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2 CABLING

This chapter is devoted to cabling and cable shielding, and Chapter 3 covers
grounding. Since the subjects of cable shielding and grounding are closely
related, these two chapters should be studied together. Chapter 2, for
example, shows that a cable shield used to suppress electric fields should be
grounded, but Chapter 3 explains where that ground should be made.

Cables are important because they are the longest parts of a system and
therefore act as efficient antennas that pick up and/or radiate noise. This
chapter covers the coupling mechanisms that occur between fields and
cables, and between cables (crosstalk), Both unshielded and shiclded cables
are considered,

In this chapter we assume the following:

1. Shields are made of nonmagnetic materials and have a thickness much
less than a skin depth at the frequency of interest.”

2. The receptor is not coupled so tightly to the source that it loads down
the source.

3. Induced currents in the receptor circuit are small enough not to distort
the original field. (This does not apply to a shield around the receptor
circuit.)

4. Cables are short compared to a wavelength.

Since cables are assumed short compared to a wavelength, the coupling
between circuits can be represented by lumped capacitance and inductance
between the conductors. The circuit can then be analyzed by normal
network theory.

Three types of couplings are considered. The first is capacitive or electric
coupling, which results from the interaction of electric fields between
circuits. This type of coupling is commenly identified in the literature as
electrostatic coupling, an obvious misnomer since the fields are not static.

The second is inductive, or magnetic, coupling, which results from the
interaction between the magnetic fields of two circuits. This type of coupling
i5 commonly described as electromagnetic, again misleading terminology
since no electric fields are involved. The third is a combination of electric
and magnetic fields and is appropriately called electromagnetic coupling or

*If the shield is thicker than a skin depth, some additional shielding is present besides that
calculated by methods in this chapter. The effect is discussed further in Chapter 6.
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radlalmp, The techniques developed to cope with electric coupling are al

appropriate fu::_r the electromagnetic case. For analysis in the fcargﬁcrd g S?
normally canslzde:: the electric and magnetic fields separately wherea: IT;L
elec‘tr‘umagnetlm hield case is considered when the problem ‘is in th}: I"’E
ﬁ.c]d‘. Tl?e circuit causing the interference is called the source, . ; !fr
circuit being affected by the interference s called the receptor S

CAPACITIVE COUPLING

;;.:.lnﬁ:f ;eprzeslen{t:a:inn of capactive coupling between two conductors is
18. 2-1. Capacitance C, is the stray capaci
: : 1 : pacitance between conduc-
ogsu;dang 2: Capacitance C ¢ 18 the capacitance between conductor | and
igsxth r.es_z,t;. is the tEu:rt_s:l Capacitance between conductor 2 and ground, and R
= Iesistance of circuit 2 to ground. The resistan c

5 the ; : ce R results from th
cireuitry connected to conductor 2 and i ;
- and 1s not a stray component. Capaci-

:rar;ceh(?m consists of h_mhlth& stray capacitance of conductor 2 to grclnjund

dﬂT]: e i:ﬂ:&ﬂt of any circuitry connected to conductor 2.

58 -::I fI:quwah:nt circuit of the coupling is also shown in Fig. 2-1. Consider
voltage V', on conductor 1 as the source of interference and conductor 2

=]

F lected since it h;
the noise coupling. The noise vol £ as no effect on
: tage V, produced betwee .
ground can be expressed as follows: ¥ Ll Sy

Vo= -"I“"[Cn"r{{"u £, Czc.'}l
Y je +1/R(C, ¥ Cyp) 1 (2-1)

—= COMOUCTAORS
-

! 3 [f 2
|
v, : ¥
f
-
T o Vi) A ﬁ
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L A ] = |
= = o i =
PHYSICAL
AREPRESENTATION FOUIVALENT
CIRCLNT

Figure -1, Capacitive coupling between two conductors

"See Chapter € for definitions of near and far fields.
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Equation 2-1 does not show clearly how the pickup voltage depends on
the various parameters. Equation 2-1 can be simplified for the case when R
is a lower impedance than the impedance of the stray capacitance C, plus
C,;. In most practical cases this will be true. Therefore, for

R,
jo(Cyy + Cop)

Eq. 2-1 can be reduced to the following:

V,=juRC.V, . (2-2)

Electric field (capacitive) coupling can be modeled as a current generator,
connected between the receptor circuit and ground, with a magnitude of
jwC V. This is shown in Fig. 2-9A,

Equation 2-2 is the most important equation describing the capacitive
coupling between two conductors, and it clearly shows how the pickup
voltage depends on the parameters. Equation 2-2 shows that the noise
voltage is directly proportional to the frequency (w =2wf) of the noise
source, the resistance R of the affected circuit to ground, the capacitance C,
between conductors 1 and 2, and the magnitude of the voltage V).

