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Fig. 4. Efficiency, peak switch voltage, and output power veigyis . [9]

cuit wasn = 1.33/(1.33 4 0.37) = 78% and the efficiency of the
fixed clamping voltage circuit wag = 1.33/(1.33 + 0.56) = 70%.

In other words, the power loss was reduced from 30% to 22%. (Itis not
reduced to 20% because the denominator is different from that for the
fixed clamping voltage circuit.)

Plots of the measured peak switch voltage, output power, and effi-  Exact Closed-Form Formula for Partial Mutual

ciency versus dc input voltadérp are shown in Fig. 4. Whehpp Inductances of Rectangular Conductors
was equal ta V, the switch peak voltage reached the diode breakdown

voltage. The rate of increase of the peak switch voltage decreased for Guoan Zhong and Cheng-Kok Koh

Vop > 4 V. In the fixed clamping voltage circuit, the peak voltage

did not increase above the breakdown voltage of the Zener diode. In

the proposed circuit, the Zener diode is connected betWgenand Abstract—n this brief, we propose a new exact closed-form mutual in-
the switch, and therefore, the switch voltage can increase above gHétance equation for rectangular conductors. We express the mutual in-

. . _ ) - uctance between two parallel rectangular conductors as a weighted sum
designed maximum voltage. Fébn > 4V, the efficiency dropped of self inductances. We do not place any restrictions on the alignment of

due to the power loss in the Zener diode. The efficiency of the fixafe two parallel rectangular conductors. Moreover, they could be coplanar
clamping voltage circuit was lower than that of the proposed circuiir reside on different layers. Most important, experimental results show

For example, the efficiency of the fixed clamping voltage circuit walbat our formula is numerically more stable than that derived by Hoer and
40% and 52% for the proposed circuitlds, = 5 V. In this case, the -°V&:

power loss was reduced from 60% to 48%. The power loss consisted dhdex Terms—inductance extraction, interconnect, partial element
the Zener diode loss and power loss in the remaining class-E amplifeguivalent circuit (PEEC).
The power loss in the Zener diode wa86 P, for the fixed clamping

voltage circuit and.24 P, in the Zener diode for the proposed circuit.

The power loss in the remaining class-E amplifier was calculated to be

0.24.P, for both circuits. Hence, the efficiency of the remaining class-E In modern very large-scale integration (VLSI) design, it is prudent
amplifier was calculatel/ (14 0.24) = 80%. Even if the peak switch to consider the parasitic inductance in the on-chip global interconnects
voltage was clamped fdfibp > 4 V, the output power still increased. and the packages for the timing and noise analysis. The concept of in-
The output power was almost the same in both circuits. ductance is defined based on the magnetic fields caused by currents
flowing through closed conductor loops. For general three-dimensional
interconnects, however, the return paths of currents are distributed and
not knowna priori. An approach that obviates the need for prior knowl-

In this brief, the class-E amplifier that clamps peak switch voltage [ga}dge of return paths in circuit simulation is the use of the partial element
a Zener diode across the choke was proposed, analyzed, and teste@dyivalent circuit (PEEC) model [2]. In this model, partial inductances
this circuit, the peak voltage can be reduced to a required value and @ defined to represent the loop interactions among conductors, each
output power is increased, but a power loss occurs in the Zener dioMming its own return loop with infinity. In the following discourse,
Compared to the voltage-clamped class-E amplifier with a Zener dio@€ use mutual inductance to refer strictly to partial mutual inductance
across the switch, the power loss in the Zener diode is reduced by fa@af self inductance to refer strictly to partial self inductance.

of (k—1)/k. The peak switch current and voltage as well as the output!n [1], the authors derived a closed-form formula for the mutual in-
power are identical in both circuits. ductance of any pair of parallel rectangular conductors even if they

|. INTRODUCTION

IV. CONCLUSION
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are not aligned. Unfortunately, the computation of this formula is nu ) J1a

merically unstable (see Section IV for the numerical results). Consid !

