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De-Embedding Method Using an Electromagnetic
Simulator for Characterization of Transistors
in the Millimeter-Wave Band

Takuichi Hirano, Member, IEEE, Hiroshi Nakano, Yasutake Hirachi, Life Member, IEEE,
Jiro Hirokawa, Senior Member, IEEE, and Makoto Ando, Fellow, IEEE

Abstract—A de-embedding method using an electromagnetic
(EM) simulator is proposed to extract field-effect transistor
(FET) characteristics from FET test-pattern measurements. In
the proposed method, the S-parameters of the parasitic circuit
are analyzed using the EM simulator. Hybrid S/Z-parameters,
converted from S-parameters, are used for the parasitic circuit to
express waveguide ports with S-parameters and lumped-element
ports with Z-parameters. The proposed method requires a high
accuracy of the F.M shnnh(or this method was verified by com-
paring frequency of the
S-parameters of an openlshon-pallem 1t was shown numerically
that the proposed de-embedding method has a better accuracy
than the conventional method, which uses the open/short-pattern.
For example, the extraction error is below 5% up to 75 GHz for
the proposed method and a 5% error is exceeded around 30 GHz
for the conventional method. The dominant error factor in the
cnmendnnnl umnheddmg method us|l|g the npen/shorl-paltem

of the

parasmc circuit bv an equlvalenl cln:nll (q)olog) is the cause of
the error. The extraction of the FET characteristics by measured
data is demonstrated and it is shown that the proposed method
can be applied to extract active devices.

Index Te De- 2. (EM)
field-effect (FETs), wave, mi-

Vector Network Analyzer (VNA)

“Probe Probe

Fig. 1. Measurement amngement for the FET test-pattem. From [3].

described in [1] is a commonly applied method in the develop-
ment of MMICs. The accuracy of the conventional de-embed-
ding method has not been discussed well because it was practi-
cally sufficient below the microwave band, but many researchers
are now facing with a problem of insufficient accuracy in the
band. Due to the insufficient accuracy of the

crowave integrated circuits (MMICs).

L. INTRODUCTION

CCURATE parameter extraction of field-effect transistors

(FETSs) is necessary for the accurate design of monolithic
microwave integrated circuits (MMICs). In the measurement of
FET char: istics, the FET is in a parasitic circuit
to connect probes and biases. as shown in Fig. 1. The first stage
of FET characterization is to de-embed the interconnecting par-
asitic circuit. The conventional de-embedding method, using an
open/short-pattern for obtaining the FET two-port Z-parameters

Manuscript received December 10, 2009: revised July 26, 2010; accepted July
28, 2010. Date of publication September 13, 2010; date of current version Oc-
tober 13, 2010. This work was supported in part by The Ministry of Intemal Af-
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J. Hirokawa and M. Ando are with the Department of Electrical and Elec-
troni Enginceing. Tokyo Instinte of Techaology. Tokyo 13 . Japan
(e-mail: titech.ac.jp; mando@ .
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method, especially in the milli vave band,
repeated trial manufacture is required to ensure accuracy; this
results in increases in costs. It was shown that parasitic cou-
plings between pads, a substrate, and adjacent structures cause
degradation in the measurement accuracy [2]. but the error fac-
tors for the de-embedding method using the open/short-pattern
have not been identified. There are a number of uncertainties
arising in the conventional de-embedding method. as listed in
Table I. which reduce the accuracy of the method. The authors
identified the error factors in the conventional de-embedding
method in this paper.

In order to enhance the accuracy of the de-embedding
method. up to the millimeter-wave band. the authors have
proposed a de-embedding method to obtain the FET charac-
teristics with the aid of an electromagnetic (EM) simulator
[3]. Although a de-embedding method using an EM simulator
had been proposed in [4]. verification of the accuracy there
was inadequate. This paper uses hybrid S/Z-parameters for
the four-port parasitic circuit with S- paramucrs for the wave-
guide ports and Z- for the ped-el
[3]: only Z-parameters were used in [4]. The charac!
impedances for the waveguide ports are not necessary in the
hybridS/Z-parameter formulation, yet are needed in the Z-pa-
rameter formulation. Other features of the method proposed in
this paper are listed in Table I. The accuracy of the proposed

