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Design of Multiple-Metal Stacked Inductors
Incorporating an Extended Physical Model

Olive H. Murphy, Student Member, IEEE, Kevin G.

McCarthy, Member, IEEE, Christophe J. P. Delabie,

Aidan C. Murphy, Member, IEEE, and Patrick J. Murphy, Member, IEEE

S

Abstract—Modern analog circuits are heavily dependent on in-
ductor performance, where the poor inductor quality factor (Q)
of silicon processes leads to degradation in circuit efficacy, espe-
cially at RF and microwave frequencies. Several techniques have
been proposed to enhance the Q of integrated on-chip inductors,
but the most effective method of (Q improvement is to lower the
series resistance by increasing the inductor metal thickness. This
paper presents the most cost-effective method of achieving a thick
metal by using a standard 0.18-pm multilayer BICMOS process.
An expanded physically based model for multiple-metal stacked in-
ductors is presented, which expands on previous research to show
the effects and limitations of stacking two, three, and four metal
layers in a five-metal-layer process. The excellent accuracy of this
geometrical model is illustrated with respect to a range of inductor
designs showing that an improvement in QQ of more than 50% may
be achieved. Due to the increased parasitics in multilayer struc-
tures, the Q improvement is very frequency dependent, which is
clearly predicted with the expanded model. The predictive capa-
bility of the model is further used to provide detailed insight into
the effectiveness of a patterned ground shield for different sub-
strate characteristics. This predictive ability will contribute greatly
to first time right inductor designs and eliminate the expensive and
time-consuming fabrication iterations required to fine tune other
inductor models.

Index Terms—Integrated stacked inductor model, patterned
ground shield (PGS), Q improvement, Q prediction.

I. INTRODUCTION

HE POOR quality factor ((Q) of integrated silicon induc-
T tors has led to circuit inefficiencies. This is especially
evident in wireless local area network (WLAN) applications
at 5.25 GHz where poor () values can result in increased
noise figure, power consumption, and linearity deterioration.
Excellent () values can be achieved using three-dimensional
(3-D) fabricated inductors [1] and other processes such as liquid
crystal polymer (LCP) [2] and low temperature co-fired ceramic
(LTCC) [3], leading to excellent overall circuit performance
[4], [S]. However, to achieve complete silicon integration, there
is much attention paid to on-chip () improvement techniques,
especially inexpensive noninvasive process-independent ap-
proaches, which do not require complex process adaptation.
Driving inductors differentially [6] using a patterned ground

Manuscript received September 30, 2004; revised January 12, 2005. This
work was supported by the Informatics Programme of Enterprise Ireland.

O. H. Murphy, K. G. McCarthy, and P. J. Murphy are with the Department of
Electrical and Electronic Engineering, University College Cork, Cork, Ireland
(e-mail:olive @rennes.ucc.ie).

C. J. P. Delabie is with the Ecole Supérieure d’Ingénieurs en Electronique et
Electrotechnique, Noisy-Le-Grand 93162, France.

A. C. Murphy is with Freescale Semiconductor, Cork, Ireland.

Digital Object Identifier 10.1109/TMTT.2005.848813

shield (PGS) [7], [8] and using thick metal [9] or stacking
inductors [10] are all methods of noninvasive process-inde-
pendent techniques. The possibility of combining all of these
methods has been investigated by the authors [11] and it has
been shown that simultaneously combining these techniques
does not necessarily lead to an improvement in (). A thicker
inductor, which reduces the series resistance, will result in a
significant () improvement as opposed to the more subtle im-
provements achieved by driving an inductor differentially or by
using a PGS. These issues are discussed in detail in Section II.

The post-fabrication cost of adding thick copper to silicon
processes is beginning to outweigh the advantages of increased
circuit performance resulting from improvement of the @) of
integrated inductors. Stacking two, three, and four metal layers,
as presented in this paper, increases thickness while reducing
resistance, all without the added cost of post-fabrication metal
addition. Furthermore, modern fabrication costs are putting
pressure on designers to produce ready-to-market designs in
fewer iterations. This reduces the opportunity to fine-tune
s-parameter-based [3], [12] or empirical [13] models to specific
processes and increases the need for predictive physically based
models, as discussed here.