the special case when we calculate the mutual inductance between qo,oi';_ - Jdn

identical conductors that coincide with each other, we obtain the se¢ s

inductance. The closed-form formulas for self inductance in [1]-[3] ar D1,0,0 7 {q..,

derived in this fashion. ,
In this brief, we derive the exact closed-form formula for the mutua

inductance of two parallel conductors. We reveal itherserelation Pio P

between mutual inductance and self inductance, that is, the mutual I

ductance can be expressed in terms of self inductance. To be more ¢ pM/'}_ -

cific, the mutual inductance of two conductors is a weighted sum ¢ ’

self inductances. As with the formula in [1], we do not impose any rep, , , ——

strictions on the alignment of the two parallel rectangular conductor ,

Moreover, the formula applies to coplanar wires or wires residing o o 7

different layers. Experimental results in Section IV show that our for —~*°°

mula is numerically more stable than the formula in [1].

Do,0,0 Do,1,0

P

0,1,0

Fig. 1. Two parallel wires.

Il. PRELIMINARIES Now, substituting (3) into (2), we obtain
The mutual inductance between two conductors with uniform cross 1 Tpy [Tay (Y1 [Ya1
sections is M= W T T / / / / Mydyodyidrodr;
Y Tpg “Tqq P
1 1 Te1 (Tar (Ve (Yo | gy
.AI = / / j\'ﬁ[ol.]ojldflodfll (1) = 77,/ / / / -
IOIL Agd Ay W’(]To ﬂ/] T1 p g Ypo vao 4
whereA; andA; are the cross-sectional areas of the two conductors. / /”’1 1 dzo dz1 | dyo dyr davo das. %)
I, I. Jo, and.J, are the current and the current densities of the con-

ductors.Mo: is the mutual inductance between two filamehts and

dA;, and the current is assumed to be constant along the the length df the two conductors coincide with each other, the preceding mutual

each filament. inductance equation gives the equation for the self inductance of one
At relatively low frequency, the current distribution varies very littleconductor

in the cross sections and can be assumed to be constant throughout the

conductors. Hence, the mutual inductance can be reduced to = 412 4’;_ ////// dzo dz dyo dyy dxo dxy. (5)

M= Mot dAo dA;. 2
AoAy /40/41 Hlordso s @ Ill. FORMULA FOR MUTUAL INDUCTANCE
In the following, we reveal the relation between mutual inductance
As indicated by the preceding equation, the mutual inductanceasd self inductance and then derive a closed-form formula for the mu-
determined only by the geometries of the two conductors. If there dte@l inductance as a weighted sum of self inductances.
more than two conductors, the mutual inductances among them can bk is trivial to show that for any functiorf ()
computed pairwisely [2], [3].
Under mag_neto-quasi-static condition, the mutual inductance / / F(lzo — 1)) dewo da
between two filamentd,, and L, can be calculated by Neumann’s

formula
</ / f |l0—L1|)dl0d.E1
dly - dly
M; = 3
F= —1/A /LO /Ll ( ) / / f(| g — l1|)(1L0(LL1
pP1

wherer is the distance betweeil, anddl; and is the permeability. — /q f(|l’0 — a1]) dao das
Consider two parallel rectangular wires as illustrated in Fig. 1. Here, o Jpo

we assume that the current flows in théirection. As can be seen in a ra

the figure, the displacements of the two wires along:thendy di- - / / Fllwo = a1]) do d“)

rections are nonzero. Let the cross-sectional dimensions (ir-the 1

plane) of the two wires b&, x W, andT: x W,. We usep; ;,» and - 1 Z (—1)+it! /qj/qj f(lzo — x1|) dza dzv. ()
¢i.j.k-%, 5,k € {0,1}, to denote the corners of the two wires, as illus- 2 = ; -

trated in Fig. 1. All corner points of the first wire has twocoordi-

nate values. We usg,, . k € {0,1}, to denote the coordinate value  Making use of (6), we can rewrite (4) as shown in (7), shown at the
shared by the cornejs ... Similarly, we usez,, , k € {0,1},to de- bottom of the next page.