Assuming that the voltage and frequency of the noise source cannot be
changed, this leaves only two remaining parameters for reducing capacitive
coupling. The receiver circuit can be operated at a lower resistance level, or
capacitance €, can be decreased. Capacitance C; can be decreased by
proper orientation of the conductors, by shielding (described in the next
section), or by physically separating the conductors. If the conductors are
moved farther apart, C,, decreases, thus decreasing the induced voltage on
conductor 2.* The effect of conductor spacing on capacitive coupling is
shown in Fig. 2-2. As a reference, 00dB is the coupling when the conductors
are separated by three times the conductor diameter. As can be seen in the
figure, little additional attenuation is gained by spacing the conductors a
distance greater than 40 times their diameter (1in. in the case of 22-gauge
wire).

If the resistance from conductor 2 to ground is large, such that

W e
fa(Cpy + Cop;)
then Eq. 2-1 reduces to
I
vy, =( i ]V ; (2-3)
) Cipt+ Gy’ !

"The capacitance between two parallel conductors of diameter d and spaced D apart is
C,y = melcosh f[ﬂ"ﬂ'lh (Fi/m), For D/d =13, this reduces to C,, = me/In{20/d). (F/m), where
€ =885 % 10" farads per meter (F/m) for free space.
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Under this condition the noise voltage produced between conductor 2 and
ground is due to the capacitive voltage divider ), and ... The noise
voltage is independent of frequency and is of a larger magnitude than when

R is small,
A plot of Eq. 2-1 versus w is shown in Fig. 2-3. As can be seen, the

maximum noise coupling is given by Eq. 2-3. The figure also shows that the
actual noise voltage is always less than or equal to the value given by Eq.

2-2. At a frequency of

1
e, 2-4)
R(C,, + Cog) (

Equation 2-2 gives a value of noise that is 1.41 times the actual value. In
almost all practical cases, the frequency is much less than this, and Eq. 2-2
applies.

EFFECT OF SHIELD ON CAPACITIVE COUPLING

First consider the case where the receptor (conductor 2) has infinite
resistance to ground. If a shield is placed around conductor 2, the configu-
ration becomes that of Fig. 2-4. An equivalent circuit of the capacitive
coupling between conductors is included. The voltage picked up by the

shield is

s Cis
Vs= ( Ciyt Csr.')VI - i
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| EFFECT OF SHIELD OM CAPACITIVE COUPLING a5

)
a < " Ih ‘gince there is no current flow through C,; the voltage picked up by
) 1 | ff conductor 2 is
5 2 * Vo=V
& & w="V; (2-6)
)
e If the shicld is grounded, the voltage V, = 0| and the noise voltage V, on
o & e conductor X 15 NiKewise reduced to zero. t'y'ﬁ case—where the center
o EI 3 conductor does not extend beyond the shield—is an ideal situation and not
4 = typical.
7 a (EI- In practice, the center conductor normally does extend beyond the shield, |
"'T e . f w g : jon bec at of Fig, 2-5. There C.. is 3 "
Ay jfl i and the situation becomes that of Fig. . There Cy; is thv.? capacitance
3 between conductor 1 and the shielded conductor 2, and C,; is the capaci-
& 5 tance between conductor 2 and ground. Both of these capacitances exist
s & because the ends of conductor 2 extend beyond the shield. Even if the shield
_@ I]I ] is grounded, there is a noise voltage coupled to conductor 2, Its magnitude
| -§ is expressed as follows:
2
= Cp
-g VN cu + CZI:’F + CZ.'-' VI : tz‘?}
o s
% The value of C,, and hence V,, in Eq, 2-7 depends on the length of
E conductor 2 that extends beyond the shield.
i For good electric field shielding, it is therefore necessary (1) to minimize
“é the length of the center conductor that extends bevond the shield and (2) o
2 provide a good ground on the shield. A single ground connection makes a
; good shield ground, provided the cable is not longer than one-twentieth of a
g wavelength. On longer cables multiple grounds may be necessary.
,E‘ If in addition the receiving conductor has finite resistance to ground, the
= ¥ arrangement is that shown in Fig. 2-6, If the shield is grounded, the
E x equivalent circuit can be simplified as shown in the figure, Any capacitance
< o directly across the source can be neglected since it has no effect on the noise
;%E = coupling. The simplified equivalent circuit can be recognized as the same
s circuit analyzed in Fig. 2-1, provided C,; is replaced by the sum of C,,; and
"‘E C,;. Therefore, if
@
1

