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Numerically Stable Green Function for Modeling and
Analysis of Substrate Coupling in Integrated Circuits

Ali M. Niknejad, Student Member, IEEERanjit GharpureyMember, IEEE and Robert G. Meyelrellow, IEEE

Abstract—The Green function over a multilayer substrate strate parasitics were found by using the boundary-element
is derived by solving Poisson’s equation analytically in thez  technique. This involves solving the appropriate electrostatic
coordinate and numerically in the « and y coordinates. The jqaqra] equation using the Green function. This technique used
z and y functional dependence is transformed into a discrete the FET t d th lculati fthe G functi Th
cosine transform (DCT) representation for rapid evaluation. The e 0 s_pee up _e Calcufaton 0_ e reen func _'O_n' ¢
Green function is further transformed into a numerically stable ~Green function was derived for a multilayer substrate sitting on
form appropriate for finite-precision machine evaluation. This a ground plane. However, evaluation of the Green function was
Green function is used to solve for the impedance matrix for an |imited to the top layer, and this limited the contact locations
arbitrary three-dimensional arrangement of conductors placed to the top layer. We will extend this work by deriving a more

anywhere in the substrate. Using this technique, the substrate | G functi Bv deriving the G functi
coupling and loss in IC circuits can be analyzed. A spiral inductor general sreen function. By deriving the sreen function over

is presented as an example. Experimental measurement results@ Multilayer substrate and allowing evaluation in any layer,
verify the accuracy of the technique. we can place three-dimensional (3-D) contacts anywhere in

Index Terms—Green function, SPICE models, spiral inductors, the substrate, and therefore solve for the ir.n.pedance maitrix
substrate coupling, substrate noise. for an arbitrary arrangement of contacts. Additionally, we can
combine the oxide and passivation layers to our substrate. The
oxide layer will support contacts for capacitors, metal traces,
and inductors. The substrate layers will support contacts for

HE level of integration that can be achieved in highactive devices and substrate contacts. In this way, we can

frequency Si integrated circuits (IC’s) is limited by parainclude the current injection from passive and active devices
sitic coupling mechanisms present in Si IC processes. Transigo the substrate coupling calculation.
tors and other active devices inject current into the substrateThere are other approaches to the substrate coupling prob-
through nonlinear capacitors; passive devices and metal trates. In [2], a finite-difference technique is presented. However,
inject current into the substrate through linear capacitors. Ttiés technique involves discretizing the entire substrate and
current is transported in the substrate by ohmic and dispplying a difference equation at each node. This produces
placement current. The reception mechanism is similar to thevery large sparse matrix. Sparse matrix techniques can be
injection process. The finite substrate impedance effectivelpplied, but matrix sizes are very large regardless of the
couples every device on an IC to every other device on thember of contacts. The integral approach, on the other hand,
chip. will produce a matrix size proportional to the number of

The design of high-speed digital, analog, and, most imparentacts. Although this produces a much smaller matrix, the
tantly, mixed-signal circuits requires knowledge of substratesulting matrix is dense and must be inverted using?)
behavior. Knowledge of substrate noise can also help thperations LU decomposition or Gaussian elimination). If
designer optimize the layout of the circuit. In some caseseuristics are further employed, the resulting matrix may be
knowledge of substrate coupling is absolutely critical. Faparsified [1]. For instance, the FastCap technique [3] uses
example, passive devices such as inductors have a quatityltipole expansions in free space to accelerate an iterative
factor @ which is limited by substrate loss at high frequenciesolver. Similar techniques can be employed here.

Since( is an important design parameter for the performance
of many circuit topologies, knowledge of substrate loss is Il. THE GREEN FUNCTION APPROACH
integral in the design of high-frequency RF circuits. TO SUBSTRATE EXTRACTION

In this paper, we will extend a technique of substrate the poundary-element technique, or method of moments,
extraction presented in [1]. In the previous work, the subs \vall known and widely used [4]. We will only summarize

this semianalytical approach for the electrostatic case. We start
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Fig. 1. Geometry of multilayer substrate.

whereG(r,7') is the kernel of the inverse transformation, or The matrix[P] is known as the coefficient-of-potential ma-
the Green function [5]. The Green function can be found hyix. By inverting the above relation, we form the coefficient-

solving the following equation: of-induction matrix, and henceforth we have the desired charge
, distribution
V() = - 2= (3)
v e (@] = [l[®]. 9)
To find the capacitance of a contact in a medium, onelt is clear that we must begin by finding the appropriate
evaluates Green function.
C = _ej[ E-ds 4) [ll. DERIVATION OF THE MULTILAYER GREEN FUNCTION
S