Whereas electromagnetic simulators can produce accurate re-
sults, depending on the inductor geometry, they still have con-
siderable scope for improvement, notwithstanding the lengthy
simulation times and issues with integrated-circuit (IC) simula-
tors. Therefore, there is a need for accurate models for custom
inductors, which designers can include in their circuit designs.
This study uses the physical model developed in [11] as a basis,
but extends the methodology to a more detailed consideration
of multiple-metal stacked inductors. It uses a simple 7 model
without the added complexity of multiple transformer loops [12]
or T-models [3] to model frequency dependence. The existing
physically based model has been further developed to incorpo-
rate skin, proximity, and fringing effects. The lateral substrate
resistance is also included in the model, as outlined in Sec-
tion III. This model is subsequently reduced to a simple model
for () calculation and prediction. While previous research [11]
was related to differential inductors, this paper concentrates on
single-ended topologies, as these devices are the most prevalent
in circuit design.

As mentioned earlier, PGSs can cause a subtle improvement
in () by virtue of eliminating the substrate resistance. This im-
provement is governed by the conductivity of the bulk substrate,
which may render the PGS useless [11]. It is necessary to ascer-
tain this prior to fabrication. A method of achieving this will be
presented in Section IV where the new stacked metal model is

0018-9480/$20.00 © 2005 IEEE
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Fig. 1.

Simple 7 model for an integrated inductor.

used to generate predictive graphs, which show the viability of
PGSs. These graphs also show the impact of process and sub-
strate characteristics on Q.

Section V presents the test patterns characterized, while Sec-
tion VI illustrates the accurate simulations achieved with the
new models, which match the measurements very well across
all frequency bands.

II. Q IMPROVEMENT TECHNIQUES

Fig. 1 shows the simple = model for an integrated inductor
[14] from which the @ may be derived using (1) as follows:

wL R
Q= —RSS I it
wLs
——
IdealQRp+ |:( RS ) L
Substrate E)ss Factor
R% 2
= —L—S(CS+CP)—W LS(CS+Cp) (1)

~ 7
v

Rs

Self Resonant Factor
where
s 1 RSi(Cox + C’Si)2
% w2Cox2RSi C’0x2
c -0 1+ (Cox + Csi)CsiRs:’

P 1 4 w2(Cox + Csi)?Rsi®

There are many ways of improving the @) of integrated in-
ductors, but few do so inexpensively using standard layout tech-

niques and rules [6]-[10]. Three such approaches are presented
as follows.

2

(3)

* As may be seen from (1), a reduction in series resistance
R, leads to an increase in Q. As area constraints mitigate
the use of wider tracks, thicker tracks may be used [9] or
the multilayer capability of the process may be utilized by
joining metal layers using multiple vias to create a thicker
metal track [10] and, hence, a stacked metal inductor.

o The substrate loss factor approaches unity as R, ap-
proaches infinity. R, approaches infinity as Rs; ap-
proaches zero or infinity, as may be seen in (2), which can
be achieved by making the Si substrate a short or an open.
A PGS can act as a short [7], [8]. Slotted patterning, which
is orthogonal to the spiral, reduces the effect of negative
mutual coupling (Lenz’s Law [15]). The slots act as an
open circuit to the loop current, but must be sufficiently
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Fig. 2. Symmetric differentially driven stacked inductor with PGS.

narrow to prevent leakage of the vertical electric field. To
make the substrate an open, an insulating substrate [16]
may be used or it may be removed completely [17], but
these are costly adaptations to a standard process.

* When a symmetric inductor is driven differentially, volt-
ages on adjacent conductors are in antiphase, but cur-
rents flow in the same direction on each side. This in-
creases the overall magnetic field [6] when compared to
two asymmetric inductors. The substrate parasitics, C),
and R,, as associated with each port, are thus combined
to give a higher impedance at a given frequency than for
single-ended termination, thus improving Q.