note thex coordinate value shared by the corners . of the second  Note that the six-fold integration in (7) is very similar to (5).
wire. Similarly defined are the-coordinate and-coordinate values The only difference is that integration in (5) is scaled by4?,

of the corners of the two wires:,; andz,,,i € {0,1}, andy,; and where A is the cross-sectional area. If scaled hy4?, the six-fold
Yq;-J € {0,1}. integration in (7) becomes the self inductance of a rectangular
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iz i The remaining issue is the computation of the self inductances. In
| [1]-[3], closed-form formulas for the self inductance of a rectangular
| conductor are derived. Although the formulas are symbolically equiv-
/T alent, the closed-form formulas from [2], [3] are numerically more
7 stable. The closed-form formula for the self inductance of a rectangular
conductor of lengthi, thicknessr', and width1¥ is as follows [3]:
L 2n(1]1 w 1 t 1
P o0k T (1 {ES <—) +5s (7) +5 (‘)]
current 1 [+ w w? +
direction + 24 {ES <tozt(r + ozf)) + TS <waw(r + a,«)>
Fig. 2. Virtual conductor defined by two corner points. ﬁ < w? ) ﬁ ( t? )
w? tr(og + o) wr (e + ar)
2 2
conductor defined by its two diagonal corner points j, », and + %5 <L) + %5 (Lﬂ
iy gy kysi0a 010 jos j1. ko ki € {0.1}, as illustrated in Fig. 2. The wt? " \a(aw +ar) ) tw?” \aw(a+ar)
indicesio, jo, andko of pi,,;, .k, identify a corner of the first wire 1 {LT <“‘7‘> Lt < w ) n ET( t )]
(see Fig. 1). Similarlyg;, ;, &, is one of the eight corner points of the 6 |wt oy w ta, t war
second wire. Altogether, the corner points of the first wire and second 1 (y +7 4+ 14 a)t?
wire defines 64 virtual wires, each defined by a corner point from the T 60 {(a% + ) (r + )t + ar)(ar + ay)

first wire and a corner point from the second wire.
LetLy, ;. .ky.aip.5,.%, "€fr to the self inductance of a rectangular
conductor with two point;,.j,,k, and ¢, ,;,,x, on the diagonal

2

n (vr +7 4+ w+ ap)w
(ar +7)(r + w)(w + aw)(@w + ar)

ends, andd,, . ., . denote the cross-sectional area of the (@r +aw+1+a) }
conductor. Substituting (5) into (7) yields (ar + ) (@ + D+ 1)(ar + ar)
| ©)
1 20 |7 + o, ay + ar + o,
M = 1 1 Z (_1)i0+i1+j0+j1+ko+k1+1
WoToWiTh 8 i0,i1,40.91,k0,k1=0 wherew = W/li,t = T/l,y = Vuw? + 3,00 = Vw2 + 1,0 =
« A2 I 8) VEFTLa, = Vul+t2+1,Sx) = sinh'(2) =
Pig.ig ko 9i1.51.k1 " Pig.jo.ko %i1.d1 k1"

In(z + V14 22),T(x) = tan™'(2).
. ~_ to compute the self inductance in (8).
In other words, the mutual inductance of two parallel wires is a

weighted sum of the self inductances of the 64 virtual wires defined by
the two wires, the weight of each self inductance being® or —A~.

In some casess, j,.k, andgi, j,.», may share one or more coordi- In this section, we compare the numerical stability of the proposed
nate values, resulting in one or more dimensions in the defined virtd@rmula and the formula from [1]. Proper numerical manipulation does
conductor being zero. If thedimension is zero, the self inductance ofmprove the stability of these formulas, just as what FastHenry [4] does
such a virtual conductor is zero. 4f or y dimension is zero, the self when it uses the mutual inductance formula in [1]. However, for a fair
inductance is infinite. However, the cross-sectional areéisuch avir- comparison, no such numerical techniques are applied to either of the
tual conductor is zero. A42 of such a virtual conductor approacheg‘ormulas. Several cases are studied. In all cases, there are two parallel
zero faster than the inductance approaches |nf|n|ty’ the mu|tip|icatiml'es with the same dimensions. The cross-sectional dimensions of the
in (8) is zero. Therefore, the equation is still valid in this special caswires are fixed at 0.xm x 1 pm.