To derive the electrostatic Green function in a multilayer
wheree is the medium permittivity F is the electric field in substrate, consider a point charge placed(#ty’,2’) in
the medium, and is the surface area of the contact. To findayer & as shown in Fig. 1. The Green function must satisfy
the resistance of a contact, one evaluates the analogous intega$son’s equation in layer

1 _ o o o
E — _O—%SE . dS (5) VQG(x,y,z,x',y',z’) _ 6(.%‘ <X )6(y Y )6(2 Z) (10)
Ck

where o is the material conductivity. Furthermore, ifyhere we assume that layérhas a uniform permittivity of
frequency-dependent effects are to be examined, both ohmic| o 7 — X(z,2')Y (y,y/)Z'(z,%') in the above equations
and displacement current are present. This can be accouqﬁqg i ’ ’ '

- . resulting in
for by defining a complex conductivity [4]
) d*X d*y EVA
Equation (2) is an expression for the potential at contact _ _5(37 —2)8(y — y")é(z — Z’). (11)
due to a charge distribution at contgctor sufficiently small €L

contactsi and j, we can assume uniform charge distribution, )
and take the potential of each contact to be the average poterfSSUMeX = cos(mima/a) andY = cos(n,my/b) in order
tial over the volume of the contact. With these approximation® Safisfy the boundary condition of zero normilfield on

we can rewrite (2) as the sidewalls. Making these substitutions results in
_ Q oo 00
¢; = VWJ/ G dV; dv;. (7) Z Z COos (mﬂrx) Cos (nlgry)
Jre Vv, m1=0n,=0 @
. . o 2z mim\2  nim\2\ .,
By considering the above integral for all combinations of X P ( P ) + (T) Z

contacts, we generate the following matrix equation: e — )y — ) — ) w2
[¢] = [Pl[Q]. ®) ¥
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By multiplying the above equations byos(mnz/a) k. Hence, the most general solution for thelependence of
cos(nmy/b) and by integrating over andy chip dimensions, the potential is

we get A
Z',I»"’,f =——— cosh ¥ cosh ¥
a_b <d2Z/ B <(m)2 n (T)2> Z/> 7 aka,ann
4\ dz2 a b (81 anh oy + 130 (8" sanhd, + 13"
o / / X
= 6(z = #) cos <m7ra: ) cos <n7lr)u ) (13) (F%B;lg - Fiﬂfi)
€k a

(19a), (19b)
By defining Z'(z, 2') = Z(z, ') cos(mmx’ /a) cos(nmy’ /b) whered s, = ymn(d — z5.,). Here, we introduce the notation
and substituting in the above equation, we get a simple secoBg—the field pointz; = "» and the source point, = #'

order differential equation The coefficientss, and Iy still need to be determined. Even
though we have two constants, only one is independent. By

2 ot
ab <d f — fyf,mZ> = —M (14) examining (16), it is clear that eithek, or I';, can be factored
4\ dz Ck out and absorbed into thé dependence. Due to the boundary
condition atz = —d, i.e., zero potential at the background

wherey,,,, = \/(mmn/a)? + (nr/b)2. For z # 2/, the above

. ) plane, we must choos& = 1, I'y = 0. Furthermore, for each
equation has the general solution

adjacent layer, the following boundary conditions must hold

at the interface
Z = Bsinh[vpn(d + 2)] + [ coshv,nn(d + 2)]. (15)

) ) Zylom—dy = Zp—1|2m—a, (20a)
Hence, in each layer, the solution must be of the above A7 A7+
form. In particular, in layerk, the solution is of the form & =€p 1 (20b)
dz e, dz R
Zt = (ﬂ}f’l sinh[vmn (d + 2)] The above pair of equations lead to a recursion relation that

wl wls adjacent layer coefficients must satisfy
0 cosh [y (d + z)]) £UU)  (16a), (16b)

where the superscripts and! distinguish between the upper Ty P
and lower solutions, depending on whether the observation

point is above or below the point charge. The potential mu&fiere we have the matrid shown at the bottom of the page.
be continuous at — 2/, and the first derivative discontinuity _ BY €mploying the above recursion, we can find the coeffi-
can be found by integrating (14) fon,n > 0. cients in any layer below the point charge layerSimilarly,