In terms of the three methods of () improvement just men-
tioned and from examination of (1), it is easily seen that the
most significant () improvement is brought about by reducing
R for a given Lg, as indicated in the first approach above. The
impact of a thicker metal on inductor @) was demonstrated when
a differential inductor using single and double metal layers was
placed overa PGS [11], as indicated in Fig. 2. As seenin Fig. 3,a
40% improvement in () is seen when Metal4 is stacked together
with Metal5, as opposed to just Metal5 alone. The impact of
driving the substrate loss factor to unity is slight as the value of
the substrate loss factor prior to adding the PGS is already close
to unity. The @ for the differential inductor, using either Metal5
or Metal5 + Metal4, does not improve when a PGS is placed un-
derneath the inductor, as seen in Fig. 3 because, as mentioned,
the substrate loss factor was close to unity to begin with [11].

III. MULTIPLE METAL-LAYER MODEL

When stacking metal layers to obtain a thicker conductor,
the complexity of the new structure must be fully understood
to achieve optimum (). Two, three, and four metal layers are
stacked to form multiple-metal stacked inductors, as seen in
Fig. 4. Fundamentally, a parallel array of inductances and re-
sistances is created, the latter being desired to improve @, but
not at the expense of a lower inductance, as would be created
by the former. The resistance and inductance of the vias must
also be taken into consideration. The approach taken in the new
model is to break the inductor into segments, as seen in Fig. 5.
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Fig. 4. Multiple-metal stacked inductor.

'Each element of the model is based on the physical attributes of
the inductor and process stack; therefore, each element is calcu-
Hated from first principles.

The series inductance Lg is calculated using the data filled
‘monomial expression [18]. Special care must be taken as the
‘exact inner and outer diameters must be used; otherwise signif-
licant errors can be introduced. In this case, due to the inductor
'starting and ending midsegment, a weighted average of the di-
‘ameters is used, where the weighting is determined by the frac-
tion of a turn and the diameter that the fraction encompasses, as
may be seen in Fig. 6, as follows:

Din = z1(diny) + z2(ding) + x3(dins) 4)
| Dot = x1(douty) + z2(douts) + x3(douts) 5)
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Fig. 6. Different inner and outer diameters.

where
T1+ 22+ x3 = 1turn 6)

and z,, is the fraction of a turn for which din, (douty) is valid.
The inductor shown in Fig. 6 is referred to as a 3.5-turn inductor.
A closer analysis shows that while this inductor is perfectly sym-
metrical about a line drawn through its start and end points, the
number of turns is, in fact, 3.62 and not 3.5. This is because the
first and last segments must be taken as a ratio of their length
to the overall length of that side of the turn. For multiple metal
inductors, the mutual inductance between each metal must also
be calculated [19]. This is calculated for metals vertically above
each other and also for neighboring metals, which are not part of
the primary inductor. Its presence is critical in achieving proper
frequency dependency at higher frequencies.

In a single metal track where the metal thickness is much less
than the skin depth, the series resistance Rs does not have to
account for the exponential decay of current so skin effect is not
of concern. The resistance correction factor for all the corners
in the inductor are also accounted for [20].
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Fig. 7. Integrated inductor cross section with proximity and skin effect
illustrated in the inset.
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Fig. 8. Expanded physical model for stacked inductors.
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These inductance and resistance values for each of the via
segments are added using a series of A — Y transformations to
give Lg and Rg.

As previously mentioned, there is no skin effect for a single
metal layer, but it must be accounted for when stacked metals
are used. Therefore, the simple 7 model needs adjustment to
account for the skin effect along with the proximity and fringing
effects of the metal. Cr, Lp, Lps, Rp, and Rgyy, are added to
the m model of Fig. 1. The physical representation of these may
also be seen in Fig. 7, while the equivalent circuit is shown in
Fig. 8.