R<= —— ;
JW((-iz + Gy + Cyg)

which is normally true, the noise voltage coupled to conductor 2 is

Vy = jaRC,,V,| (2-8)

This is the same as Eq. 2-2, which is for an unshielded cable, except that C,
is greatly reduced by the presence of the shield, Capacitance C,, now
consists primarily of the capacitance between conductor 1 and the un-
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Capacitive coupling when center conducior extends beyond shield: shield

FouvapEnT
CiRCuT FOR GROUNDED SHIELD

% Figure 2-6. Capacitive coupling when receptor conductor has resistance to grownd.

=
w—d
£
EE shielded portions of conductor 2. If the shield is braided, any capacitance
0 that exists from conductor 1 to 2 through the holes in the shield must also be
ag included in C,,.

w

o

Figure 2.5,
poinf,
—

INDUCTIVE COUPLING

When a current I flows in a closed circuit, it produces a magnetic flux ¢
which is proportional to the current. The constant of proportionality is

called the inductance L, hence we can write
¢=LI. (2-9)

The inductance value depends on the geometry of the circuit and the
magnetic properties of the medium containing the field.
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When current flow in one circuit produces a flux in a second circuit, there
is a mutual inductance M,; between circuits 1 and 2 defined as

M, = 22| (2-10)

The symbol ¢,, represents the flux in circuit 2 due to the current I, in circuit

The voltage V,, induced in a closed loop of area A due to a magnetic field

of flux density B can be derived from Faraday's law (Hayt, 1974, p. 331) and
is

_ d] 5 dA ;
Va=—= | B-da| (2-11)

where B and A are vectors, If the closed loop is stationary and the flux
density is sinusoidally varying with time but constant over the arca of the

loop, Eq. 2-11 reduces to
Vi =[julBA cos EJ’ (2-12)

As shown in Fig. 2-7, A4 is the area of the closed loop, 8 is the rms value of
the sinusoidally varying flux density of frequency w radians per second. and
Vy is the rms value of the induced voltage.

Since BA cos @ represents the total magnetic flux (¢,,) coupled to the
receptor circuit, Egs. 2-10 and 2-12 can be combined to express the induced

veltage in terms of the mutual inductance M between two circuits, as
follows:

o di
Viy = juMff]= M = (2-13)

V=i wBACOS g

Figure 2-7. Induced noise depends on the area enclosed by the disturbed circuis.

MAGNETIC FIELD
OF DENSITY B
CUTS AREA 4 AT
AN ANGLE OF g

*Equation 2-12 is correct when the MEKS system of
webers per square meter {or tesla), and area A s

and A is in square centimeters (the CGS system),
by 107%

units is being used. Flux density # is in
in square meters, If 8 ig expressed in pauss
the right side of Eq. 2-12 must be multiplied
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i i i describing inductive
2-12 and 2-13 are the basic equations , ; _
mf;lijz?;ﬂ'::;ween two circuits. Figure 2-8 shows the inductive (magnetic)

coupling between two circuits as described by Eq. 2-13. f, is the m;n*trran;I I:E |
interfering circuit] and M is the term that accounts for the geometry