’ at the top layer, we impose the boundary condition

Ly N _ 7ug
Z() = Z;/ () (17a) dZ N
dZ 2 468 4 d =0 (22)
B2 (17b) 7 lem—divia=0
dz |, s abey, L -
This implies that the top layer coefficient values &re = 0,
Using these two conditions, one can solve for the L'n = —coth(vm,d). Using the top layer coefficients, and
dependence of the potential using the inverse of (21), we can recur downward from the
top layer to any layer above the point charge lajeHence,
f'””l(r’) _ 1 all unknowns have been determined. Therefore, for the case
T abeaymn (TEBL — T B of m,n >0, we have
x 4| 8% sinh (v (d + 2) oo 0
[ * ( ) Gj,i = Z Z cosh ¥y cosh ¥, cos mre cos ﬂbu
! Cosh('ymn(d—i—z’))] (18a), (18b) v ffower a
nrx’ nwy
. X COs COSs
In any other layer, the solution takes the same form as a b
(16a) or (16b), depending on whether the observation layer 4(/3;%:lta11h19f +1“;.”) (/3,15“ tanh 9, +F§;“)
j is above or below the point charge. Boundary conditions . — — . (23)
imply that thez’ dependence must be the same as in the layer abeYmn (Fkﬁz - Fkﬁk)
Sl cosh? 9y, — sinh? 9y, <Fk—_1 — 1) sinh 94, cosh 9,
A= €k €k

<1 — 6k_1> <€k_1 — 1) sinh ¥y, cosh?;,  cosh? 9 — fht sinh? ¥y,
€k €k
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Fig. 2. Contact coordinates.

For the casen = 0, n>0 or n = 0, m >0, the form of This results in
(23) remains the same, except that the factor 4 changes to 2

lLu / lu oo 00 212
and we have a single summation instead of a double sum. Fgy; = (B 2} ;r i) + Z Z kmn?ijcmn%
the casem = n = 0, the original differential equation (14) abe; B; =1 n—1 mensm
has t_h_e general_solutloﬁk = Brz+ G_k. Applying _boundary _ (Sm (mwg) _in (mwg»
conditions to adjacent layers results in the following recursion x a a
relations: (a2 —ay)

i1 (Sill (mw%> —sin (mw%))
Bj == Bj,1 (24&) . a a
€ (as — a3)
. . by ) by
Gj — < j—1 _ 1) ijj—l + Gj—1~ (24b) S mwz — Sin mwz
€5 X
’ (b2 = b1)
To satisfy boundary conditions at the back plane, we have <Sin <m7rb_4> _sin <m7r@>>
Bl =1, G} = d. To satisfy the top-layer boundary condition ) b b 27)
(22), By = 0 = B} = 0Vj € Lupper (upper layers). In (by — b3)

addition,G}L = G" Vj € Lypper- By applying the fact that the
potential must be continuous across the point charge, and
integrating the differential equation (10), we find

IBythe above equationCyy = 0, Cpo = Co, = 2, and
Crn,n =4 Vm,n>0 And

1
Kmn,ij = ——— cosh @y cosh ¥,
Bl.’u # +Gl}u abek’ann
(lu) / / Z/ J j’uylt h”& F’u,l jl,ut h”& Fl,’u
Z;3 (2,4) = pry (25a), (25b) ) A tanhd; + T (B4 tanh o, + T
(T3 pE = T587)
The Green function derived above is represented as a (28)

double infinite series which converges slowly. In practical . . .
applications, we need a way to evaluate the Green functi§fi€ré the subscrips denotes the source point (with the

at many different points in the substrate, thus necessitatifgPrdinate of the contact in layef), and the subscripyf
a technique for fast evaluation of (23). In [1], a techniqugenc’tes the field point (with the coordinate of the contact

for representing (23) as a discrete cosine transform (DCT)'% layer L) . .
shown. We will use the same technique, and for continuity, BY Using the identity
we will summarize the work of [1]. We begin by integrating )n ( W@) sin (mw&)

the Green function over the surface of a contact. Equation a a
1 P — ; .
becomes == <cos <m7ra a1> — cos <m7ra+—aj>> (29)
Q 2 a a
_ %y dS. dS.
¢i = SiS; // Gij dSj dSi. (26) (27) can be cast into a sum of 64 terms in the form
5]57

