14

Modeling of Spiral Inductors

Kenichi Okada and Kazuya Masu
Tokyo Institute of Technology

Japan

1. On-Chip Inductors

This section explains overview of the on-chip inductors. Demand for on-chip inductors has
been increasing especially for CMOS RF circuits. An on-chip inductor is a key component
because its performance directly affects the circuit performance and the chip cost. The on-
chip inductors have been used, for example, as a matching network component, as baluns,
and as an inductive load. The requirements for on-chip inductors are to have an appropriate
inductance value, high self-resonance frequency, and high-quality factor Q, and to occupy a
small layout area. In this section, several types of on-chip inductors are introduced.

1.1 Classification of on-chip inductors

A spiral inductor is one of the most common structures among on-chip inductors, and there
are some variants of spiral inductor. Figure 1 shows spiral inductors commonly used as an
on-chip inductor. Figure 1(a) is a single-ended type of spiral inductor, which has a spiral trace
with an underpass. The spiral trace is made on top metal layer, and the underpass is made on
lower metal layer. Spiral inductors are usually characterized by the diameter, the line width,
the number of turns, and the line-to-line space.

Symmetric inductors are often used for differential circuits, e.g., voltage controlled oscilla-
tor, low noise amplifier, mixer, etc. Figures 1(b) and (c) show symmetric spiral inductors
with/without a center tap. The center tap is used to obtain a connection to the center node of
symmetric inductor. The symmetric inductor achieves chip area reduction rather than using
two single-ended spiral inductors to realize a symmetric structure. The single-ended inductor
usually has only one underpass while the symmetric one has some underpasses depending
on the number of turns. The underpass has larger resistance caused by inter-layer vias, which
degrades quality factor.

Patterned ground shield (PSG) is sometimes employed to reduce substrate loss as shown in
Fig. 2. As a drawback, capacitance between the spiral metal and the shield is increased, and
self-resonance frequency is also decreased.

Figure 3 shows a meander inductor and a solenoid inductor, which are sometimes employed.
The meander inductor does not have underpasses while area efficiency is not good due to
negative line-to-line mutual inductance. The solenoid inductor can be implemented vertically
by using multiple metal layers. Area efficiency is high even though quality factor is not good
due to multiple via connections.
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Fig. 1. On-chip spiral inductors. (a) single-ended (b) symmetric (c) symmetric with a center
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Fig. 2. Spiral inductor with patterned ground_s}_ﬁeld (PSG).

(a) meander (b) solenoid

Fig. 3. On-chip inductors.
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2. Modeling of 2-Port and 3-Port Inductors

This section explains how to derive inductance and quality factor from measured S-
parameters or Y-parameters for various excitation modes.

Definition of inductance and quality factor of on-chip inductors is not unique, and there are
actually several definitions. The reason is that inductance and quality factor depend on excita-
tion mode of input ports. In this section, an equivalent circuit model is shown, and derivation
methods of the parameters in various excitation modes are explained. First, derivation for
2-port inductors is explained. Next, generic 3-port characterization is explained, and then,
experimental results using measurements are shown.

2.1 Modeling of 2-port inductors

Here, a traditional 7r-type equivalent circuit is introduced for simple two-port inductors, and
the derivation of inductance and quality factor is explained.

Figure 4(a) shows a common equivalent circuit model for 2-port inductors, utilized for CMOS
LSIs, and Fig. 4(b) shows a physical structure of the inductor. Each parameter in Fig. 4(a) is
related to the structure!. Actually, the r-type lumped equivalent circuit is usually utilized
even if these RLC components are distributed. L is inductance of the spiral wire, and Rs
means resistance of it. Cs is line-to-line capacitance of the spiral wire. Cox; means capaci-
tance between the wire and substrate. Cg;;, and Rg;,, mean capacitance and resistance in the Si
substrate, respectively.