e agnetic properties of the medium between the two Imrclults: The
= m::g of w in Egs. 2-12 and 2-13 indicates that the coupling is directly
presm;tiona] to frequency. To reduce the noise voltage, B, 4, or cc-s.f_l must
Efﬂ:iuced. The £ term can be reduced by physical separat.inn of 1h_|!: circuits
or by twisting the source wires, provided the current flows in the twmtﬁt:l Pal;

d not through the ground plane. The cand:l'fons neu?eafsary for this ar
ilnll..razrf:ad in a later section. Under these conditions tmshng causes Fhe B
E:Ids from each of the wires to cancel. The area of the re::mvelrfcgi.:mttcan
be reduced by placing the conductor closer to thff ground plane (if t Ltrr.': 1:;‘3
current is through the ground plane) or by u31ng_tn:n candu?mt:‘s msu =
together (if the return current is on one of the pair mstegd o frt ; gr;u[ce
plane). The cos # term can be reduced by proper orientation of the s

iver circuiis. , .

Eﬂ'i:-tfs:;;‘-'h'i: helpful to note some diffﬂre:nces betulveen magne?{c anl:‘:i:| ele:;ri:r{;*
field coupling. For magnetic field mupllng, a noise voltage is E:im l.lll:E:ﬁ 4
series with the receptor conductor (Fig. 2-9B), whereas for e ;ctr;c en :
coupling, a noise current is produced between the receptor conduc (tznrs :1 e
ground (Fig. 2-9A). This difference can !}E usedlm the ljnllowu:E = F 12
distinguish between electric and magnetic coupling. le:dssre € nthe
voltage across the impedance at one end of [IhE cable while ccrcas:jnﬁﬂisc
impedance at the opposite end of the clable (F1Ig. 2-9). If the measure e
voltage decreases, the pickup is electric, and if the measured noise voltag:
increases, the pickup is magnetic.

i bic)
5 - b
A, R
B EUIVALENT
CIRCUIT

m— PHYSICAL
REPAESENTATION

Figure 2-8. Magneric coupling between two circuits,
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ELECTRIC COUPLING

I =jealCy2Vy % Az
% i

1

MAGNETIC COUPLING

S
s ke

Vi =juM12ly

Figure 2.9, (A} Equivalent circuit for electric field coupling, (R) equivalent cireuir for magneric
field coupling,

MUTUAL INDUCTANCE CA LCULATIONS

To evaluate the expression in Eq. 2-13, the mutual inductance between the
source and receptor circuit must be known. Most texts do not pay much
attention to mutual inductance calculations for practical circuit geometries,
Grover (1973), however, provides an extensive treatment of the subject,
and Ruehli (1972) develops the useful concept of partial mutual inductance.
This concept of partial mutual inductance is further developed in Paul
(1986).

Before the mutual inductance can be calculated, an expression must be
determined for the magnitude of the magnetic Aux density as a function of
distance from a current-carrying conductor. Using the Biot-Savart law, one
can write the magnetic flux density B at a distance r from a long current-
carrying conductor as

S (2-14)

for r greater than the radius of the conductor (Hayt 1974, Pp. 235-237).
Therefore the magnetic field is directly proportional to the current { and
inversely proportional to the distance r. Using Eqs. 2-14 and 2-10, one can
determine the mutual inductance for any arbitrary configuration of conduc-
tors by calculating the magnetic flux coupled to the pickup loop from each
current-carrying conductor individually, and then superimposimg all the
results to obtain the total flux coupling,

41
MUTUAL INDUCTANCE CALCULATIONS

culate the mutual inductance between the two nested
E::il::ﬂ: Ii::éns sgca:r:wn in Fig. 2-10A, assuming _lhal the si_des of the loop ar;
h longer than the ends (i.c., the coupling conlnhuhlad by the en
mufﬂuctﬂrs can be neglected). Conductors 1 and 2 are carrying a current [,
fa.r'.:;ch induces a voltage V), into the loop fml‘mr.:d by conducmrﬁ 3‘ ej.nd ;
Figure 2-10B is a cross-sectional view showing the spacing between t 113
conductors. The magnetic Aux produced by :che current m conductor
crossing the loop between conductors 3 and 4 is

b
e '“'_'I' - 'u_f’ (E) (2-15)
B, = I e dr % In =

d i he symmetry of the
nductor 2 also contributes an equal flux due to the sy
cccfnducmrs. This flux is in the same direction as the flux produced by the
current in conductor 1. Therefore the total flux coupled to the loop formed
by conductors 3 and 4 is twice that given by Eq. 2-15, or

B, = [% In(%”f, ] (2-16)

A
b
Iy =
i
da
b Iy
B

Figure 2-10. (A) Nested coplanae loops; (B) cross-sectional view of A,
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Dividing Eq. 2-16 by /, and substituting 47 x

the mutual inductance

The voltage coupled between the two
the result from Eq. 2-17 into Eq. 2-13.