N b1,2:|:b3,4>
=2 22 ) eos | nm 2=

< a2 * a3,4> <

_ Tmn COS | M7 C e

To find p; ; = ¢,/Q;, we integrate (23) and (25) over the =on=0 a b
surface of contacts and j with coordinates given in Fig. 2. (30)
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where V. IMPLEMENTATION OF NUMERICALLY
a2b? A 31 STABLE GREEN FUNCTION
x = . . . . .
T 22t (31) Although the derivation of Section Il is straightforward,

If we discretize the substrate space in the directions, and the actual numerical implementation poses many problems.
represent the coordinates of the contacts as ratios of intege@$ large values ofr and m, and deep substrate contacts,

such that tanh¥ — 1 andcosh® — oo. Furthermore, for each term
ar  pr bk g (tanh¥ +I'/3), the ratiol'/3 — —1 so that the numerator

o P b Q (32)  factors of (19) approach zero. The denominator of (19) also

approaches zero. The product of the ratio and the hyperbolic

then (30) can be recast as factors must converge to zero as a whole, due to the physical
ple-l ey Gro+ qas nature of the solution, but with finite precision, it is very

Z Z Tmn COS <m7r P )COS <HWT) difficult to accurately calculate (19). The above equations,

m=0 n=0

though, may be recast into more numerically stable forms as
(33)  follows. We begin by rearranging (19a)

As (33) stands, it cannot be considered a DCT. However, <( B¢ tanh ¥, + %)
Jc J

using the following properties of the DCT allows one to ” Ju )coshﬁf cosh,
compute (30): (Bx tanh 9y + I'%)

(B tanh 9 p + I'Y) (B4 tanh o, 4+ )

P-1Q-1 N < | ’ ) (35)
Z Z Tnn COS (m7r P ) cos < q ) repl — i gy

m=0 n=0 P Q
Xop_pq =Xp20-¢ = Xor—p2g—q = Xpgq- (34)

Notice that the we have separated the equations into a factor
with only the source layek and a factor involving an upper
The Green function can therefore be computed rapidly bgcursion ofj, k. We definerl, = (T} /3L), pi = (33/T%) to

employing an FFT to compute the DCT. simplify notation. We also rewrite (21) as follows:
The following list summarizes our algorithm for extracting .
the substrate parasitics. <1/f§> — cosh2(d1) A <1/fl ) (36)
k k—1

A. For a Given Technology where

1) Input: Substrate layer data (thickness and dielectric
constant and resistivity).
2) Input: Metal layer> coordinates. A = <

€k -
Rl _ tanh? Dy <6k L 1) tanh 9y,
€L €L

tanh? 9y,

3) For each pair of metal layeisandj, compute the Green
function using the DCT method and store results. Due to N
symmetry of the Green function, fa¥,, metal layers, </31 ) H cosh2(d </36) (37)

— Ek—
1) tanh ¢, 1 — kol
€k €k

this requiresV,,,(N,, +1)/2 DCT's. ¥
B. For a Given Layout From the above, we define new coefficients as follows:
1) Input: Contactz, %, z coordinates, widthw, lengthl, and o X -
' 3 3
thicknesst. . <1é§ ) =[] 4 <1é? ) (38a)
2) Form matrix[P] by accessing DCT of the Green func- k sy 0
tions.
3) Invert [P] matrix using LU decomposition. and similarly
4) Form impedance matrix. )
Step A) need only be done once for a given technology. This </3” ) H A </j’”> ) (38b)
saves computation time since step A) can be computationally pmid LN

expensive. For three metal layers, six 2-D DCT’s need to
be performed. Using the FFT, this operationQ¢p? log p?) Using the above definitions, we rewrite (35) as
wherep represents the accuracy required. For a typical sub-

strate dimension of 1024m x 1024 ;m, a 512x 512 DCT <(PZ’ tanhdy + 1) (tanh 9, + 7’5))

suffices. This sets the minimum metal trace width gtr. 1— pyr;

Once step A) is perfqrmed, step 'B) uses the precomputed (/}]u tanh +f?) cosh ¥ cosh ¥,

