained as expressed in (11),
b,=Ma,+Nb,
a, = Pa, +Qb, (11)

where the coefficients M, N, P, and Q; in the matrix above
have a detailed description in (12).

ii u ii ii

M,=S,-S,(s,)"s
1

N, =S5;(S, )7
it _(Sx’i )71 Sf‘i‘
Qi = (Si‘i )71 (12)

The derivations of the mentioned equations are based on a
two-port network system, and calculated equations can also be
represented as a matrix form, as expressed in (13), to extract the
intrinsic S-parameter of the DUT from the whole system with
the characteristics of interconnects.

[6]=[a™" ] =[M][a ]+ [N][5 ]
[a]=[™"]=[P][a]+[0][+] (13)

In this uncoupled interconnection lines case, matrices [M],
[NV], [P], and [Q] are the only diagonal matrices to avoid the
coupling effects between each line, and the diagonal entries of
the matrices come from the mentioned coefficients M;, N, P,
and 0, respectively.

As the incident and reflected waves are difficult to measure
directly, a modification has been made to (13). The §-parameter,
which is the ratio of incident to reflected waves, could be a
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substitution of those waves, as expressed in (14), because the §-
parameter can be obtained by the VNA. In the equation, the
matrix [§] represents the directly measured result of the whole
network, and matrices [M], [NV], [P], and [Q] are the cha-
racteristics of the interconnection lines.

The coefficients in (14) can be both even-order and odd-
order matrices, so the proposed method is appropriate for the
de-embedding techniques of odd-number uncoupled ports.

[s]={[e][s T+ [PIH{[M]+[N][s]}" (14)
The method developed in [8] is another approach for pro-

viding a solution in an odd-number case. In that reference, a
general three-port de-embedding method using shield-based
test structures for a microwave on-wafer characterization is pre-
sented. The surrounding parasitic of a DUT has been shielded
to realize the uncoupled de-embedding techniques.

II1. MULTIPORT DE-EMBEDDING TECHNIQUES FOR

COUPLED INTERCONNECTION LINES

In the real modern electronic system, the interconnectors in
the input and output terminals are usually multi-port, and there
are inevitable coupling effects generated among the closed in-
terconnection lines. As the coupled phenomenon for a multi-
port is so complicated that it requires a separate analysis for a
detailed explanation, in this step, we only consider the most co-
mmon case for a three-port network with two ports coupled, as
illustrated in Fig. 2. In the three-port network with two ports
coupled, the non-diagonal entries in the coefficient matrices M,
N, P, and Q of (14) are no longer null, but this depends on the
coupling magnitude. The method mentioned in [5] was unable
to accurately convert the 7-matric back to the S-matrix, as there
are fewer elements in the calculated 7-matrix (8 elements for
the 2 by 4 [7pur]) than in the S-matrix (9 elements for the 3 by
3 [Spur]) with the unbalanced condition as illustrated in Fig. 3.
Therefore, it cannot obtain the required S-parameter of the
DUT, even when we have successfully derived the 7-parameter
of the DUT. The method in [8] cannot handle de-embedding
with coupled interconnection lines, as it is a shield-based three-
port network. Herein, we proposed a method for de-embedding
the coupled two ports accurately to avoid the disadvantages of
the two methods mentioned above.

The proposed method has a derivation similar to the app-
roach method in Section II, and the difference in the non-
diagonal entries of the coefficient matrices in the conversion of
S-parameters here is not null and represents the coupling effects.

Herein, the derivation started with a three-port model, where
port 2 and port 3 are coupled with each other. The characteristic
of interconnection for port 1 is described as (15), which is the
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Fig. 2. A schematic to describe the uncoupled or coupled three-port
network.
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Fig. 3. An unbalanced three-port network consisting of a cascaded 7-
parameter.

same as the uncoupled situation. Changes happened in (16),
where the non-diagonal entries indicate the coupling effect
but are not null, as in the uncoupled case.

b; _ Sl'l' Sl’l ai_
b, Sn’ Si a | (15)

W@ th Ng.‘ Ng.t

S32 Sy S33 a4 (16)

Each incident and reflected wave of the DUT is easily
obtained by the equations constituted by the four rows of (16),
and the relationship represented by the [C] matrix between the
external ports and terminals of the DUT are reformed, as
expressed in (17). Especially, the unprimed 4; and &; in the

output port of the interconnection lines are simply the aPUT

and bPUT in the input port of the DUT.

A matrix expression of the §-parameters of the three-port
network based on both the transmission and the reflected waves
is described in (17). Then, a re-arrangement of (17) can achieve
a matrix expression with the waves at the ports of the DUT on
one side and the other waves at the measured ports on another
side, as shown in (18). Thus, the [C] matrix is easily obtained by
an operation of the matrix transformation based on the different
relationships of incident and reflected waves.

s, s, 0 0 0 07 .
Wlls, s, 0 0 o0 ||
b a
bl- 0 0 S2'2' S2'2 S 23 Sz's a%
b2 =0 0 5,8, S, S, a2
2 2
b3' 0 0 S 32 S3'2 S3‘3' S3 3 a'3
| [0 0 Sy Se Sy Suf,
L V)
00 0 S 0 0lp7 [
-10 0 S, 0 0/|b| &
0.0 0 08, S|t | |a¥
0-1 0 0 S, S, |[a] |[p™
00 0 0 S, Syllal s
0 0 -1 0 8, S |la] |p7
=S, 00 1 0 0]fg]
=S, 0 0 0 0 0|
0 -8, =S, 0 1 0|4
10 =S, =S, 0 0 Ofp
0 =S, =S50 0 1|8
0 -5, =S, 0 0 0] ] (18)
_bl -— al_
b, a,
b, :[C] a‘;
a, bl
a, b,
L) b (19)
where the [ C] matrix is described as:
fc, o o fc, o o017
0 C22 23 0 C25 C26
[C]_ _0 C32 C33__0 C35 C36 _ CN CM
¢, 0 o]c, 0 o0 C, Cp |
0 C52 C53 0 CSS C56
__0 C62 C63 | _0 C65 C66