The equivalent circuit in Fig. 4(a) can express characteristics of on-chip inductors with fre-
quency dependence, and each part of the equivalent circuit can be derived from Y-parameters
according to the definition of Y-parameter as shown in Fig. 5(a). In this case, Yj, and Y5 are
supposed to be equal to each other.

Cs
|1
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1 (666\ 2
o0—4 )
Ls  Rs
Coxl Cox2
Csil Rsil Csi2 Rsi2
Csit Rsil Csi2 Rsi2 . B :
T ' Si substrate
(a) Equivalent circuit (b) Physical structure

Fig. 4. An equivalent circuit model for a 2-port inductor.

1 Unfortunately, the parameters are not exactly agreed with values calculated from the physical structure.
Rs sometimes becomes almost twice because of eddy current in Si substrate, which is not characterized
by the equivalent circuit model shown in Fig. 4(a).
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Ls can be derived from Yi,. However, Ls is usually not utilized to evaluate an on-chip inductor
because it is not an effective value used in a circuit. Actually, the inductance of on-chip induc-
tor becomes zero at high frequency due to parasitic capacitances. To express this frequency
dependence, inductance defined by Yi; is commonly employed. The reason is explained as
followed. As explained, inductance and quality factor depend on each port impedance, and
inductors are often used at a shunt part as shown in Fig. 6(a). In this case, input impedance of
the inductor can be calculated by 1/Y7; as shown in Fig. 5(b).

-Yi2
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(a) T model (b) shunt model (c) differential model

Fig. 5. Y-parameter calculation.
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Fig. 6. Inductor usage.
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Lshunt and Qgpynt are defined by the following equations.

Lant <Y”) )
1
Qshunt = Eylng (2)
B Im ( Yn)
= Re(W) ®

This definition (1)(3) is widely used because the definition does not depend on equivalent
circuits and only Yj; is required to calculate them.
In case using the equivalent circuit in Fig. 4(a), Y71 can be derived by the following equation.

1
Yip = s+ joCont ] ( 7+ Cen ), @

1
Rs + jwLs
and it can be approximated at lower frequency as follows.

1/Y11 = Rs + jwLs ®)

This means that Lgp,n and Qghunt are close to Ls and wLs/ Rs at lower frequency, respectively,
and they are decreased by the parasitic capacitances at higher frequency.

On the other hand, on-chip inductors are often used in differential circuits as shown in
Fig. 6(b). In this case, the inductor has different characteristics from the shunt case shown
in Fig. 6(a), and the input impedance in differential mode becomes m while the
input impedance in single-ended mode is 1/Y7;. The detailed calculation is explained in
Sect. 2.2. Thus, effective inductance Lg; and effective quality factor Qg in differential mode
can be calculated by using the differential input impedance y =y~ as follows.

4
Im
Loe — (Y11+Y22—Y12—Y21) 6
diff = % (6)

4
Im < )
Qui = Y11+ Yo ; Y1, — Yo @
Re
(Yn + Y2 = Y12 = Y21 )
__Im (Y 4 Y —Yio — Yo) ®)
Re (Y11 + Yo — Y12 — Y21)

For symmetric inductors, Yz, and Yj; are approximately equal to Y71 and Y7,, respectively, so
the following approximated equations can also be utilized as shown in Fig. 5(c).

Im (72 )
Yi1 — Yo

Qaif ¥ —mv v
' Re (Y11 — Y12)

Q

©)

Lt

(10)
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In a similar way to Eq.(4), the following equation can also be derived from Fig. 4. Examples
of calculation of the above parameters will be explained in Sect. 2.5.