2 + CABLING

107" H/m for #, we obtain ag

b
M=4x10" In(;). (2-17)

loops can be calculated by substituting

EFFECT OF SHIELD ON MAGNETIC COUPLING

If an ungrounded and nonmagnetic shield is now
the circuit becomes that of Fig. 2-11, where M
between conductor 1 and the shield. Since the
ECOMELry or magnetic properties of the medium between circu
has no effect on the voltage induced
however, pick up a voltage due to the

placed around conductor 2,
15 15 the mutual inductance
shield has no effect on the
its 1 and 2, it
into conductor 2. The shield does,
current in conductor 1:

Vi =joM I, . (2-18)

situation. [t follows ther
conductor and

voltage in that conductor

A ground connection on one end of the shield

efore that a nonmagnetic shield placed around a
grounded ar one end has no effect on

does not change the

the magnetically induced

I, however, the shield is grounded at both
the shield due to Mg, in Fig. 2-11, will cau
shield current will induce a second noise val
must be taken into account. Before
coupling that exists between a shield

determined,
For this reason it will be

between a hollow conducting tube (the shield

inside the tube, before contin
concept is fundamental to
needed later.

ends, the voltage induced into
se shield current to flow. The
tage into conductor 2, and this
this voltage can be calculated, the
and its center conductor must be
necessary to calculate the magnetic coupling

) and any conductor placed
uing the discussion of inductive coupling. This
discussion of magnetic shielding and will be

MAGNETIC COUPLING B
CONDUCTOR

ETWEEN SHIELD AND INNER

First consider the magnetic field produced by a
uniform axial current, as shown in Fig. 2-12.
concentric with the outside of the t
cavity and the total magnetic field

tubular conductor carrying a

If the hole in the tube is
ube, there is no magnetic field in the
is external to the tube (Smythe, p. 278).

| -
By | E:
z 3
o =2
%‘ — il
= =
> o LT . =
z
1 | wE
b sf <0
- = =@
% s au
by v by
L]
o
o (0 |

PHYSICAL
REPRESENTATION

Figure 2-11. Magnetic coupling when a shield is placed around the receptor conductor,
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MAGNETIC
FLUX LINES

CUARENT FLOWING

= INTD PAPER
MO FIELD
INSIDE
CAVITY
_ _TudULAR PERSPECTIVE
T CONDUCTOR

END VIEW

Figure 2-12. Magnesic field produced by current in a tubular conducior,

Now ]e_t i Funductur be placed inside
shn:wn in Fig, 2-13. All of the flux ¢d
encircles the inner conductor. The in

the tube to form a coaxial cable, as
ue to the current / in the shield tube
ductance of the shield is equal to

(2-19)

The mutual inductance between the shield and the inner conductor is equal

MAGNETIC
FLUX LINES ™~

— ——=CENTER CONDUCTOR,

TUBULAR CONDUCTOR,
— CURRENT I, FLOWING
INTC PAGE

Figure 2-13. Coaxial cabie with shield current flowing,

-.NGNET!E COUPLING BETWEEN SHIELD AND INNER CONDUCTOR 45
to
M=2, (2-20)
i

gince all the flux produced by the shield current encircles the center

conductor, the flux ¢ in Egs. 2-19 and 2-20 is the same. The mutual

inductance between the shield and center conductor is therefore equal to the
self inductance of the shield

M=L,. (2-21)

Equation 2-21 is a most important result and one that we will often have

‘aceasion to refer to. It was derived to show that the mutue! inductance

berween the shield and the center conductor is equal to the shield inductance.
Based on the [reciprocity of mutual inductance [(Hayt, 1974, p. 321), the
inverse must also be true. That is, the mutual inductance between the center
conductor and the shield is equal to the shield inductance.