0018-9480/$26.00 © 2010 IEEE

T. Hirano
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TABLE |
FEATURES OF THE PROPOSED METHOD

Prop.
(De-embedd
simulatoe)
Treatmentof _ Circut (topalogy is Aot 4-port § (Y, Z) matrix (solved
the d-port Nexible) a5 an EM problem)
parasitic
circuit
Problems TIY1s the assumed (7T the EN simalaior
circuittopology for  aceurate?
4-port parasitic circuit  (2) \Vcd‘l\xrmou and material
approgriaie? parameters uccura
(2)Are (They can be validated by
openshort-patierns  comparing measured and
really working os calculated data for
open- and apenisbort-pattems)
shoet-lumped
clements?
Veratilty Nt very wide.
e Unecrtain if this - Exicasion to an N-part

problens is possible.

de-embedding method was investigated and compared with the
conventional method. It was found that the proposed de-embed-
ding method has better accuracy than the conventional method.
especially in the millimeter-wave band above 30 GHz.

II. CONVENTIONAL DE-EMBEDDING METHOD
USING OPEN/SHORT-PATTERN

The conventional de-embedding method using an open/short-

pattern [1] is outlined in this section.

1) Three measurements are made to obtain the FET Z-pa-
rameters shown in Fig. 2(i). The first measurement is done
for the interconnect pattern surrounding the FET with the
FET part removed (termed “open”), resulting in the open
two-port Y-parameters Y™ The second measurement
is done for the interconnect pattern surrounding the FET
with the FET part metallized (termed “short™); this re-
sults in the short two-port Y -parameters ¥ ®45%)_ The third
measurement is done for an FET—which also includes the

dp ircuit—described by the two-port

Y -parameters Y y (v D.
The parasitic circuit surrounding the FET is approximated
by the equivalent circuit topology shown in Fig. 2(ii). Par-
asitic elements Y1, Yo, and Yyg can be determined from
Y©r) by comparing with r-circuit parameters

=}

s Y, (upm) yx(zwm)
%S (upm) )»(upvu)
=[YmtYs Yo | m
Y Yo +Y
ziy compa;ing matrix elements, Y31, Yy, and Y can be
etermine:

Y1 =Y 4 yioee)
Yie =Y Newen) +¥§ Cowca)

Yia =Yg (upm) 1

=]

=

Device with parasiic circut

=e_v Bl
: \”‘\ Q?

\ ~blm.

i)

Fig. 2. De-embedding method using openshort-pattern. (i) Measurmeat of
two-port S-parameter for open/short patierns and FET test-pattern. (ii) Parasitic
circuit of the surrounding parasitic circuit is approximated by equivalent circuit

(iii) Obtain Z,q. Z,a (iv) Extract the FET parameters using two-port
circuit theory.

3) Parasitic elements Y},1, Y30, and Yy can be removed from
yldon), YT = ) _ (b Parasitc elemens
Zayy Z,Q and Z»d can be determined by companng with
T-circuit p after Y7 into Z-p

eters 2T
7T = Zh Zh] _[Zn+Za  Zs @
“\Z Z5)T Za Z+Za]'

By comparing matrix elements, Zy;, Zy2, and Z;3 can be
determined

an =
Zp = Zp )
Ziys =L

4) The FET two-port Y-parameters YPEY) can be obtained
by removing Y31, Y;2, Y3, Za1, Za2, and Z,3. Parasitic el-
ements ¥}1, Y2, and ¥} can be removed by subtracting
Y@ from Y (PUT)_ Parasitic elements Z, and Z,» can
be removed with the fundamental matrix (F™-matrix).
nally, Zy3 can be removed with the Z-matrix.

III. DE-EMBEDDING METHOD USING THE EM SIMULATOR

Fig. 3 shows the de-embedding method using the EM sim-
ulator; here, the finite-element method (FEM)-based simulator
Ansoft HFSS, Version 9 [5] is used throughout. The differences

11
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Relationship between Q
factor and complex resonant
frequency: investigations
using RLC series circuit

Takuichi Hirano®

School of Environment and Society, Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro-ku, Toko 152-8552, Japan

a) hirano.t.aa@m.titech.ac.jp

Abstract: It is well known that Q factor can be calculated from complex
resonant frequency of a non-excitation problem. However, two definitions
are used to obtain Q factor from complex resonant frequency. One definition
uses the real part of the complex frequency while the other uses an absolute
value from the numerator of the Q factor. The meaning and difference of the
two definitions is investigated using an RLC series circuit, and the findings
are presented in this article.