Y11+ Yo — Y12 — Yoy

7} (11)
— 1 Liec
T Retjowls 1O
. 1 , . 1 .
+ {]Wcoxl / <7 +]WC511) } / {]Wcoxz// (7 +]Wcs12) }
Rsit Rsip
(12)

2.2 Equivalent circuit model for 3-port inductors

A symmetric inductor with a center tap has 3 input ports as shown in Fig. 1(c). The characteris-
tics of symmetric inductor depend on excitation modes and load impedance of center-tap, i.e.,
single-ended mode, differential mode, common mode, center-tapped and non-center-tapped.
Unfortunately, 2-port measurement of the 3-port inductors is insufficient to characterize the
3-port ones in all operation modes. Common-mode impedance of center-tapped inductor has
influence on circuit performance, especially about CMRR of differential amplifiers, pushing
of differential oscillators, etc, so 3-port characterization is indispensable to simulate common-
mode response in consideration of the center-tap impedance. The characteristics of symmetric
inductor can be expressed in all operation modes by using the measured S parameters of the
3-port inductor. In this section, derivation method using 3-port S-parameters is explained to
characterize it with the center-tap impedance.

2.3 Derivation using Y-parameters

Inductance L and quality factor Q of 3-port and 2-port inductors can be calculated by us-
ing measured Y parameters. The detailed procedure is explained as follows. First, input
impedance is calculated for each excitation mode, i.e., single-ended, differential, common. In
case of common mode, the impedance depends on the center-tap impedance Y3, so the input
impedance is a function of the center-tap impedance Y3. Next, inductance L and quality factor
Q are calculated from the input impedance as explained in Sect. 2.1.

In case using 3-port measurements in differential mode, differential-mode impedance Z ;s
can be derived as follows.

Laife Yiu Y2 Yi3 Vaife /2
—lgg | = [ Y1 Yo Yoz || —Vaigr/2 (13)
I3 Y31 Yz Y33 V3
Vaige 2(Yo3 + Y3)

(14)

Zgif = =
T Lai Yos(Yin — Yi2) — Yi3(Yar — Yao)
Note that this differential impedance Zg4;; does not depend on the center-tap impedance Ys.
Inductance Lgigs and quality factor Qg;¢ are calculated with Z ;¢ by the following equations.

Im [Zg;
Lgig = 7[60‘11“] (15)
Im [Z 4]
Qi — _—Zdif] 16
diff Re [Zg;f] 16)
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Fig.7. Equations derived from Y parameter to evaluate L and Q of 2-port and 3-port inductors.

In case using 3-port measurements in common mode, common-mode impedance Z.y, can be

derived as follows.

Zcm =

Iem /2 Yiu Yo Y3 Vem
Iem/2 | =Yy Yo Yo Vem (17)
I3 Y31 Yz Y33 V3
Vem _ 1 (18)
Iem (Y13 + Yo3) (Y31 + Y32)

(Y11 + Y + Yo1 + Y22) +

Y3 — Y33

where the center-tap impedance Y3 is given by I3/ V3. Note that the common-mode impedance
Zem depends on the center-tap impedance Y3. Inductance Lem and quality factor Qem in com-
mon mode are calculated with Z.y, by the following equations.
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Figure 7 summarizes calculation of L and Q from 2-port and 3-port Y-parameters. The 2-
port symmetric inductor has two types of structures, center-tapped and non-center-tapped
ones. It is impossible to characterize the center-tapped inductor only from measurement of
non-center-tapped one. On the other hand, all characteristics can be extracted from the Y
parameters of 3-port inductor due to its flexibility of center-tap impedance. Therefore, we
need 3-port inductor to characterize all operation modes of symmetric inductors.

The definition of quality factor in Eqgs. (16) and (20) uses ratio of imaginary and real parts.
The definition is very useful to evaluate inductors. On the other hand, it is not convenient
to evaluate LC-resonators using inductors because the imaginary part in Egs. (16) and (20)
is decreased by parasitic capacitances, e.g., Cs, Coxn, Csi,. Quality factor of LC-resonator is
higher than that defined by Egs. (16) and (20). Thus, the following definition is utilized to
evaluate quality factor of inductors used in LC-resonators.

102

w
Q:E'Z% @)

where Z is input impedance.

2.4 Derivation using S-parameters

By the same way, inductance L and quality factor Q of 3-port and 2-port inductors can also be
derived from S-parameters. As explained in Fig. 8, the input impedances for each excitation
mode, e.g., Zgiff, Zem, can be derived from S-parameters as well as Y-parameters, and L and
Q can also be calculated from the input impedance in a similar way.