Green functions to build the matrix. In other words, the x| —= = - - (39
(Byrtanh 9y +I'})

computation time is dominated by(n3) wheren represents ﬁ cosh 9

the number of contacts, not the DCT size. Although the pmiod r

accuracy of the method depends on the grid size of the DCT,

this only affects step A), which is performed once, and not We will now treat each factor separately. We begin with
step B), which is performed many times. the first factor in (39). The following recursion relations are
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derived from (21): to calculateV}' recursively, this factor is important. Let us
) observe that
. (1= q)tanh ¥y + (1 — g tanh® 95 )7, _, (40)
Tp = 2= — Ld . Ld .
k (Qk tanh2 ng) + (Qk - 1) tanh ﬁkTi,l Nk (1 t%nh:kﬁt%nhﬁﬁk—i—l)
o (pr — tanh? ?9k+1)PZ+1 + (pr — 1) tanh P " :_(fj anh(dy k1) Drg1 + Nig1)
k= " \
(1= pr) tanh drp1pft g + (1 — pr tanh® 9g11) = H (1 —tanh ¥, tanh dp41)ny. (49)
. p=k
WhGI'Epk = (Ck-i—l/ck), g = (Ck—l/ck)- Using (40) and (41), w .
and substituting into the first factor of (39) gives In (49), nj; is the numerator of (43), calculated recursively

without the factor of(1 — tanh ¥, tanh¥,,:). By using the
(R, + qntanh(d, — %)) (Ry,, + pi tanh(d — 9p41))  above definitions, the first factor in (39) may be rewritten as

Ru — { P h o ) o — RY { _ -
Wl g — Pefty_y + tan Ok = Dr1) (Pra R’H’lR’“—l) n; cosh(dy —9;41) coshpyq 4 cosh ¥, coshd,11

h 195 - 19 h 19 - 19 . =
5 008 ( hkg CO_S 19(‘ i k+1) (42) n} cosh(¥y — Ppq1) coshdjiy oo cosh(¥, — 9pt1)
cosh(dy ka1) o
a

+1

where . -
wheren? is the numerator of (48) modified so thaf = ;.

; tanhdgqy +rp 43 A similar analysis for the lower case gives

k= ]
1+ tanh 9y 173 N -
1+ pY tanh+29k " ﬂ cosh(; — ¥;) coshdy "L cosh Y, cosh ¥ 41 (50b)
= T Oy (44) Al cosh(df —01) coshd; 1L cosh(d, — Vp4r)

U
k

The above equations satisfy the following recursion rela- Utilizing the above results, the complete upper Green func-
tions and terminating conditions: tion » dependence can be rewritten as

_AF(zp,2,) 1y cosh(¥p —V;41) coshdy

R! ctanh(9,41 — I A 7
Ri I + qx tan ( k+1 k) 3k aberYmn ny COSh(Q?f — ﬁk-{—l) COShQ?j.H
Ri‘—l ta11h(29k+1 — ﬁk) + qx ; Lo
R! = tanh ¥, (45) <] COSH Upt1
e Ry, + px tanh(dy, — Vgi1) o cosh ¥, cosh(d, — Vpy1)
k — RZ’+1 tanh(ﬁk _ ng-l—l) + P X COSh(ﬁS — 19k+1) COSh(ﬁf - 19k) (516\)
Ry = coth(dy — In1)- (46) and the lower case can be written as
Using (45) and (46), (42) can be rewritten as gl AF}(z5,7:) 5 cosh(¥; — ;) coshd,
gk aberYmn 0L, cosh(dy — Oy) cosh gy
L (RL+tanh(d, — daq1)) (RY + tanh(9 — 0y)) .
Fy = , , cosh 9,41
RY — R + tanh(d), — 9p11) (RYRE — 1) <[] L

N cosh(¥s — Vpq1) cosh(dy — V4,) 47) o coshdy cosh(dy — Jp41)
cosh(dy, — Vp41) ' x cosh(¥y — Yp41) cosh(d, — p). (51b)

The above equations may be evaluated in a numericallyThe above equations are numerically stable, and may be
stable fashion since (43) and (44) are numerically stable @ged to implement the algorithm presented in Section IIl.
¥ — oo. Equation (47) is valid for field points above the source
point charge (upper case). However, due to the symmetry of V. EXAMPLES: IC-INTERCONNECVSPIRAL INDUCTORS

