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l. Forces Due to.Stationary Charges

If two stationary charges, ¢; and ¢,, both have
the same sign, then ¢4, > 0, and
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where Fp = q1q2 (newtons)

A Medium’s Characteristics:

Zw = characteristic impedance = ‘/—ﬁ,';’

v, = force propagation velocity =
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Assume ¢, is a test charge, then the E-fields of

g1 and ¢,(¢) are
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"II. Forces Due to Charge Movement
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This is a snapshot taken at time ¢, with » — 0,

so the effects of propagation can be temporarily
neglected. Also, q1q2 > 0, in both cases.

Vz (newtons)

Using g2 as a test charge, the H-fields that leave

q1v1 and q1vi(¥) at snapshot time are seen to be
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In addition, because dv,(¢)/dt # 0,
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So, the additional E-field leaving qv1(¥) is

Ee(f) — FE(t) ( newtons )

q:2 coulomb
_ qu 1 r dV] (t) ( volts
- Ay Vp dt meter

Thus, as a charge, ¢, passes through any plane
normal to its velocity v(¢), for »r — 0, the fields of

g in that plane are E,, Hy(¢), and Eq(?).

V()

But, in any r-direction, the fields Hy, Hy(?), and

Eg(9), also have sin8 as a factor, where 6 is the
angle between the r-direction and v, or v(¢). For
then,either vsin6, or v(¥) sin0, will be the velocity

component of g that is normal to the r-direction.
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lll. The Fields of Electric Currents

An electric current is a field-forced movement of

electric charges. In metals, the movable charges

are electrons. So, the k-th differential length of a
current-carrying metal conductor, is a stationary

point with moving charge equal to the product of

q. = electric charge per electron;

Nm

— = movable electron density per unit volume;

dA = conductor cross-sectional area at point k;

vk, Or vi(f) = electron drift velocity at point .

v = (aSran)v = G (coemss )

and

second

() = ((JenT’"dAk)Vk(t) = ka (D) (°°“'°mb5
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So, a differential length of current i,dl, or i (f)dl,

is a fixed point past which the charge O; moves

with drift velocity vy, or vi(f). That is,

idl = (qe L

= (qe%;l—’-dAkdl)vk = Ok

)del

And, the H-field. that leaves a charge O, moving
with constant velocity vy is

Hy = smBQv

So, if ixdl = Qyvy, it is obvious that the H-field
leaving i dl is

H, = sme ivdl
¢ 4rir? &
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The H-field of ixdl
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Similarly, the H-field leaving a charge Oy that is
moving with the time-varying velocity v,(¢) is

Hy© = 0810+ 20 o,

So, if i(t)dl = Qwvi(t), then the H-field leaving
ix(H)dl is

Hy(t) = Zme[ KO + d’(’;f) ]dl

Also, the 6-directed E-field leaving ix(f)dl is the
same as that leaving Qvi(?). That is,

Ee(t) Zm sin© [ r dvk(t) ]Qk

A2 L Ve dt
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However, dl is not moving. 'So, for all r

_ sinf r dir(t ”tp):l
Hy@) = S [ - 1p) + - D) g

and

o sin@ [ » dlk(t—fp)]
Eo@ = Zm Amp? [VP dt

where t, = r/v, is field propagation time, or the

time it takes the fields to travel the distance r.

Also, propagation of i(f) makes iy1(f) # iw1(?),

and

() = J:)[ik—l(f)-im(t)]dt ¢ 0

So, point k also has an r-directed E-field

E.(r) = o= [qk(t r/vp) + v, 7
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IV. Circuit Current Behavior

N )
Conductor '

_ ~ 8 meters
A= 7 and v = 2x10 second
f=10MH: = A= 2x10% = 20 meters

10 x 109

f=10GH: = A=-2X10" _ 002 meter
10 x 10°
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i(x)|t= T

Current Amplitude and Charge Flow
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i(?) | | i(?)