2.5 Measurement and parameter extraction

In this subsection, measurement and parameter extraction are demonstrated. Figure 9 shows
photomicrograph of the measured symmetric inductors. The symmetrical spiral inductors are
fabricated by using a 0.18 ym CMOS process (5 aluminum layers). The configuration of the
spiral inductor is 2.85 turns, line width of 20 ym, line space of 1.2 ym, and outer diameter
of 400 um. The center tap of 3-port inductor is connected to port-3 pad. Two types of 2-port
inductors are fabricated; non-center-tapped (center tap floating) and center-tapped (center tap
GND) structures.

The characteristics of inductors are measured by 4-port network analyzer (Agilent E8364B &
N4421B) with on-wafer probes. An open dummy structure is used for de-embedding of probe
pads.

Several equivalent circuit models for symmetric inductor have been proposed Fujumoto et al.
(2003); Kamgaing et al. (2002); Tatinian et al. (2001); Watson et al. (2004). This demonstration
uses 3-port equivalent circuit model of symmetric inductor as shown in Fig. 10. This model
uses compact model of the skin effect (R, Lf and R¢) Kamgaing et al. (2002; 2004). Center tap
is expressed by the series and shunt elements.

Figure 11 shows frequency dependences of the inductance L and the quality factor Q of mea-
sured 2-port and 3-port inductors and the equivalent circuit model for various excitation
modes. L and Q of measured inductors can be calculated using Y parameters as shown in
Fig. 7. Table 1 shows extracted model parameters of the 3-port equivalent circuit shown in
Fig. 10. The parameters are extracted with numerical optimization.

In Figs. 11 (a) and (b), self-resonance frequency and Q excited in differential mode improve
rather than those excited in single-ended mode due to reduction of parasitic effects in sub-
strate Danesh & Long (2002), which is considerable especially for CMOS LSIs. In common
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Fig. 8. Equations derived from S parameter to evaluate L and Q of 2-port and 3-port inductors.

Center tap

(@)
Fig. 9. Photomicrograph of the measured symmetric inductors. (a) 3-port inductor. (b) 2-port
inductor (center tap floating). (c) 2-port inductor (center tap GND). (d) Open pad. The center
tap of 3-port inductor is connected to port-3 pad.
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Csi3 Rsi3

Fig. 10. An equivalent circuit model for a 3-port symmetric inductor.

Ls[nH] | Rs[Q] | L¢[nH] | Rf[Q] Rm [Q]
1.34 1.87 0.91 2.66 14.6
ColpFl | L3[nH] | R3[Q] | Cox[pFl | Coxs[pPFI
0.08 0.00 0.25 0.18 0.19

Rsi [Q] | Reiz[QY] | Csi[pF] | Csis [pF] k
24.7 3.37 0.01 0.07 0.44

Table 1. Extracted Model Parameters of 3-port Symmetric Inductor

mode (center tap floating), L is negative value because inductor behaves as open Fujumoto
et al. (2003) as shown in Fig. 11 (c). These characteristics extracted from 2-port and 3-port
inductors agree with each other. In Fig. 11 (d), L and Q excited in common mode (center tap
GND) are smaller because interconnections between input pads and center-tap are parallel
electrically. The characteristics of the equivalent circuit model are well agreed with that of
measured 3-port inductor in all operation modes. These results show measured parameter
of 3-port inductor and its equivalent circuit model can express characteristics of symmetric
inductor in all operation modes and connection of center tap.
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Fig. 11. Frequency dependences of the inductance L and the quality factor Q in various exci-
tation modes. (a) Single-ended mode. (b) Differential mode. (c) Common mode (center tap
floating). (d) Common mode (center tap GND).
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3. Modeling of Multi-Port Inductors

Multi-port inductors, like 3-, 4-, 5-port, 2-port symmetric one with a center-tap, etc., are very
useful to reduce circuit area?, ?. In this section, a generic method to characterize the multi-port
inductors is presented??.

