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Abdgtract : A novel parameter extraction method with rational functions is presented for the 29T equivalent circuit
model of RF CMOS spiral inductors. The final Sparameters simulated by the circuit model closely match experi-
mental data. The extraction strategy is straightf orward and can be easily implemented as a CAD tool to model spi-
ral inductors. The resulting circuit models will be very useful for RF circuit designers.
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1 Introduction

CMOS RFICsare now commonly usedin wire-
less communications because of their low cost and
easy integration. As passve components in RF
ICs,spiral inductors™ play a very important rolein
impedance matching, inductive source degenera
tion” L Gresonant tanks®*  and filters and bal-
uns. However , due to the parasitic couplings and
lossintroduced by the conductive S-substrate,the
modeling of the spiral inductors has become a diffi-
cult task.

Compared with electromagnetic (EM) field
wolvers (e. g. HFSS) and partial-element-equivar
lent-circuit (PEEC)-based solvers® (e. g. ASIT-
IC"® and Momentum in ADS) ,a compact circuit
model of the spiral inductors usng lumped fre
quency-independent RL C elements would be more
desrable for circuit smulations because of its ad-
vantage in speed and its inborn compatibility with
SPICE.

There are two types of topologies for equivar
lent circuits of the spiral inductors: (1) the 17T
model!” " \which is smple and has been success
fully applied to the spiral inductors on an insula
ting substrate'® but fails to capture the high fre-
guency behavior (especially beyond the self reso-
nant frequency , SRF) ;and (2) the 291 model®*** |
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which can model both the high-frequency behavior
and the effects of a lossy substrate. The challenge
in applying the 29T model liesin the parameter ex-
traction ,which determines the final accuracy of the
model. In Ref. [14] ,a comprehensve approach of
parameter extraction using rational functions is
proposed. However ,the method is not straightfor-
ward. The scaling relationship§ () is not well de-
termined and requires some manual manipulation,
resulting in some uncertainty and randomness in
the extracted parameter values. The method is
therefore difficult to be implemented in CAD. In
this paper ,we propose an improved method that is
step-by-step and easily realizable in CAD.

2 FRational function and two specific
applications

2.1 FRational function

The general form of arational functioniswrit-
ten as

R(s) = Nu(s) _ @0+ as+ as + + aps”
T Da(s) " bo+ bis+ b2s’+  + bos”
(1)

where Nm (9 and Dn(s) are mr and - order poly-
nomials of variable s. There are m + n + 2 co€ffi-
cients{a,a,2, ,an} and{b,b,k, ,b} for
which an Z0 and b, #0. Snceoneof { & ,b, am, b}
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can be assumed to be unity ,thereareonly m+ n+1
independent coefficients. For example ,if a #0 ,0ne
can normalize all the coefficients by dividing by a
90 that a is normalized to unity. In the following,
we assume a = 1.

Normally ,R(s) isexpressed as a series of data
points{ Ri, Rz, ,Rn},measured at {s,%, ,
su}. Thus Equation (1) can be tranformed into N
linear equationsfor as and bs:

bo Ri + b1 Risi + b2 Risi + + baRis!
- s - st - s
Aol ® s - s
- sy - Sk - s

A RY™ ™Y andisexpressedin Eq. (3).
2.2 Application for skin and proximity effects

Figure 1 (a) is used to model the skin and
proximity effects™ . Assuming s= W, the imped-
ance of the branchis

SL sk Rsk
= s + s +
Z(s) sk R SLsk + Rs (4)
Forw=0, Z(0) = Roc = Rs. Then
_Z_(_S)'_Z_(_Q)_ = Ls +M
S SLsk + Rsk
Lsl o
+
L Ru (Ls + L)
1 + Lsk s
Ls + Lsk Rsk(l—s + Lsk)

(5)
By evaluating the quantity [ Z(s) - Z(0) ]/ s at dif-
ferent frequencies (W ,w., ,Wn) and fitting the
results using the following rational function
1+ as
bo + bis (6)
and then by comparing Egs. (5) and (6) with the
extracted valuesof a ,b ,and b ,the values of Ls,
L« ,and R« can be uniquely determined.