CF accounts for the substantial fringe capacitance or elec-
tric-field coupling present in integrated inductors. In previous
publications [21], this parasitic has been lumped together with
Cs, the underpass to inductor track capacitance. However, Cr is
harder to quantify than C's and needs to be analyzed separately.
Here, it is calculated using a parallel lines over a ground-plane
formulation [22]. Taking account of the previously calculated
Cox and the number of parallel coupling components, a good
approximation for C'r is deduced. The largest contributor to Cr

is the segment to segment capacitance with smaller fringing ca-
pacitance existing between the segments and any ground plane.

To account for the current distribution and crowding on each
turn of the inductor, the skin and proximity effects must be in-
vestigated [23], [24]. Using the previously calculated Ls and
Rgs at dc, it is possible to generate the desired proximity effect
at higher frequencies in terms of Lp, Rp, and Ly, using a fre-
quency-independent approach [25]. Ls and Rg still represent
the series inductance and resistance, respectively. Lp and Rp
represent the surface layer inductance and resistance, respec-
tively. L s represents the magnetic interaction between the mag-
netic field generated by each inductor segment and the changes
in current densities at the edges of the other segments (prox-
imity effect). To calculate these values, the metal thickness is
required and, in the case of multiple metal layers, the combined
values of the individual thicknesses are used. Due to the discon-
tinuity of the metal vias, and their distance from one another,
their presence is not included in the proximity effect calcula-
tions. To maintain the overall value for the series inductance and
resistance, Ls and Rg are adjusted for any offset that Lp and
Rp incur by their parallel combination with Lg and Rg.

Substrate parasitics have always been regarded as fitting pa-
rameters due to the difficulty in calculating the values of Rs;,
Csi, and Rg,y,. Ideally

2
Rs; = 7
R T @)
Csi = @ 8)

where Ggup and Csy,, are the substrate conductance and ca-
pacitance per unit area, respectively, which are supplied by the
process vendor and A is the area of the inductor. Rs,y, is cal-
culated in a similar way to (7), but the direction of current flow
changes to lateral [26]. The following are two main reasons why
these have been treated as fitting parameters.

* The equations seen above assume that the parasitics exist
merely under the exact area of the inductor. In fact, it is
extremely difficult to ascertain the exact area and depth of
penetration of these parasitics.

* The placement of grounding taps at the top of the substrate
instead of the back of the wafer, as is assumed by many
inductor models [14], adds to the complexity. While ap-
proximations may be made, better results are achieved by
treating these quantities as fitting parameters within cer-
tain constraints.

Table I shows the calculated values for each element of the
enhanced physically based stacked inductor model.

IV. ANALYSIS OF () ENHANCEMENT USING
THE EXTENDED PHYSICAL MODEL

Using a sequence of circuit transformations, as presented in
the Appendix, the elements of Fig. 8(a) can be reduced to the
elements of Fig. 8(b) at any given frequency. As the reduced
element model is the same as that of Fig. 1, (1) may be used
to calculate () using the new formulas for Rp (A.18) and Cp
(A.19). Consequently, it is possible to predict @ prior to fabri-
cation and to identify the impact of each parameter on Q, es-
pecially the fitting parameters. This approach then identifies the
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TABLE I
STACKED INDUCTOR MODEL VALUES

Element M5M4 M5M4AM3  M5M4M3M2
Ls - nH 1.69 1.65 1.61
Rs - Q 6.98 4.99 4.16
Lp-nH 0.154 0.164 0.169
Rp-Q 244 160 126
Cg - fF 16.50 16.60 16.99
Cp-F 4017 42.62 44.25
Cop~ R 43.32 61.78 99.66
Rg;i — Q - - -
Cyg;i - fF - - -
Rsu — Q - - -

£
E 58
£ 50
=
o
54
52
5
1e-14 &
e : -\‘e1 2 o \e;3 fab ‘125
Rsi (©2)
Fig. 9. (@ prediction graph for: (bottom) M5 4+ M4 and (top) M5 + M4 + M3

stacked inductors with Rg,;, = 200 €.

optimum () enhancement technique for the particular process
under consideration.