As a conventional method, one of the methods to characterize the multi-port inductor is to
extract each parameter of an equivalent circuit by the numerical optimization. However, the
equivalent circuit has to be consisted of many circuit components characterizing self and mu-
tual effects, and it is not easy to extract these parameters considering all the mutual effects.
In this section, a method utilizing a matrix-decomposition technique is presented, and the
method can extract each self and mutual parameters mathematically, which contributes to
improve the extraction accuracy. The method can also be used for charactering a differential
inductor with a center-tap, which is a kind of 3-port inductor.

3.1 Derivation of matrix Y,

This section describes a method to decompose self and mutual inductances of multi-port in-
ductors. A 5-port inductor shown in Fig. 12 is utilized as an example while the method can be
also applied to generic multi-port inductors. Figure 13 shows an equivalent circuit of the 5-
port inductor, which consists of core, shunt, and lead parts Long & Copeland (1997); Niknejad
& Meyer (1998). The core part expresses self and mutual inductances with parasitic resistance
and capacitance, which are characterized by Z, in Fig. 13. The core part is also expressed by
a matrix ¥;. The shunt part characterizes parasitics among Inter Layer Dielectric (ILD) and
Si substrate. It is expressed by a matrix Yg,p. Ports 2, 3, and 4 have lead parts as shown in
Fig. 12, which are modeled by Zg},rt and Yopen as shown in Fig. 13. On the other hand, a lead
part of ports 1 and 5 is assumed to be a part of inductor as shown in Fig. 12. ¥gy, consists of
admittances Yy, in Fig. 13. The lead part characterizes lead lines, and it is also expressed by
matrix Yopen and Zgpere- These matrices can be combined by the following equations.

Zineas = (Ymeas - Yopen ) -1
- (Zshort71 - Yopen)71/ (22)
Yo = Ymeas' — Ysub, (23 )

where admittance matrix Ymeas is converted from measured S-parameter. To decompose each
part of multi-port inductor in Fig. 13, first the matrix Ygyp, is calculated. The matrix Y4y can
be expressed by admittances Y}, as follows.

Yopi O 0 0 0
0 Y O 0 0

Youb = 0 0 Ysubs 0 0 (24)
0 0 0 Yaps O
0 0 0 0 Yows

For the sum of the matrices Y. and Yy, the following equation can be defined by vectors v
and i as defined in Fig. 14.

11 01 01
5] 02 (%]
i3 = Ymeas |03 | = (Yc + Ysub) U3 (25)
14 U4 U4
15 U5 U5
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5

Fig. 12. Structure of the 5-port inductor.

1 2 3 Ymeas 4 5

3

Fig. 13. Equivalent circuit of the 5-port inductor.

Ymeas' consists of Ye and Yy, The circuit part expressed by Y. does not have a current path
to ground as shown in Fig. 13. When vy = v, = v3 = v4 = v5 = ¢/, no current flows into Z,
shown in Fig. 14, because Y, connects to only ports and not ground. This is described by the
following equation.

Ye (26)

|
=)
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Fig. 14. Equivalent circuit of core.

The following equation is derived from Eqs.(25)(26)

i o' o' Ysub1
iy v’ o' Ysub2
i3 | = Ymeas | ' | = Youn | V' | = | Yours | ¥/ (27)
iy o' o' Ysub4
i5 o' o' Ysubs

Therefore, each Y, in Ysyup can be calculated by the following equation.
5
Ysubn = Z Ymeas' ni (28)
i=1

3.2 Conversion of matrix Y. to Z.ore

Figure 14 shows the core part of the entire equivalent circuit in Fig. 13, which is expressed
by the matrix Y. In this case, we need each parameter of Z, and My, so the matrix Y is
converted into a matrix Zcore. When Y is a n X n matrix, Zcore is a (n — 1) x (n — 1) matrix.
The matrix Zcore is defined by the following equations.