Each term of the new [C] matrix is a composition of the §-
matrix, and the 6 by 6 [C] matrix is divided into four 3-by-3
sub-matrices, as demonstrated in (19). The terms of the [C]
matrix are calculated based on the matrix operation, as expressed
in (20)—~(25). The equation of the S-parameter in each term of
the [ C] matrix is also obtained based on the conversion of the [§]
matrix in (18).
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Thus, a new expression of (16) is achieved in (26) for deriving
the final §-parameter of the DUT. The required S-parameter of
the DUT is represented in (27) by the [C] matrix and the §-
parameter of the whole network, which can both be obtained

through a derivation and direct measurement. Herein, a de-

embedding technique of odd number ports with two coupled

interconnection lines is realized.
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Ultimately, the proposed de-embedding method for both

L[0]+[C n[]
B (4 AR 0 BT

(27)

uncoupled and coupled interconnection lines is demonstrated in
detail. The merits of our method are easily observed in Table 1,
with a comparison of existing de-embedding methods and ours.

In the uncoupled case, when the non-diagonal of the [§]
matrix becomes null, as in (28), the formula of the [C] matrix is
reduced to (29) and each term of the [ C] matrix is described, as
in (30) to (35).
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Table 1. A performance comparison of the existing de-embedding
methods and our proposed approach

Uncoupled Coupled
De-embedding method
Even Odd Even Odd
T-parameter method [5] O O A
Three-port de-embedding
method [8] © o X X
Presented method (@) @) O O

O represents possible and X represents impossible. A means that it works
with a balanced condition while it does not works with an unbalanced
situation [5].

o S1'1' S1'1 o o0 0 0 | _
b, a
1 S1 ; A\ o 0 0 O 1
“llo o s, s, 0 o4
b, a.
21=]0 0 Szz‘ S, 0 0 2
b a,
Ilo 0o 0o o s ,
b, SN P
_b3 | 0 0O 0 O S33, Si 4 | o8
fc* 0 offct o o
0 C:‘Z 0jj0 C5 0
0 o c'|0 0 C;
C _ 33 L
[ ] C:‘l 0O 0 C: 0 0
0 C:‘Z 01/0 C; 0
0 0 C; 0 0 C (29)
v _ Sl 1'S1'1 _S11S1'1 (30)
11 1.1
Cllil :&’ C;S :i, C;(, :& (31)
S. S. S.
11 22 33
C" = S 2 Sz'z ~ S22S2‘2’ (32)
22
Sz'z
cl = S5Sy, =SSy (33)
33
cr =S Suen o Si (34)
41 g g e S
11 22 33
C;, :i; CSL'S:L; C&:L (35)
S1'1 Sz‘z S3‘3

It is interesting to see that the introduction of coupling for
just two lines makes the formula extremely complicated in the
de-embedding derivation.

IV. CASE STUDY FOR COUPLED INTERCONNECTION LINES

The validation of the proposed method was performed based
on the Agilent commercial circuit simulator—the Advanced
Design System (ADS). In the circuit simulator, the microstrip
line model is easily defined and the S-parameters of the model
can be extracted in a short time. The proposed analysis of a
three-port system with two ports coupled, as illustrated in Fig. 4,
can be validated through the ADS circuit simulator.

The de-embedding method proposed for analyzing the

characteristics of on-wafer metal-oxide—semiconductor field-

\

Ceéuer Tap Coupled

/ =

=  Unbalanced ¥

Fig. 4. Multiport system with coupled interconnection lines. DUT=
device under test.
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Fig. 5. (a) Magnitude and (b) phase comparison of the return loss at
port 1 for the results of the proposed de-embedding method
and the direct result from the device under test (DUT).
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Fig. 6. (a) Magnitude and (b) phase comparison of the insertion loss
between ports 1 and 2 for the results from the proposed de-
embedding method and the direct result from the device under
test (DUT).

effect transistor (MOSFETS) in [8] can no longer be effective
for the coupled interconnection lines, as the non-diagonal
elements in the S-matrix are null.

Although the result cannot be obtained by the method in [8],
our proposed method worked well, and the extracted result
matched the result from the simulation in a wide frequency
range, as illustrated in Figs. 5-7. It validated the accuracy of our
proposed de-embedding approach for coupled lines from a low
frequency (1 kHz) to a high frequency (10 GHz). To shorten
the calculating time, a code is made based on the mathematics
language and is realized in MATLAB, which is a technical
computing language used in engineering. The touchstone file
constituting the property of the S-parameters can be easily
handled to perform the de-embedding method in the code.

V. CONCLUSION
This paper proposed a de-embedding method for uncoupled

and coupled interconnection lines based on the conversion of
the §-matrix. The de-embedding manner for an even-port net-
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Fig. 7. (a) Magnitude and (b) phase comparison of the insertion loss
between ports 1 and 3 for the results from the proposed de-
embedding method and the direct result from the device under
test (DUT).

work based on the 7-parameters is introduced, and the solution
for both even- and odd-port networks based on our proposed
method is addressed in detail through deriving the relationship
of the S-parameters between available ports, which can be mea-
sured directly, and the port of the intrinsic DUT. A verification
of the proposed method is also performed based on the spice-
like commercial circuit simulator, and a good agreement is achi-
eved between the proposed method and the validated results
from the simulation.
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