Taking (1), (A.18), and (A.19) and the values from Table I,
the variation of ) with Cs;, Rsi, and Rg,1, may be determined
at any given frequency. The inductors measured here are for
WLAN applications at 5.25 GHz. Rg; is swept from 1 €2 to
1 MS2 to cover the extremities of the substrate acting as a short
or an open. Cs; is swept from 0.1 to 10 fF and Rg,,, from 1 2
to 1 k(2. The values of Cs;, Rs;, and Rgs,, determined by the
approximate formulas (7) and (8) fall within these ranges, i.e.,
RSi =i kQ, Cgi = 0.5 fF, and Rsm, = 200 Q.

The minimum () occurs when Rg; is ~ 550 €2, as may be
seen from the hollows in both Figs. 9 and 10. The maximum ()
occurs when Rs; approaches either zero or infinity. Any point
on the left-hand-side plateau may be considered zero, while any
point on the right-hand-side plateau may be considered infinity.

From Section II, it was seen that placing a PGS under an in-
ductor will drive the value of Rs; toward 0 €. From both Figs. 9
and 10, it is seen that a PGS will be effective in improving ()
if the value of Rg; before placing the PGS lies at a point in the
hollow lower than the () when Rg; approaches zero. In this case,
the PGS will drive the 2 value out of the hollow and left along
the graph to reside at a lower value of Rs; and subsequently a
larger value of (). If the value of Rg; lies on the right-hand-side
plateau prior to placing the PGS under the inductor, no improve-
ment in () will be achieved, and it may even show a decrease.
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Fig. 11. () factor in terms of ideal (), substrate loss factor, and self resonant
factor.

This is the expected case using the approximate value of 27 k2
for Rs; for this process. The large value of Rsg; is attributed to
the fact that this test wafer is not thinned.

The effectiveness of the PGS is determined by the position of
the hollow and the value of Rg; prior to placement of the PGS.
As @ is calculated using (1), it is necessary to establish what
exactly determines the position of the hollow. Fig. 11 shows a
graphical representation of (1) versus Rg; and also shows in-
dividual loss factors, allowing their influence on () to be seen
explicitly. It is seen that the substrate loss factor has the largest
impact on the position of the hollow with the self-resonant factor
impacting to a lesser degree.

In turn, these loss factors are strongly influenced by Cox, as
derived in the Appendix, and may be visualized in Figs. 12 and
13. Consequently, the largest factor in determining the position
of the hollow and, thus, the useful range of the PGS, is the value
of C\x, which is governed by the area of the inductor and the
thickness of the oxide. The impact of C's; is minimal, as seen in
Figs. 9 and 10 so a constant value is used for further analysis.
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Fig. 13. Self-resonant factor versus Cox and Rs;.

The overall impact of Cyx on () may be seen in Fig. 14, which
illustrates how the hollow varies with C,y and Rg;.

Following this discussion, it is apparent that the effect of a
PGS is more complex than initially thought [27]. A knowledge
of initial Rg; and C.y is required to predict the subsequent ef-
fectiveness of a PGS. If Rg; is at infinity relative to the hollow
prior to placing a PGS under the inductor, then it will not be
effective in improving @. This method of () prediction can be
applied to any model element or any inductor geometry [11] as
each element of (1) is geometrically calculated, as is apparent
from Figs. 7 and 8.

V. TEST PATTERNS

All inductors were fabricated using a Freescale Semicon-
ductor BICMOS 0.18-um five-metal process [28]. The four top
metal layers (Metal5-Metal2) were used for inductor structures
and the PGS is placed on the bottom layer (Metall). Track
widths and spacing are 6 ;m and the metal thickness is 0.37 ym
for Metal5—Metal3 and 0.29 pm for Metal2 and Metall. Five
single-ended 3.62-turn inductors were designed, fabricated, and
tested; a double layer Metal5 + Metal4 (M5 + M4) with and
without a PGS, a triple layer Metal5 + Metal4 + Metal3 (M5 +
M4 + M3) with and without a PGS, and a quadruple layer
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Fig. 15. Resistance and inductance of a M5 4+ M4 single-ended inductor.