1 U1
i U2
t=\|i3| =Y |v3s| =Y (29)
iy Uy
I5 U5
Uz1 1:z1
Vz = 022 = Zcore 1'22 = Zcorelz (30)
Uz3 123
Uz4 iz4
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Z1  jwMiy  jwoMiz  jwMiy
joMy  Zy  jwMps  jwMay
jwMs  jwMs;  Zz  jwMsy
jwMy  jwMyg  jwMg 2y

(31)

Zcore =

where vectors v, 4, v;, and i, are defined as shown in Fig. 14. Each element of the matrix
Zore expresses self and mutual components directly. The matrix Y, has the same numerical
information as Z¢ore, which is explained later. The self and mutual inductances in Zcore can
be derived from Y.

In this case, rank of the matrix Zcore is 4 for the 5-port inductor, and the matrix Y, consists of
the same components as shown in Fig. 14. Thus, rank of Y, is also 4 although Y. isa 5 x 5
matrix. The matrix Y. is not a regular matrix, and it does not have an inverse matrix. Here,
converting matrices A and B are utilized, which are also not a regular matrix.

The converting matrices A and B are derived by the following procedure. Vectors
sandvareconvertedintovectorsiandv,bythe followingequations.v, = Av(32)

i, = Bi (33)
Uz1 U1 =02
U2 = [ 27— Ay (34)
Uz3 U3 — U4
Uz4 U4 — U5
1 -1 0 0 0
0o 1 -1 0 0
A=lo 0o 1 -1 o (35)
0 0 0 1 -1
izl i
i i1+ .
; = LS =B
123 n+n+ti ‘ (36)
is4 i1 +ip+iz+iy
Here, the follwing equation can be derived from Fig. 14.
5
Zin:i1+i2+i3+i4+i5:0 (37)
n=1
According to Eq.(37), i1 + iy + i3 + i4 is also expressed by —i5 as an example.
Thus, matrix B has several solutions as follows.
1 0 0 0 O 1 0 0 0 O
B — 11 0 0 O 1 1.0 0 O
a 1110 0)l2 1 1 0 0|’
1 1 1 1 0 0 00 0 —1
1 0 0 O 0 1 0 0 0 0
1 10 O 0 00 -1 -1 -1
o000 -1 -1}J’f0 0 0 -1 -1}
000 0 -1 0 0 O 0 -1
0o -1 -1 -1 -1
o 0 -1 -1 -1
0 0 0 -1 —1| (38)
0 0 0 0o -1
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Fig. 15. mt-type equivalent circuit.

Eqgs. (29)(32)(33) are substituted into Eq. (30), and the following equations are obtained.

01 . 151
0y U1 Iz1 i
% i ;
Aoz | = 2 = Zcore 2| = ZeoreB | 13 (39)
Uz3 123 .
U4 . 14
Uz4 74
U5 15
A = ZcoreBY: (40)

Matrices A and B are not regular matrix. Matrix Zcore is 4 x4 matrix. Y is shrunk to Z¢ore by
pseudo-inverse matrix A™. For example, AT can be defined as follows.

At =BT (41)
110 0 oy (b1 00
AA*:gé_llflg 000 O0]=1I (42)
00 o0 1 -1)|%0-10
00 -1 —1

Finally, the following equations are derived. Zcore is expressed by Eq. (44). The self and
mutual inductances are calculated from S-parameter.

I= ZcoreBYcA+ (43)
Zcore = (BYCA+)71 (44)
Next, each parameter of equivalent circuit is extracted. Figure 15 shows a rt-ladder equivalent

circuit, which is transformed from the circuit model shown in Fig. 13. Z,, and M, can directly
be obtained from Zqre shown in Eq. (44). Ygup,, is divided to Ys,, as shown in Fig. 15

Ysl (m = 1)
Ysubm =4 Ysm—1+Ysm (2<m<n—1) (45)
Ysn-1 (m=mn)