In fact, this equation is valid for any two parallel conductors that have ¢ The two wires are aligned and 1;8n apart. Mutual inductance
rectangular cross sections. values are extracted for varying lengths.

In this brief, we use (9)

IV. NUMERICAL RESULTS

Mydyodyidxoda

M =
: WOTDII T /
/ |: / / d,40 d~ :| dyo dyl (l(l’o dll

/.
1
L

oL
NaE
b

Yq q

W TTVT / 1 1 Z (-1) ko+ki+1 /l / / . 1(l/odﬂ dyo dyy dxo dry

oto L/ a0 ko k1=0

a1 1 ko+k "111 "‘131 Fagy [Fary

- ( 1)10+]1+ 0 N / - (170 d"l dl/o dyl d.l’o d,ll

W TOU T/, o J0711 ’»0 k0 dr -
1 Tq; Yq Ya Zq Zq 1

W Z (_1)10+z1+J0+J1+k0+k1+1 1 / / 1/ Jl/ J1/ ’»1/ kq —duod/.ldyodyldLod.n %
VoLoVvidy

0,71,J0,J1,k0,k1=0
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Fig. 3. (a) Mutual inductance extracted with the formula from [1]. (b) Our formula for two wires with a fixed spacingafibbt varying lengths.
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Fig. 4. (a) Mutual inductance extracted with the formula from [1]. (b) Our formula for two aligned wires varying spacing.
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Fig. 5. (a) Mutual inductance extracted with the formula from [1]. (b) Our formula for two coaxial wires varying separation.

» The two wires are aligned and their lengths are 200. » The two wires are aligned at two ends; their lengths are 2000
Mutual inductance values are extracted for varying lateral The lateral separation is 1;6m. Mutual inductance values are
separations. extracted for varying vertical offset, which is the vertical distance

» The two wires are coaxial; their lengths are 20@. Mutual in- between the tops of the wires.
ductance values are extracted for varying longitudinal separationise results are shown in Figs. 3-6, respectively. The results from [1]
(the separation between two nearest endpoints). are shown at left and the results from our formula are at right. It is ev-
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Fig. 6. (a) Mutual inductance extracted with the formula from [1]. (b) Our formula for two wires with varying vertical offset.

ident that the formula from [1] is numerically less stable than our for- Global Exponential Stability of a General
mula; the mutual inductance should change smoothly in all the cases. Class of Recurrent Neural Networks
Although our formula also suffers from some numerical stability prob- With Time-Varying Delays

lems in some cases (such as Figs. 4-6), the numerical problems are

minuscule compared to those in the counterparts. Double precision is Zhigang Zeng, Jun Wang, and Xiaoxin Liao

used in the previous results. At long double precision, the results from

both formulas will prove. However, our results will still be much better. o _

The reason that our formula is more stable is that it expresses the muAbSFr?Ct_g_rl‘,'s b;'ef prefems ”el‘("’ th?ﬁ"’tt'ca' results g”l the gI%baI_ ex-
. . . ential stability of neural networks with time-varying delays and Lip-

tual !nductance in terms of self inductance and makes use of the st tz continuous activation functions. These results include several suffi-

self inductance formula. cient conditions for the global exponential stability of general neural net-

works with time-varying delays and without monotone, bounded, or con-

tinuously differentiable activation function. In addition to providing new

criteria for neural networks with time-varying delays, these stability con-

In this brief, we proposed a new exact closed-form formula for thebitions also improve upon the existing ones with constant time delays and

mutual inductance between parallel rectangular conductors. It reveii§iout time delays. Furthermore, itis convenient to estimate the exponen-
. . . . tial convergence rates of the neural networks by using the results.

the inverse relation between mutual inductance and self inductance.

Moreover, it is numerically more stable than the formula in [1]. Index Terms—Global exponential stability, neural networks, rate of ex-
ponential convergence, time-varying delays.

V. CONCLUSION
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