Metal5 + Metal4 + Metal3 + Metal2 (M5 + M4 + M3 + M2)
without a PGS. The inductors were designed to be probed
using Cascade’s Infinity ground—signal-ground (GSG) RF
probes [29]. Short and open deembedding structures were also
fabricated to eliminate the effects of pad parasitics.

VI. RESULTS

From the measured Y -parameters, the inductance, resistance,
and Q factor were calculated as follows [30] : -

Im(i) Im(i)
s RzRe(L) 0=/

27l'f Yu ( 1 > '
Re| —
Yll

Several inductors were measured and curves representing the
average data are presented here along with model comparisons
in Figs. 15-22. Using the model in Fig. 8 and the values
from Table I, the simulated model matches very well with
the inductor measurements. Slight errors exist in calculating
the inductance and resistance of each inductor (Figs. 15-17),
which may be accounted for by taking linewidth, thickness,
and conductivity variations into account. When the model

®

I |
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values are adjusted for these variations, very good matches with ~ Fig. 19. Q of a M5 + M4 single-ended inductor.
measurements are achieved across the frequency band. It is noted ’
that the calculated fringing capacitance for the M5 + M4 and oo Tor B £ IR 2 st R T B e b i PR PR
M5 + M4 + M3 inductors are sufficient to match the frequency 8 .

dependence of the inductance and resistance measurements.
However, extra fringing capacitance is required to match the |
MS5 + M4 + M3 + M2 inductor. This is due to the structure of 6
the thickest inductor with M2 being closest to the substrate.
Additionally, due to the complex grounding arrangement for
this particular substrate, Rg,, was increased. Fig. 18 shows
the parasitic dependence of a three metal stacked inductor and

Quality Factor
H
1

shows how the simulation accuracy is improved by successively o
incorporating more effects. Firstly, the frequency dependence 2j ]
of the simple m model is demonstrated. Subsequently, the ] —— M5M4M3 Measured
proximity and skin effects are added to the model in terms 1 e NG Madsl

—— M5M4M3 Adjusted Model

of Lp, Ly, and Rp. As expected, the series resistance of A— M5M4M3 + PGS Measured

the inductor is affected more than the series inductance, as is

seen in Fig. 18. The fringing capacitance (CF) is then added Rh T T T | B Al
into the model and, finally, Rgy, is added, giving a very good Frequency (GHz)

match with measurements. This match illustrates the precise

nature of the formulation of this extended physical model. Fig. 20. Q of a M5 + M4 4 M3 single-ended inductor.

-
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Fig. 22. @ improvement for multiple layers.

The simulated model results for ) also match well with
the stacked inductor measurements, as seen in Figs. 19 and
20. These figures also illustrate the accuracy improvements
achieved with the slight adjustments to the model, as mentioned
earlier.

It may also be seen from Figs. 19 and 20 that ) does not
improve when a PGS is placed under the stacked inductor. This
is in accord with Figs. 9 and 10, proving that, for this process, a
PGS is not a viable option.

In terms of overall Q) improvement, Fig. 22 shows the impact
of stacking three and four metal layers against a reference Q
value when just two metal layers are stacked. When three metal
layers are stacked, a maximum improvement of 35% is visible
at low frequencies. An improvement exists up to 5.68 GHz.
Above this frequency, there is no improvement. There is a
56% improvement in @ at lower frequencies for four stacked
metals. However, this improvement disappears at 4.6 GHz. At
5.25 GHz, three metal layers offer a 4% improvement and four
metal layers is not an option for Q enhancement.
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VII. CONCLUSION

An enhanced physically based model for multiple-metal
stacked inductors has been presented. This model may be
applied to any process or inductor geometry because of the ge-
ometrically based equations employed in the model elements.
The model agrees very well with measurements. It does not
use empirical equations or require fitting of model values to
s-parameter measurements. It is simple and does not require
complex loops or additional modeling for frequency depen-
dency. The model provides inductor designers with a method
of custom inductor design prior to fabrication because of its
physically based equations. It is also possible to easily apply
this model to other processes.