Ly, Cy, and R in Fig. 15 are fitted to Z, by a numerical optimization. Cgj;,;, Coypy,, and Rgyp,
in Fig. 15 are also fitted to Ys,,.
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3.3 Parameter extraction of multi-port inductor

In this subsection, parameter extraction using measurement results is presented. Figure 16
shows microphotograph of the 5-port inductors, which are fabricated by using a 180nm Si
CMOS process with 6 aluminum layers. The configuration of the 5-port inductor is symmetric,
3 turns, width of 15 ym, line space of 1.2 ym, and outer diameter of 250 ym. 5-port S-parameter
is obtained from two TEGs (Test Element Group) shown in Fig. 16 because common vector
network analyzers have only four ports at most. Port 3 of inductor (a) is terminated by 5002
resistor as indicated in Fig. 16. Port 4 of inductor (b) is also terminated by 5002 resistor. Ymeas
is obtained from measured S-parameters by the following equation.

ar1 ap bar ay ags
ax; ax bay ay axs
Ymeas = | b31 b3 b3z b3 bs3s |, (46)
ag1 agp by ag ags
asy asp bsg asy ass

where ajj and b,-]- are measured S-parameter elements of inductors (a) and (b), respectively.
In this case, Ymeas;, and Ymeas,; cannot be obtained, so these components are substituted by
Ymeass, and Yimeas,,, respectively. The matrix Zcore is calculated from ¥meas, Yopen, and Zgport
as explained in Sect. 3.1 and 3.2.

Fig. 16. Microphotograph of the 5-port inductor.

Measured results and equivalent circuit model are compared as follows. First, L," are ex-
tracted from measured results by the following equations. To evaluate inductance and quality
factor between port 7 and (1 + 1)’, Y.y is utilzed. For example, Y1; is derived from Z; and Ys,.

1

o= ot Yy (47)
1

L = —1 48

1 % (48)
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1
Im( —
0 _ <Y11)
Ll/ - 1 4
Re | —
(Yn)

where Z; is derived from Z¢gre in Eq. (44), and Y;, is derived from Yy in Eq. (28).
On the other hand, L,/ 041 and Q L,/ noqq AT€ Obtained from fitted parameters by a numerical
optimization in Sect. 3.2, which are calculated as follows.

(49)

1
Yllmodel = Z1model + Ys1mode1
moae.
= ! (50)
(Rq + jwLy)// jwCy
. 1 .
+ ]C‘)Csil / (R + ]wcsubl
subl
1
Im (Yi
Ly _model = —~-llmodel/ (51)
w
1
Im <Y7
_ 11model
QLl/_model - 1 (52)
Re (7>
Yllmodel
: ; K12 K12_model
1T L1 model 5 £1 t{_model 1 +22:k23_model
_ oLp' ccooL2"” model 4 oooo 2. ooce 2v_model k13_model
T — L3~ L3" model 54| —L3 — L3 model =22K14_model
= wsa L4’ =22 L4 model G f|==e L4' === L4 model o —
© 5heriis oS D) : T05 =
=] gﬂﬂ e 3 &y
el sy 000" H g & oo
< 00009 1 i
é 0 a9 Of == sssggsvss oo "’"ﬁf
0 A 1 10 0.1 1 10 0.1 1
Frequency [GHz] Frequency [GHz] Frequency [GHz]
(a) Inductance (b) Quality factor (c) Coupling coefficients

Fig. 17. Parameters of the 5-port inductor

Figures 17(a)(b)(c) show measured and modeled inductances, quality factors, and coupling
coefficients of the 5-port inductor, respectively. The coupling coefficients of the 5-port inductor
are calculated by Eq. (53).

L Mun
nmm — T 5/
VInlm

kum is coupling coefficient between L, and Ly,. Coupling coefficients k;, have various values
from -0.00 to 0.50 because line to line coupling intensity is different depending on topology of

(53)
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each segment. In this experiment, coupling coefficient k3 is larger than the others because L,
and L3 are arranged parallelly. Coupling coefficient ky4 is almost zero because L and L4 are
arranged orthogonally. k,;;, model is obtained from average coupling coefficient, because ideal
coupling coefficient is independent of frequency.