The wvalidity of Eq. 2-21 depends only on the fact that there is no
magnetic field in the cavity of the tube due to shield current, The require-
ments for this to be true are that the tube be cylindrical and the current

density be wniform around the circumference of the tube. Equation 2-21
applies regardless of the position of the conductor within the tube. In other
words, the two conductors do not have to be coaxial,

The voltage V), induced into the center conductor due to a current [, in
the shield can now be calculated. Assume that the shield current is produced
by a voltage V, induced into the shield from some other circuit. Figure 2-14
shows the circuit being considered; Lg; and R are the inductance and
resistance of the shield. The voltage V), is equal to

V, = joMI, (2-22)
[V y—
l [ L CENTER
M CONDUCTOR

SHIELD

Figure 2-14. Equivalent circuit of shielded conducror.
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The current 7, is equal to

;.=ﬂ( 1 )
R ' (2-23)

Therefore
7 (L2
Ly jo+ R/l /" i
Since L; = M (from Eq. 2-21),
e (o)
R T Ry/L, Ve (2-25)

A plot of Eq. 2-25 is shown in Fi T
1 _ g. 2-15. The break f - i
curve is defined as the shicld cutoff frequency (@ ) and GEEEIL;LE:F g

o, = & or f s R.‘S
T L = (2-26)

The noise voltage induced into
_ the center conductor is Zero at d
;r:;;ziie?st:u:::mn;l ‘,{gﬁal a frequency of SR/L; radfs. Thf:reiﬁcnr'ali if schii?:
wed 1o How, a voltage is induced into the ce r
: nter
that m;arly equals the shield voltage at frequencies greater than ;ﬂndqﬂmr
the Shlt‘!d cutoff frcquenc}'. - ol
Sur’:{l;lzr |Is a. w.;ry 'mportant property of a conductor inside a shield. Mea-
mbufm:duf: % :I:e ;hliﬂl;fj cutoff frequency and five times this frequency are
: able £-1 for various cables, For most cables, five ti
:srl;:eld cutt_::ff fr-::qtllenc_y i$ near the high end of the uudiu-lf;quZ;;mESuLZL
¢ aluminum-foil-shielded cable listed has a much higher shir:hjf culuft:

L~
=

NOISE VOLTAGE, vy,

LOG OF ANGULAR FREQUENCY
Fi - 1 [
gure 2-15. MNoige voitage in center conducior af coaxial cable due 1o shigld currens

NETIC COUPLING BETWEEN SHIELD AND INNER CONDUCTOR a7

Table 2-1 Measured Values of Shield Cutoff Frequency (f,)

] Cutoff Five Times
Impedance  Frequency  Cutoff Frequency
Cable (11} (kHz) (kHz) Remarks
e
(Coaxial cable
RG-6A 75 0.6 3.0 Double shielded
RG-213 50 0.7 1.5
RG-214 50 0.7 3.5 Double shielded
RG-62A o3 1.5 7.5
RG-59C 75 1.6 8.0
[ RG-58C 50 2.0 10.0 |
Shielded twisted pair
- 754E 125 (.8 4.0 Double shielded
‘24 Ga. e 2.2 1.0
22 Ga* - 7.0 35.0 | Aluminum-foil shicld
Shielded single
24 Ga. s 4.0 2000

“One pair out of an 11-pair cable (Belden 8775).

frequency than any other. This is due to the increased resistance of its thin
aluminum-foil shield.

Magnetic Coupling—Open Wire to Shielded Conductor

Figure 2-16 shows the magnetic couplings that exist when a nonmagnetic
shield is placed around conductor 2 and the shield is grounded at both ends.
In this figure the shield conductor is shown separated from conductor 2 to
simplify the drawing. Since the shield is grounded at both ends, the shield
current flows and induces a voltage into conductor 2. Therefore there are
two components of the voltage induced into conductor 2: voltage due to
direct induction from conductor 1, and voltage due to the induced shield
current. Mote that [these two voltages are of opposite polarity] The total
noise voltage inducgd into conductor 2 is therefore