(39), (47) can be rewritten for the lower case by inspection. |, this section, we illustrate the above described techniques
What remains is the second factor in (39). We may calculgjith examples. We start with the simplest possible example of
this indirectly by using (43) and (44) as well. Rewriting (44} single metal contact in two hypothetical Si IC processes. The

as a ratio first process, shown in Fig. 3, consists of a thick highly doped
. Ny (1—tanhdy tanh ¥4 substrate and a thin lightly doped epi. The second process,
Ry = Dy = (1 — tanh ¥y, tanh Jpi1) shown in Fig. 4, consists of a thick lightly doped substrate

_ and a thin highly doped epi. The oxide thickness and metal
(P tingwk 5 ﬁ”jif)Dk“ +g’“+1) . (48) sheet resistivity are the same in both processes. We use a metal
(tanh(dr — Int1) N+t + PrDis1) contact with a length of 10pm and a width of 1Q:m located

The common factor is not canceled for a good reasoft @PProximately the center of a 20 x 256 um chip.
When calculating (44) as a ratio, this factor does not play USing the algorithm described in Section Ill, we compute
an important role since it always cancels out. But if we wisi® impedance of the contact. In our case, we subdivided
the contact into 100 internal divisions. Fig. 5 is a plot of
1This follows after much algebra. the magnitude and phase of the contact impedance for the
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1.E+05 -50
R=25mQ/sq
. . ——Zmag Proc 1
Eox = 3.9 tox_l Um —o—Zmag Proc 2
— — ——Zmag Proc 2, Sub Tap
€x=39 to=1 m ——Zph Proc 1
1.E+04 + —4—Z7ph Proc 2 L 65
Pepi = 100 kQ‘Hm tepi:5 Qm —o—Zph Proc 2, Sub Tap
) >
o
Psub = 100 -um tys=300 Um
1.E+03 1 ¥ -80
|
Fig. 3. Lightly doped epi, highly doped substrate.
1.E+02 t t + 1 -95
0.1 2.1 4.1 6.1 8.1
R=25mQ/sq (GHz)
£x=3.9 tan=1 um Fig. 5. Magnitude and phase of contact to substrate impedance for processes
1 and 2.
Eox = 39 tole um
Pepi = S00 Q-pm tepi=1 Um T
Clw)
Pa = 100 kQ-pum tas=300 um
| R(w)

Fig. 4. Highly doped epi, lightly doped substrate.

two processes. At increasingly higher frequency, the contact
presents a lower impedance due to the capacitive nature of the
substrate current injection. The contact has a lower impedaneg 6.
in the first process due to the highly doped bulk substrate layer.
On the other hand, the impedance of the second process is very
sensitive to the presence of a substrate tap. As shown in Fig. 5,
when a 10xm x 10 ;zm substrate tapis located 3Qum away

from the contact, the impedance drops to a value below that of
process 1. The impedance drops since significant lateral current
flows through the surface of the substrate. This indicates the
importance of modeling the presence of a substrate tap in such
a process. On the other hand, process 1 is not sensitive to the
presence of the substrate tap since most current flows vertically
through the surface epi layer.

Fig. 6 shows the extracted model, which is highly frequency
dependent. We can model the contact impedance with fixed
capacitors and a resistor as shown in Fig. 7. This is the
physical representation, with a fixe@y;s representing the
metal-to-substrate capacitance, and a fixed resist@hce;
and capacitanc€syp from the substrate to the ground plane.

Fig. 7.

Frequency-dependent model of contact.

@)

O

Rsyp

Csup ;\

Frequency-independent model of contact.

The values for these physical components can be found over &Jsing the same simulation setup as described before, we
broad frequency range through optimization. The agreemexamine the coupling impedance between two contacts. Two
between the model and the previous simulation result ¢entacts are placed symmetrically around the center of the

excellent. chip,
other

one contact of length 100m and width 10.m, the
contact of length 50m and width 10um. Three values

2 substrate tap is a metal connection to the surface of the substrate. Of spacing are simulated: 2, 5, and 4. Similar to the single
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1.E+05 -50 1.E+07
—*—Con 1 (mag) Proc 1 ——Con 2 (mag) Proc 1
—o—Con 1 {(mag) Proc 2 o Con 2 (mag) Proc 2
—+—Con 1 (ph} Proc1 —=-Con 2 (ph) Proc 1
——Con 1 (ph) Proc2 —&-Con 2 (ph) Proc 2
1.E+04 - - -65 1.E+06 4
g o
T
= &:; g
@
1.E+03 4 4 -80 1.E+05 4
1.E+02 t t } t -95 1E+04
0.1 1.6 3.1 4.6 6.1 7.6 9.1