3.4 Parameter extraction of 3-port symmetric inductor

The 5-port modeling has been presented in Sect. 3.1-3.3, and in this subsection calculation and
parameter extraction of a 3-port inductor, i.e., a 2-port inducotor with a center tap, shown
in Fig. 18 are presented as a simple example. Note that the center tap is chosen as port 3 in
Fig. 18.

port3(Center-tap)

port1 port2

Fig. 18. A symmetric inductor with a center-tap.

Fig. 19. An equivalent circuit of 3-port inductors (a) whole (b) core part.
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Fig. 19(a) shows an equivalent circuit of 3-port inductors, and Fig. 19(b) shows core part of the
equivalent circuit. In this case, Z¢ore can be defined by the following equation.

_ Z —jwMi
Zcore - <—]CUM21 Z2 > (54)

Each element of the matrix Zcore €xpresses self and mutual components directly.

Yiu Y2 Y3
Ymeas = Y21 YZZ YZS (55)
Y1 Yz Y33
According to Eq.(28), Yy, can be calculated by the following equations.
Youpt = Y+ Y2+Yi3 (56)
Youz = Yo1+Yn+ Y3 (57)
Yoz = Ya1+ Yz + Y33 (58)

The self and mutual inductances in Z.qre can be derived from Y, as follows.

Yc = Ymeas - Ysub/ (59)
Zy —jWMlz)
Zewe = | _, 60
core <—]wM21 7, (60)
—1
—Y1r — Y, Y-
— BY. A+ -1 _ 12 13 12 ) 61
(BY.A™) ( Yo —Yo1 — Yo3 (61)
- —1 (Y21 + Y23 Y12 > 62)
Y12Y23 + Y13Yo1 + Y13Y23 Yn Yio+Y13/)’
where
1 0 -1
A= (0 1 71> (63)
1 0 O
B= (0 1 0> (64)
1 0
At=BT=10 1]. (65)
0 0

Here, a rt-type equivalent circuit shown in Fig. 20 is utilized for the parameter extraction. Each
parameter in Fig. 20, i.e., Z1, Zp, M12, Ysup1, Ysub2, Ysubs, can be calculated by Eqs.(56)(57)(58)
(60)(62).

To demomstrate this method, left-right asymmetry is evaluated for symmetric and asymmet-
ric inductors as shown in Fig. 21. As I described, symmetric inductors are often used for dif-
ferential topology of RF circuits, e.g., voltage controlled oscillator, low noise amplifier, mixer.
Asymmetry of inductors often cause serious degradation in performances, e.g., IP, of LNA.
The symmetric inductor shown in Fig. 21(a) is ideally symmetric. The asymmetric inductor
shown in Fig. 21(b) has the same spiral structure as Fig. 21(a), but it has an asymmetric shape
of ground loop.
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Left- and right-half inductances are compared, which are calculated by the following equation.

Im|[Z
Ly = —mi d (n=1,2) (66)
Fig. 22 shows the results. The ideally symmetric inductor has only 1.5% of mismatch in in-
ductance. On the other hand, the asymmetric inductor has 4.0% of mismatch as shown in
Fig. 22(b). This can be utilized to characterize symmetric inductors in consideration of asym-

metry.

M12

Center tap

H

I -..”

(a) ideal (b) asummetric

Fig. 21. Microphotograph of the center-tapped inductors.
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mismatch between left- and right- half =1.5% mismatch between left- and right- half =4%
0.8 0.8
£ Z07
8 3
§ § ]
3 S 0.6
2 —— right-half 2 ] —— right-half
----- left-half ] ----- left-half
0.5 ; 0.5 ‘
1.0 10 20 1.0 10 20
Frequency [GHz] Frequency [GHZz]
(a) ideal (b) asymmetric

Fig. 22. Inductances of the center-tapped inductors.
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