C —_—
L, e R,
= “‘ég}_‘:‘_ Ry Ca
Rsk ub h

@ ®)
Fig.1 (a) Skineffect mode ; (b) Oxide substrate 3-el-
ement model

=1+ arsi + &S+  + ams”,
i=1,2, ,N (2)

where R = R(s).Usually N>m+ n+1,s the &
bove equations turn into an over-determined prob-
lem and can be slved as a standard linear least-
square problem:min(vll Ax- bll) ,where x= (a1,

yam,bo, b1, ,ba) " R"™"'isacolumn vec
tor for unknown coefficients and b= (1,1, ,1)"
R" isa unity column vector. Thus,
Ri Rist =~ Ri s
R Ros R» s Rz s?
(3
Ry  Rxsy  Rush Rnsh

2.3 Application for the 3-edlement model of sub-
srate loss

The 3-element model is commonly used to
model the substrate loss as shown in Fig. 1(b). If
the impedance for that branch is measured ,then

_ 1 R ub
Z(S) - SCox * 1 + SCsub Rsub
1+ s(Cqx + R
= 7
SCox + 52 Cox Csub Rsup ( )
We fit the rational function
1+ as (8)

bis + b 52
to obtain & ,h ,and k ,and thus the three elements
Cox ,Rab , @and Can can be determined by comparing
Egs. (7) and (8).

3 Compact circuit model of spiral in-
ductors

3.1 On-chip spiral inductorsand the 19T model

The on-chip spiral inductor and its basc &-ele-
ment 17T circuit model are shownin Fig.2. ltisa2-
port device characterized by 2-port Sparameters
(or other small sgnal parameters such as Y-param-
eters) . For a linear passive network , Sz = Sx (or
Y12 = Ya1) due to its reciprocal nature. Hence there
are only three independent complex parameters
that characterize the device. The Y-parameters ,for
example ,can be trandormed into the following sx
real quantities (Note: The average of Y. and Yz is
used because there are inevitable measurement er-
rors between them) :
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_ 1m (1 Y1)
Lu = w
_ Im (1 Yz)
Lo = w
Qu = Im(1/ Yi) _ Im(Yn)
" T Re(V Yu) Re( Yu) (9)
Qn = Im(1/ Yz) - Im(Y2)
Re(l/ Yz) Re( Yz2)
_ R
Lu = Im( (le:)l Yor)
Ret = Re(- 1/ Ya)

WhETEY_zl = (Y + Y1)/ 2.

—— 1
Si-substrate /)

Fig.2 On-chip spira inductor and 17T model

Lu,L22,Qu ,and Q2 are the equivalent induct-
ances and quality factors seenfrom Port1 and Port2
with the other port ac-shorted. Lst and Rsr are the
effective series inductance and resistance of the
main path (- Ya). The DC values are:

Roc = Ret |w-o

Loc = (Lef,L1u,0r L22) |w-o
where Roc is the DC redstance ,and Loc is the in-
ductance whenw 0. The six quantitiesin Eg. (9)
are mathematically equivalent to S or Y-parame
ters,but they are more physcally insghtful and
much easer to manage because they are all real
numbers.

There are two setsof datafor each quantity in
Eg. (9) ,which represent the measured and smula
ted values, respectively. They are explicitly desg-
nated by a subscript® m” or* s’ ;for example,Lii.m
or Lus,and Qu.m Or Qu.s. The modeling goal is to
let smulated values { s”) of all the six quantities
be as close to the measured values { m”) as possi-
ble.

(10)

3.2 Fom the 19T mode to the 18-eement 29T
model

The smple 19T topology shown in Fig. 3(a)
has serious deficiencies for a lossy substrate,asin
CMOS RFICs. In Eg. (9) ,the quantity R« needs to

be treated caref ully. The measurements show that
it equalsto the DC red stance at first and then rises
with frequency due to the skin and proximity
effects. But after it reaches a maximum at f sin max
(Fig.5) it beginsto drop until reaching a negative
value on the order 10" 10 °Q when the frequen-
cy is sufficiently high. This phenomenon is due to
distributed substrate parasitics which override the
skin and proximity effects,and can only be ex-
plained by a 29T topology.

Port] Port2 Portl > Port2

(a) (b)

Fig.3 Topology of 19T (a) and 27T (b) models

Figure 3 (b) is a block diagram for the 29t
model ,without the shunt capacitor G,. Figure 4 is
our 18-element 29T model ,refined from Ref. [ 13]
with redundant elements removed. According to

Fig.4 18element 27T circuit model

Fig.3(b) ,with a third grounded branch z added,
the distributed effects of the substrate parastics
can be compensated by :

Ret = Re(Z1 + Zo + Z1 Z2l Z3) (11)
Assuming Zi= Ra + WLa, Ze= Re + WL and Zs
= Ruwsz +1/ WCoxs ,then

Ret = Re[(Ra + WLa) + (R + WLe) +
_(_RSl_QL.SL)_(_BSZ_QLi.)_
Rsws + 1/ [0 Coxs (12
At high frequencies ,we assume roughly that Ra <
WL« ,Re <WL ¢ ,and Rsws >1/ (WCos) ,0

Ret = Ra + R - W La L/ Raus (13)
Thus R« can become negative at high enough fre-
quencies due to the negative term that is °.
(Note:negative R« does not imply that the passvi-
ty of the model has been violated ,becauseit isonly
an effective quantity with the unit of Q and not a
real red stance as definedfrom - Yz.) Onthe con-
trary ,the 19T model only provides a postive value
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of R« regardlessof frequency because the’ Ys” box
in Fig.3(a) must be passve.