0.1 3.1 (GHz) 6.1 9.1 Gha)

Fig. 8. Contact to substrate impedance for two contacts of different areaFig_ 9. Substrate coupling impedance for process 1 for different contact
spacing values.

contact case, the contact to substrate impedance is plotted in
Fig. 8. For both processes, the larger contact naturally presehfs®
a lower impedance. The coupling impedance values are plotted
in Figs. 9 and 10. Here, we see significant differences. For the
first process, Fig. 9 shows that the value of the spacing is very
significant, and the coupling impedance changes by orders of
magnitude for different spacing values. For the second proces§;05 -
however, Fig. 10 shows that the contact impedance is not too
sensitive to the spacing used. This is understandable since%
the second process coupling current flows laterally through =
surface, whereas in the first process, lateral current flows
through the bulk substrate. Fig. 10 also shows that the coupling:o4 {
impedance changes dramatically in the presence of a substrate
tap placed between the contacts. As a result, a significant
fraction of the lateral surface current flows to ground instead of
to the other contact. The same isolating effect is not seen in the
first process due to the highly resistive surface layer. Similag, o, , ; , : , ;
to before, frequency-independent circuits can be constructed o¢.1 16 3.1 4.6 6.1 7.6 9.1
to model the impedance over a wide frequency range. {GHz)

Next, we consider the more complicated example of a spirag. 10. Substrate coupling impedance for process 2 for different contact
inductor with a geometry shown in Fig. 11. The spiral is 208pacing values.
p#m x 200 um on the sides, with a 4.5 turn metal of width

12.8 xm and a line-to-line spacing of Am. Even though its T4 account for magnetic effects in the spiral, we use the
geometry is more complex, it is just a collection of contactge||-known geometric mean distance (GMD) approximation
similar to the single and coupled contacts we analyzed.  [g][g]. In this approximation, the substrate is ignored, which
Spiral inductors have been modeled successfully in Gaadgsymes that the magnetic effects produced by the substrate
microwave circuits before, but the lossy Si substrate hgge negligible® Hence, we calculate the free-space mutual
made the modeling of spirals on Si substrate more difficulhductance between every segment and every other segment.
The losses of the Si substrate are substantial, and d@useThe finite thickness of the conductors is accounted for by the
degradation effects at high frequency. Hence, this analy&$iD approximation.
gives us the important missing ingredient in analyzing spiral The resulting equivalent frequency-dependent circuit is used
inductors. for ac analysis, ang parameters are computed over a broad
We extract the spiral impedance using two different prarequency range. From the parameters, the equivalent
cesses shown previously in Figs. 3 and 4. Both substratgfeuit shown in Fig. 12 can be derived. The equivalent ex-
are typical of Si IC processes. Again, using the previously
described algorithm, we compute the substrate impedance(:alculation of the inductance and reflected resistance over a conductive
matrix of the structure at the frequencies of interest. substrate is the subject of another paper.

——s =2um
—s = 10um
%5 = 50um

-0-§ = 2um (sub tap)

T

—o—s = 10um (sub tap)
—o—s = 50um (sub tap)
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Fig. 13. Extracted series inductance and resistance of square spiral.

Fig. 11. Square spiral inductor.

800 350
L R ——Cs Proc 1
—oCs Proc 2 T 30
O __/WY\_/\/\/\/_—O ——Rs proc 1
600 —>—Rs proc 2
1 250
cr2 __cpe
N N
- 200
fF 400 4 %
2Ry ZRs 150
- 100
— — 200 4
Fig. 12. Narrow-band equivalent circuit of square spiral. L 50
tracted series inductance and resistance are plotted in Ffg. 13. o W t t t 0
It is interesting to note that the effective series inductance 0.1 2.1 41 GHz 61 8.1

and resistance show a drastically different behavior in the twy. 14. Extracted shunt substrate capacitance and resistance.
cases shown. For process 2, the effective inductance increases

with frequency, whereas in process 1, the effective inductance . A .
. . : . for both processes is shown in Fig. 15gain, the Q
decreases with frequency. Also, the effective series resistante . . .
ws different behavior for the different processes due to

of process 2 decreases faster than process 1. These effRely . ;
e substrate impedance difference.

are due to the different substrate coupling present in both L . .
. . In a manner similar to the single contact, the dynamics of the
processes. In reality, the process 2 spiral would be near

substrate tap which would isolate the metal segments. sﬁ%strate can be captured in a frequency-independent model