Keywords: complex resonant frequency, non-excitation, Q factor
Classification: Electromagnetic theory
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(a) Excitati i () Nos

Fig. 1. RLC series circuit.

lod
Q= b ®)
The reason for the definition of Eq. (8) does not seem to be clear. The values of
Eq. (7) and Eq. (8) are obviously different. The difference between Eq. (7) and
Eq. (8) is discussed in the following two sections using the RLC series circuit
model shown in Fig. 1.

3 Definiti of in ical style

Fig. 1(a) shows the excitation scenario, wherein the circuit is excited by voltage
source V. The Q factor for this circuit can be calculated using (1), (3), and (4).
Fig. 1(b) illustrates the non-excitation problem and the equation for this circuit is
ZI=0 ©
in mathematical style. Eq. (9) is an indeterminate equation. Z must be zero so that
Texist without the voltage source. By solving Z = 0, a. can be obtained.
It is emphasized that the definition of resonance is different between Eg. (9)
and Eq. (1). In (1), the real valued angular frequency ay is searched to maximize
/.

4 Qfactor evaluation by complex resonant frequency for RLC series
circuit

Substituting Eq. (2) in Z=0, and solving for the complex resonant angular
frequency, we get
1 R\’ .R
O e it j— 10;
o ic (ZL) HZL (10)
by choosing the appropriate solution such that Re[a.]> 0. It is clear that
@ = ay = 1/vLC when R = 0. Substituting Eq. (10) into Eq. (7) yields

12


https://www.jstage.jst.go.jp/article/elex/14/21/14_14.20170941/_pdf/-char/en

- /i

=5

I — BEEZREICLIDAEBHAY IaL—Yay <A 700K -7
T FEEEF - EMCXYEE —, ISBN : 9784764960121, AL RlF 4, 20204E9A.

it g EREERICLABHRE I AL — 3V
BERERZEICES v A o KREE - 77 s - EMCHE
EMRYIalL—Yay =E PR A

Mg : PODAR 2,600 + 7%
i Eé,?}f}i}i 2,080F‘%+$§

F1TH :2020/09/11

FIE - R—TF 0 ABY] - 220 —2
F1T L EAURIFAEDigital

AR5c I AURISAL

ISBN : 9784764960121

https://nextpublishing.ip/book/12181.html
http://www.takuichi.net/book/em fem/



https://nextpublishing.jp/book/12181.html
http://www.takuichi.net/book/em_fem/

W EHP D44

—/\/— T. Hirano

http://www.comm.tcu.ac.jp/lab thirano/edu-j.html

hEREK - ZXm - FFORBFOEXTH

v - o x|

%4 TCU - Hirano Lab. +
<« C (A FESNTIVEWEE | www.comm.tcu.acjp/lab_thirano/edu-j.html =g 1'.‘() » O o :
_ English / Japanese]
HIRANO LAB. B TOKYO CITY
Tokyo City University m UNIVERSITY
A—h
AV (— MATLABEIZ
e % MATLABAPS
= A b o MATLAB A F3(YouTubesHBRENE)
AR # MALABOI S J(ZDWT
— BEEZE T O -, Word, PowerPoint~miBA S ER &
FaER 5 MATIABERWEEHSE - EHE TS - v/ OO0 /= ETZ05
Sk = fhpEFEEHE UEMALABOEE
e BEPIOT Y FEENC <LON ? P22 ([EDCERLDBEVDD, FZEEGE
U2 WO ? AREMEERD EECRICRE. RS TOITAFREFESR>TWAD
P 52 (CEBETIIAA Y THERNICRETES) BECDNTBAALRETT.,
ESETECTEN % GNU Octave
MATLABS SENE—TEBREOHZ I ) -0V I FTY., Hov P, d3 70w
BREETER

#EE, GUEREBESHR— L TOWTENDETLTT, MATLABODSImulink, ToolboxL/
HIEZZENDEETT.