The effectiveness of stacking inductor metals was shown, but
this was also proven to be frequency dependent due to an in-
crease in inductor parasitics. The simulations and measurements
presented show that the behavior of multiple-metal inductors
can be well predicted with the detailed physically based model
derived. This paper shows that a thicker metal inductor may be
achieved using cost-effective timesaving modeling and standard
processing techniques.

It was predicted prior to fabrication that, in certain circum-
stances, a PGS would not be effective, and this was proven by
the inductor measurements. A detailed analysis as to why this is
the case was also presented.

APPENDIX
CALCULATION OF () VARIABLES

The following set of equations, i.e., (A.1)—(A.19), are used in
conjunction with Fig. 23 (a — j) to illustrate how the expanded
physically based model may be easily reduced to a model sim-
ilar to Fig. 1 so that (1) may be used for @ prediction. Taking a
certain frequency point f, the following initial conditions apply:

Xilp=2rf)Lp (A1)
Xls=(2rf)Ls (A2)
Lm =k+/LpLs (A3)
Xlm = (2 f)Lm. (A4

As the model is essentially single-ended, one port is always
grounded. Thus, it is possible to place C,y in parallel with Cg;
and Rg; (a — b). Reducing all the elements for inductance and
resistance to two elements is more complex, as it necessitates the
evaluation of voltages and currents in each branch, including the
extra induced current resulting from the mutual inductor Lm to
give (A.5), (A.6), and Fig. 23 (b — c). In this same step, C,y is
added in parallel with Cy; to give C; as follows:

X Lseq
Rs?Xlp— XIm?XIp+2XImRs(Rs+ Rp)

= X
Wb (Rs+ Rp)?+ Xp?

(A.S5)
Rseq
XIm?(Rs+Rp)— Rs*Rp— Rs®+2XImXIpRs

ooy (Rs+ Rp)2+ Xip?

(A.6)
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ot ch Fig. 23 (c — d). The final values for R, (A.18) and C), (A.19)
L P . . .
(a) C"s (b) Cs : are arrived at in this manner Fig. 23 (d — k) as follows:
- t '
Lp, Rp Lp. Rp X XesiXcox
—o- - 0 =———>— AT
i r Xest 4+ Xcox e
Ls,| Rs Ls, Rs 1 5
B RsiXc; AS
Cox== Cox == 1 Cox== | 2 = Rsi2 + Xc% (A.8)
Rsub R;uMb R '2X
S C1
Rsi c5i1. Rsi CSi—-I-.l. Rsi CsiT Rsi CsiTCoxT Xcg = Rei? + X&2 X (A9)
e o R; = R22 + Rsul; (A.10)
e i R R34+ Xco (A1)
(o Cs R e i .
© |5 @ R
R3* + Xc
- —»> s P il s (A.12)
Lseq Rseq Lseq Rseq R X]g2
T—w— sty
Cox = Cox == R5 =g (A.13)
1 Rsi+ Ry
Rsub R2 C2 YesiX
CS1AC
i Kogen-ii 0k (A.14)
Rsi Csi'[ st CS'I Xesi+ Xey
RsXcs®
cr Re = ——2—s (A.15)
i Rs° + Xcs
(e) (D Cns R52X Cs
i Xcg = s 0 (A.16)
' Rs“ + Xecs
Xec7 =Xceg + Xcox (A.17)
Lseq Rseq R 2 X 9
'_rm\‘_m— 1w 6 + Xcr
Coxs= I Cox=t= | Rp = R (A.18)
R3 C2 g2t
gz e e (A.19)
1 Sl Rlde G e, .
Rsi Cs1-[ Rsi CSI-I-R C4-l- P Xer
Cf Ccf
I 1L
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