Figure 5 shows both the measured { m”) and
smulated { s’) values usng our 29T model for Re
and L« of a 4 5turn gpiral inductor fabricated in
the TSMC 0. 2% m process. The smulated results
using the 19T model provided by thefoundry are al-
90 plotted and identified by the suffix* TSMC_ 1-
TU". This shows that the 19T model gives inaccurate
values for both R« and L« at high frequencies
compared to the measured data. It predicts a high-Q
parallel-tank resonating at about 13GHz and the
sgn of R« is aways postive. On the contrary ,the
smulated results of the 29T model are accurate at
least up to the resonant frequency (about 15GHz
as shownin Fig.5) .

Fig.5 Rer and L« fabricated in a 4 5turn inductor
fabricated in TSMC Q. 2% m process

3.3 <kin and proximity effects in the 29T modée

In order to model the skin and proximity
effects, the sngle inductor Lo (f) and resstor
Ro(f) in Fig. 2 must be frequency-dependent and
not compatible with SPICE. Therefore two bran-
ches (L« and R«) are added in Fig. 4. Assuming
the two halves of the main path are identical : z1 =
Z> ,the number of the independent elements of the
circuit can be reduced to 14.

The effect of eddy-currentsin the substrate is
not included in this paper because the current RF
CMOS process normally uses a lightly-doped S-
substrate Ps= 1 102 - c¢cm) ,in which eddy cur-
rent effect is negligible.

3.4 Limitations of the 29T modd

The 29T model hasits own limitations at high
frequencies:it is valid up to the self resonant-fre-
quency (SRF).Beyond SRF ,the spiral presents ca
pacitive properties and cannot be used as an induc-
tor any more. Thus the above upper limitation of
the model is still acceptable for most circuit appli-

cations since SRF sets the applicable limit of spiral

inductors. Moreover ,the six quantities in Eq. (9)

lose their physcal meaning beyond SRF;and thus

fitting error will be larger beyond SRF.

Seen from the two ports,SRF is defined as

SRFu =W/ AT | =0

(14)

SRF2 =W/ AT | L -0

4 Parameter extraction in the 29T

model

When the measured Sparameters at various
frequencies are available ,the values of the 18 ele-
mentsin Fig.4 can be extracted. The goal isto ob-
tain an optimum fit between smulated S or Y-pa
rametersor the sx quantitiesin Eg. (9) with the
measured data.

4.1 Extraction of the shunt capacitance G

The shunt capacitor G can be extracted at
high frequencies as -
Im(-_ Y

w ® -

The term” high frequency” is not well de
fined, and the measured data do not show an
asymptotic constant , even when the frequency is
kept increasng. Nevertheless,in order to perform
the following extraction ,G must be assigned a val-
ue. We eval uate Eq. (15) at the maximum measur-
ing frequency and then determine G. Thus we can
define

G = (15)

d — —l—
Z dim = T — - (16)
- Yam - WG

4.2 Extraction of ementsin Z and 2

Snce z = Z as shown in Fig.3(b) , each im-
pedanceis

Zim = Zim = Zaf,m/z, f < fainmax (17)

The above approximate equality holdsonly be

fore Rst.m reaches its maximum: f < fsin,mx as de

picted in Fig.5 ,when the shunt effect of 7 can be

neglected. After fwinmx ,the skin and proximity

effectson Rar.m (A0 Lar.m) will be overridden by

the capacitive substrate parastics of Zs as ex-
plained in Section 3 2. We define:

foinmax = W/ AT | Ry | = max(Ryy ) (18)

Thus the method described in Section 2 2 can

be performed with the impedance of the L HS term

of Eg. (4) already known ,and the values of La 2,
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Ra 2 ,Lsa2 ,and Rsa 2 can be deter mined.
4.3 Extraction of lementsin Zs

When the elementsin Z: and Z. are extracted ,
the impedance of Z shownin Fig.3(b) can be cal-
culated as

_ _ : _Rua Wlgg
b 2 t* Wb Rsk1 + WL sk

__(Z?
Z3,m B Z'eff,m - 221,5

(19)
where the smulated impedances Z s and 2 s are e
valuated at the measuring frequencies {tW: 0.,
Wn}. Thus,with the impedance of the L HS term of
Eqg. (7) known,the method of Section 2 3 can be
performed to determine Cos , Raws, and Ceus.