J—U IH#r
B U THEER

14


http://www.comm.tcu.ac.jp/lab_thirano/edu-j.html

PRIER -ZiR-FEFOERDEES

http://www.comm.tcu.ac.jp/lab thirano/edu-j.html

RN OXEZENT. FTIIEERDOAREZED, EER RO, TORTORNERDT

FREETEOH TV, XEILTEEEZEHETHRZTEZONREZXELT 5,

ﬁZIKOD/)IL7h/

IZLBHIC—EBED S WIIRETAR R - BER-F O

DES5I12msb, [FL®HIC] & TxE] A, EFRFONEEFTATS S, f@%ﬁc’(%%

LOICEL, DF Y, Hibéf) 2] ICIEEE - BREToT=RNE BRI iié:&b =2d4hbp

RE) #E<, [F&o] | iﬁoﬁW%t LN ER (BEERNEESL) 25& <,

XMz D= R7=72 T’Cﬂ%ﬁot‘ﬁi%tt@?ﬁ\fb?b‘éot IICEL, HORRR - B, wE

ICIG L THHRDOEBRDICKHZ AN TRELLGHZ ANDG, HORXA ML, £OXME %3

T "EL\YE’C$< MBIZIGCTNRIA—=RBLEDARRIBERZIFEINTANDS,

Word, PowerPointICME %82 & Xld, XX 7741 (N bMILT—XT, MELTHE

BRENZLRWVWEGRER) 265, EEICIE. FIZIEExceld T 7BV 155 & TS

ExceI’C7‘377e2:|l: (Ctrl+C) L. BEY TSI, [HR—L] — [BRYIF] — Fﬁéfﬁ%
FEIRL Y AT T [ (?)K%EX§77 AI) | B,

%%Yﬁkwiéﬁ

- S EF ?E VBRI a L —2FAORRT —ERKEFEMIRET L BFERBEF
=INGE C, Vol J101- C, No.10, pp.381-388, Oct. 2018. (3B7Fzm>; OpenAccess)

- T. Hirano, "Relationship between Q factor and complex resonant frequency:
investigations using RLC series circuit,”" |[EICE Electronics Express, Vol.14, No.21,
pp.20170941, Nov. 2017. (Open Access)

ODJ:’) T%) (nFFH nbfa\(\:_/\@TXiﬂajlgﬁi %@nﬁ:ﬁ I:IL:OD77J— ~ l\ 1&5) o

T. Hirano 15


http://www.comm.tcu.ac.jp/lab_thirano/edu-j.html

L 2—D 4|

T. Hirano, "Relationship between Q factor and complex resonant frequency:
investigations using RLC series circuit," IEICE Electronics Express, Vol.14, No.21,
pp.20170941, Nov. 2017. (DOI: 10.1587/elex.14.20170941) (Open Access)

https://www.jstage.jst.go.ip/article/elex/14/21/14 14.20170941/ pdf/-char/en

—/\/— T. Hirano 16


https://www.jstage.jst.go.jp/article/elex/14/21/14_14.20170941/_pdf/-char/en

L 32—

E Lecrronics

—/\/— T. Hirano

LETTER IEICE Electronics Express, Vol.14, No.21, 1-5

Relationship between Q
factor and complex resonant
frequency: investigations
using RLC series circuit
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School of Environment and Society, Tokyo Institute of Technology,
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a) hirano.t.aa@m.titech.ac.jp

Abstract: It is well known that Q factor can be calculated from complex
resonant frequency of a non-excitation problem. However, two definitions
are used to obtain Q factor from complex resonant frequency. One definition
uses the real part of the complex frequency while the other uses an absolute
value from the numerator of the Q factor. The meaning and difference of the
two definitions is investigated using an RLC series circuit, and the findings
are presented in this article.
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E Xpress 1 Introduction

Q factor [1] is an important value for evaluating the quality of inductors or

=T capacitors, designing filters [2], wireless power transfer systems [3, 4], and so
ZINN N\

« RETE

- REABROHE

s@Eg
PR on. There are various expressions to define the Q factor [5, 6]. One expression is

based on complex resonant frequency, wherein there are two types of definitions.
This study investigates the difference between the two definitions using a simple

RLC series circuit model. [

2 \Various definitions of Q

WIZITOHAIINTESZ S D,
S XHRTEIAT 20&(E 450,

The Q factor for a well-known RLC series circuit shown in Fig. 1(a) [2] can be
obtained as
L 1 1 /L
0=2-= _L /L (1)
R @, CR R\NC
where wy = 1/+/LC 1s the resonant angular frequency. At @y, the ratio |I/V] =

|1/Z] holds peak value, where 7 and V are the current and voltage, respectively. In
addition,