Both current components continue to propagate

Vp “-—’_)] | r——> Vp
' J Source p———
i(f) i(t)
l‘———————>— Vp Vp -<—W .
g Load O :

Both the "forward” and the "return” current of a
circuit consist of electrons moving with the drift
velocities of their conductor. And, both currents

propagate from source to load with propagation

velocities equal to that of the electric field in the
conductor that causes them to move.
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back to the source, if the load is zero.
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Both current Components are reflected back to
the source, if the load is infinite.
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A
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Currents do not continue to propagate, nor are

they reflected, when a circuit's source and load

are matched.

i(x, 1)
h . V) V) =
P P
X
t=10h
i(x, 1)
X
=10
i(x, 1)
X
I
[ =13
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The propagation times of a current from source
to load must be the same for both paths. If they
are not equal, the load current will be corrupted.

For example, if the load and source impedances
are matching resistances,

i(x,tl)
Load > X
i(x,12) | |
! < |
| |
! - |
! |
! 1 - x
Equal Arrival Times
i(x, tz)

Unequal Arrival Times
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V. Circuit Current Models

Source | i(t,x) Load

Q

j

[ix(®dt = qi(® l

ik(t)
| ' ~qi() = - [ix(Odt
dl |

Hertz's model of a circuit current is made up of

a large number of differential dipoles, or current
elements, in superposition. And, each of those
elements has the structure zoomed in on above.
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A single stationary charge, ¢, has the electric
field

ZmVp

E, =

42

So, two charges, q and —q, separated by d << r,
with the geometry shown, have the fields

_ sinbdl! _ sin6dl
Ey = —’,——Eq = ZpVpL - q

and
E, = 2co’§edl E,
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A single stationary point of time-varying electric
charge, ¢(¥), has the electric field

_ Zmvp . r dgq(t—1p) ]
E"(t) — 47'57'2 [q(t tP)+ vp dt

So, with the geometry assumed, the charges on

the end points of Hertz’s dipole, together, cause
the fields

dgi(t —t
Ee(t) - mVp sznedl I:Qk(t"tp)"' ‘;‘p qk(dt P) :I

and

dqr(t -t
E.) = Znvp Cg;edl [q (t-1p) + \2, Qk(dt 2 :|

These, together with the fields of i.(f)dl, are the
electromagnetic fields of any differential dipole,
or current element, of any electric current.
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Now note, if the paths leaving a circuit current’s
source have the same structure and geometry,
their point pairs equidistant from the source will
have equal and opposite currents and charges.

Source i(t,x) —=vp Load

oV

— qx(®) . qx(®)

So, to minimize the electromagnetic fields of any
circuit current, the source-to-load paths must be
equal in length. And, all pairs of points — one per
path, at equal distances from the source — must
be placed as close together as possible.
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The fields of ix(f)dl with end charges +q.(¢) are

i dqi(t —tp) ]
Er(t) = ZmVp ———_Cgfue‘;” qk(t - tp) + J‘p qk(dt p)

: - dgi(t —1,) 7
Ee(f)=ZmVp_“——S$£§” qi(t —1p) + vrp qk(dt »
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and
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Typical textbook versions of these fields are

_ cos0Odl 1 1 Jj(@i-Br)
Er 21E ( jor? " vpr? )Ioe
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To compare the equation sets, note that in texts
on electromagnetics it is generally assumed that
the current is sinusoidal. So,

ix(t - ) = Ipe/@=hn)

di(t - tp)

7 = jwloe/©-Fn

qt-t) = [ie—tpdt = Lpe-m

jo
and
dqt—tp) _ ... . _ (@1-Br)
T = lk(t tp) = ]08’
Also,
1 _ o
5 = Znvp, and B = Vy
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VI. Summary and Conclusions

A. Electric fields are caused by electric charges

that are not moving.

B. Magnetic fields are caused by unaccelerated

movement of electric charges.

C. Electric and Magnetic fields are caused by

accelerated movement of electric charges.

D. "Current flow” is the bidirectional propagation

of bidirectional charge flows.

E. The current paths of a circuit from source to

load should be equal in length, and all point

pairs equally distant from the source should

be parallel with minimal separation. That will

minimize the electric and magnetic fields, as
well as distortion of the current waveshape.
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