4.4 Extraction of elementsin Yiand Y:

After the elementsin 7., Z2, and Zs are ex-
tracted ,we can calculate Y1 and Y2 as shown in

Fig.3(b).Let
Z3,s = - 1 + - RsubS
WCoz 1 + WCsubs Reubs
ZisZas '1
m = m - + Z s -
Y'l Yll' Zl,s + ZS,S v F*)Cp
Z2sZas o
m = m - + Zos -
Y2 Yz. Zos + Zzs 2 We
(20)

Thus the impedances 1/ Y 1.m and 1/ Y 2 m can
be calculated ,and the method described in Section
2 3 can be applied again to determine the val ues of
{ G ,Raubr ,Cam} and { Goxz , Rauz , Caunz} ,respective-
ly.

Now the values of all 18 elements in Fig. 4
have been extracted.

5 Experimental validation

The measured data correspond to three induc-
tors fabricated in Chartered Semiconductor’ s
0. 18 m RF CMOS Cutop 6-metal process. The
layout parameters are shown in Table 1,covering
turns n=1,5,7 and the DC inductance Loc =0. 5,
3 8,11 3nH. The extracted values of circuit ele
ments are also shown in the table. Figures 6 9
show the six quantities defined in Eqg. (9). The S
parameters of only oneinductor (D2) are plottedin
Fig. 10 in order not to crowd thefigure. The figure
shows that the circuit model is very accurate up to
the inductor’ s SRF (with max error less than 1 %)

provided that the parameters are properly extracted
using our method. Beyond SRF ,the circuit model
presents more errors,but the trends are still cor-
rect.

Table 1  Parameter extraction results of three induc-
torsfabricated in 0. 18 m RF CMOS process

Device D1 D2 D3
n 1 5 7
L ayout M m 50 34.5 50
parameterl) w/ik m 12 6 12
sid m 1.8 1.8 1.8
Rpc/Q 0.7 3.1 3.4
DC value
Lpc/ nH 0.5 3.8 11.3
Cpl/fF 2.2 13.0 38.2
Lsi,2/ nH | 0.246/0.246 1.81/1.81 5.25/5.25
Lski,2/ nH | 0.104/0.104 0. 091/ 0. 091 0. 305/ 0. 305
Circuit Rs1,2/Q 0.375/0.375 1.55/1.55 1.68/1.68
element Rsk1,2/Q 0. 408/ 0. 408 1.69/1.69 1.82/1.82
Coxt1,2,3/ fF|69. 8/ 50. 6/ 23.9|48. 0/ 40. 3/ 86. 7| 128/ 93. 5/ 367
Csub1,2,3/ fH13.7/12.5/ 1. 27|31. 7/ 16. 8/ 2. 31{64. 7/ 26. 5/ 45. 6
Rsub1,2,3/Q| 563/ 714/ 496 250/ 367/ 415 | 75.4/214/ 152

1) n:turn,r:inner radius, w:metal width,s:metal spacing.

200 L D2:r=34.5 n=5
I Lpc=3.8nH
£ 15F Leogrs DC
g
T 10k :
o \
(53
N oos D1:r=50 n=1
g Lpe=0.50H
tZD nnnunnnﬂu"unnmnm
- )
03y 3 10 5 20

fIGHz

Fig. 6 Measured and simulated effective series in-
ductances L«t of three inductors normalized to their
D C inductances

2001 /D?.:FM,S n=5
1 =310

o 0 R, 1.5 -
B ®
g -200 1.0 2
= n s
wn o9 7]
‘@ -400 ‘G
o A 05

-600 D3u=501=7 pj.eson=) 9

Loy, Rix=3.40 Ryc=0.70
" A 1 O
8000 5 10 15 20

fIGHz

Fig.7 Measured and simulated eff ective series re-
sistances R« oOf three inductors

6 Conclusion

The 19T equivalent circuit model'”*?! is not ad-
equate for RF CMOS spiral inductors, but the 29T
topology is good for most applications™*. The
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Fig. 8
ance L1 and L2 of three inductors normalized to
their DC inductances

Measured and simulated equivalent induct-

Fig.9
and Q22

Measured and simulated quality factors Qu

Fig.10 Measured and simulated Sparameters of a 5
turn inductor (D2)

compact circuit model used in this paper is a re-
fined version of the 29T topology from Ref. [ 13]
with redundant elements removed. The values of
all 18 elementsin our circuit model can be extrac
ted step-by-step. The methodology of parameter
extraction described in this paper is more straight-

forward and much more easly implemented as a
CAD tool compared to the heuristic work™" .

The accuracy of the proposed parameter ex-
traction method for the 29T model of Fig. 4 is very
good and has been verified by comparison to sever-
al industrial samples. The resulting circuit model is
very useful for RF circuit desgners.
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