1
Z=R+ joo. + —. 2
+ je +ij (2)

The second definition for the Q factor is obtained using bandwidth Aw =
® — @y, where @ is the angular frequency such that |//V]| = |1/Z| becomes I/ﬁ

—J\/— T. Hirano
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against the peak value.
Q= m (3)
The Q factor, according to [2, 3], can be defined as

1dz
‘d “4)

The definition of Q factor using energy [2, 7, 8], which can be applied generally
to any cavities, is expressed as
U
Q= oy——r— @
dr
where U is the electromagnetic energy stored in the resonator. We now introduce
the complex resonant frequency,

()

0. = 0, + jo, (6)

to take energy dissipation into account in time harmonic scenario (&'’ =

@rie=®i") The complex resonant frequency is normally introduced in eigenmode

analysis for electromagnetic cavities. Therefore, the Q factor can be expressed
[2, 7] as

0= 2&& (7
However, in [9, 10], a different expression with Eq. (6) was also proposed.

20
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The reason for the definition of Eq. (8) does not scem to be clear. The values of
Eqg. (7) and Eq. (§) arc obviously diffaent. The difference between Eq. (7) and
Eqg. (8) is discussed in the following two sections using the RLC senies cimuit

model shown in Fig, 1.

3 Definitions of resonance in mathematical style
Fig. 1{a) shows the excitation scenario, wherein the circuit is excited by voltage
source B The Q) factor for this dreuit can be calculated using (1), (3), and (4).
Fig. 1{b} illustrates the non-excitation problem and the equation for this circuit is
Al=10 (k)]

in mathematical style. Eq. (9) is an indeterminate equation. Z must be zero so that
I exist without the voltage source, By solving Z = {1, o can be obtained.

It is emphasized that the definition of resonance is different between Eq. (9)
and Eq. (1). In (1), the real valued angular frequency o is searched to maximize
1£/F].

4 @ factor evaluation by complex resonant frequency for RLC series
circuit
Substituting Eg. (2) in Z=0, and solving for the complex resonant angular

frequency, we get

|1 RN R
m,_=.|',ﬁ— ?] +.rz (1

by choosmg the approprigte solution such that Relen] = 0. & is clear that
o1 = ao = 1/ /LT when B = 01, Substituting Eq. (10) into Eq. (7) yiclds

EL....

= [EICE 2017
DO% 101557 ek 14 2014

Copyad ited Howvamber 10, 217
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(11}

which is unexpectedly identical with Eq. (1). Moreover, |ar.| = 1/+/L
Eq. (110) can also be derived.

Complex angular frequency (ax) and ) factor with & are shown in Fig. 2 by
fixing L=1Hand C=1F
when the () factor =10. In F

0= | md/s). In Fig. 2a), e 15 overlapped with oo
2{b), the () factor defined by Eq. (7) also overaps

1.2
é - -
%‘ —— @
B ——
g (
= 06 F —&- 0
e 04 F
2
B
g
& o0z b
@ e
1 1 100 10040
LR(5)
(2) Complex angular frequency
1110
——(7)
— B (1}, (3},
[EH
=
E
=
L
1 L L
1 1 100 1000
LR{S5)
(b} Q factor
Fig. 2. Complex angular frequency and @ facior with R. (L=1H,
C=1F
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the Q factor defined by Eq. (1), Eq. (3), Eq. (4), and Eq. (8). The difference of
(real part of) resonant frequencies and Q factors are both 0.125% when Q factor by
Eq. (8) 1s 10. The resonators are normally designed with a Q factor >10, so the
very small difference (0.125%) illustrated i the graphs 1s negligible.

5 Conclusion

The two definitions used to obtain Q factor from complex resonant frequency are
presented, and the difference between the two definitions were mnvestigated using
an RLC senes circuit model. It was found that the resonant angular frequency
corresponds to @y = l/«/L_C incidentally when Q factor is defined using the
absolute value of complex resonant frequency in the numerator. However, it was
also found that the difference between the two definitions is negligible (0.125%
when O = 10) when Q factor is greater than 10.
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