Fig. 14 shows the extracted resistance and capacitanc a%osho_wn In Fig. 16'. The equivalent circuit parameters can

) ' e derived by averaging the narrow-band parameters over the

the substrate. The capacitance and resistance change as a > S
i X . ffequency range of interest, or by optimization.
function of frequency since the current transport mechanism . -
.. We have seen that substrate extraction for the spiral inductor
changes. At low frequency, the current transport is primaril :
IS .of paramount importance. Due to the low self-resonant

ohmic, whereas at higher frequencies, displacement curr?rrét uency of these structures, we often use these inductors
becomes important. Finally, the plot of the quality factor d y of ' . oo
close to their self-resonant frequencies. Therefore, it is im-

4Notice that negative series resistance is a modeling effect and nof@rtant to be able to extract frequency-dependent behavior

physical effect. The input impedance of the structure has a positive real patt high frequencies. To model frequency-dependent effects,

at all frequencies. This behavior is observed at frequencies above the self-

resonant frequency where the device no longer acts like an inductor, but & NegativeQ occurs beyond the self-resonant frequency of the device where

capacitor. the device acts like a capacitor rather than an inductor.
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10 TABLE |
APPROXIMATE PROCESS PARAMETERS
sl Metal 2 Ry = 33mQ/sq t=1.27um Cop=14aFfum?
Metal | Ra = 50mE/sq = 1.00um Cup=21aF/um’
—=-Qproc 1 Metal 0 R = 100mQ/sq = 0.401m C\‘uh:l()SaF/p.mZ
64 —e=Qproc 2 Buried Layer | p = 0.085Q-cm r=1lum p'Si
Bulk Substrate | p = 20Q-cm 1= 675um p Si

4 4

24

GHz

-4

Fig. 15. Quality factor of square spiral inductors.

Magnitude of S-Parameters

0.01 1
ju}
CBR
I ( os11 Mag
L R os12 Mag
0.001 .
O— — O 0.1 1 10
GHz
¢, —— — G i i [
AT AT Fig. 17. Measured and simulatedoarameters of the coupled spirals.
In this configuration, although some coupling also occurs
cy, —— Rs, Re ;: Cs» _through _the r_nagneﬂc field, th_e domln_ant cou_plmg mechar_usm
I is electrical in nature. More interestingly, since the devices
are inductive in nature and the coupling is capacitive, we can

expect some resonance phenomena to occur. The measured

and simulated parameters of such a device appear in Fig® 17.

Fig. 16. Broad-band equivalent circuit of square spiral. As can be seen from the figure, the simulation results predict

the coupling behavior accurately, such as the minimum

the substrate matrix must be calculated and inverted at edéhgain further insights into the coupling, we plot the power

frequency of interest. isolation from one spiral to the other using the following
equations. For an arbitrary two-port driving a lo&d, by a

VI. EXPERIMENTAL VERIFICATION source resistanc®s, it can be shown that

Several test structures were fabricated in a BICMOS process Pr _ Re||Gil?
and measured in the frequency range of 100 MHz—6 GHz. The P Re[Ziy]
agreement between theory and measurement is excellent MereGl is the current gain through the two-port agg, is

To demonstrate this, consider the coupling that occurs betw§&a jmpedance looking into the two-port from the source side
two large metal structures residing on the same substrate.

(52)

The coupling occurs both through the substrate and through Gy = RL (53)
the oxide, a good candidate for our analysis technique. This L+ 712 y
coupling can be a significant problem. For instance, in any Zi =214 — #12 (54)

amplification stage, the substrate coupling can act as parasitic Ry + 222
feedback, lowering the gain and possibly causing oscillationsysing the above equations, we plot the measured and
to occur. _ _ simulated power isolation for the coupled inductors in Fig. 18,
We examine the coupling that occurs between two squagere a 500 load resistance is used in the above equations.
spiral inductors separated by a distance of 108. Each cClearly, there are two frequencies where the isolation is
square spiral consists of eight-turns ofith wide metal traces . , ) o .
ith fi f 5:m and an inner hole width of 44m The inconsistency between the measurement and simulation is believed
with a §epara lon of i AM. 15 be due to errors in the measurement process introduced by the calibration
Approximate process parameters appear in Table I. step. See [9] for further information.
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VII. CONCLUSION
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