V.=V.—-V . (2-27)
N i ©

If we use the identity of Eq. 2-21 and note that the mutual inductance
M, from conductor 1 to the shield is equal to the mutual inductance M,
from conductor 1 to conductor 2 (since the shield and conductor 2 are
located in the same place in space with respect to conductor 1), Eq. 227

becomes

Ry /L |
f“-‘""ﬁs"lLs }

Vy =jwM13I1[ (2-28)
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SOURCE
CONDUCTOR

SHIELD
CONDUCTOR

©

SHIELDED
CONDUCTOR

®

Va =jubqaly

Ve =juMgalg

Figure 2-16. Magneiic coupling 1o a shiclded cable with the shield grounded at bogh ertdls,

LUNSHIELDED CABLE SHIELDING

/.

—l

NOISE VOLTAGE

I
lf SHIELDED CABLE

LOG OF ANGULAR FREQUENCY w
Figure 2-17. Magnetic field coupled nowe voltage for an unshielded and shiclded cable (shield

grounded at both ends) versus frequency.

If w is small in Eq. 2-28, the term in brackets equals 1, and the noise

voltage is the same as for the unshielded cable. If w js large, Eq, 2-28
reduces to

Vit M,,f.(f-é) . (2-29)

5

Equation 2-28 is plotted in Fig. 2-17. At low frequencies the noise pickup
in the shielded cable is the same as for an unshielded cable: however, at
frequencies above the shield cutoff frequency the pickup voltage stops
increasing and remains constant. The shielding effectiveness (shown cross-
hatched in Fig. 2-17) is therefore equal to the difference between the curve
for the unshielded cable and for the shiclded cable.

Figure 2-18 shows a transformer analogy equivalent circuit for the
configuration of Fig. 2-16. As can be seen, the shield acts as a shorted turn
in the transformer to short out the voltage in winding 2.

M =juMyzli —juMszls

s PRe
- v” A
1 h e Mgz v
e !
M -
i ¥ s
\“ A
Mig .,
= I5
*

Figure 2-18. Transformer analogy of magnetic field coupling to a shiclded cable when shield s
grounded ai both ends (M, is much larger than M, or M),
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SHIELDING TO PREVENT MAGNETIC RADIATION

To prevent radiation, the source of the interference may be shielded, Figure
2-19 shows the electric and magnetic fields surrounding » current-carrying
conductor located in free space. If a shield grounded at one point is placeq
around the conductor, the electric feld lines will terminate on the shield,
but there will be very little effect on the magnetic field. This is shown in Fig,
2-20. If a shield current equal and opposite to that in the center conductor jy
made to flow on the shield, it generates an equal but opposite external
magnetic field. This field cancels the magnetic field caused by the center
conductor external to the shield. This results in the condition shown in Fig,
2-21, with no fields external to the shield,

Figure 2-22 shows a circuit that is grounded at both ends and carries g
current /.. To prevent magnetic field radiation from this circuit, the shield
must be grounded at both ends, and the return current must flow from A to
B in the shield ({5 in the figure) instead of in the ground plane (7 in the
figure), But why should the current return from point A o B through the
shield instead of through the zero-resistance ground plane? The equivalent
circuit can be used to analyze this configuration. By writing a mesh equation
around the ground loop (A ~ R, — Lg = B — A), the shield current I, can be
determined:

0=IL(joL; + R,) - LhijoM), (2-30)
where M is the mutual inductance between the shield and center conductor

and as previously shown (Eq. 2-21), M = L. Making this substitution and
rearranging produces this expression for /:

e
I I‘(jw-l*ﬁ.’s.n"[.s / Jw+w /| (2:31)

As can be seen from the preceding equation, if the frequency is much above

\ __ELECTRIC

ELD
&% g Fi
/

P MAGNETIC
FIELD

Figure 2-19. Fields around & curreRt-carrying conductor.

51
SHIELDING TO PREVENT MAGNETIC RADIATION

}T— SHIELD

_ = MAGNETIC
- / FIELD
s

Figure 2-20, Fields around shivlded conducior;
shield grownded al one poin,

Figure 2-21. Fields around shielded conductor; shield .groundzd ﬂf;ﬂ‘
carrying a curvent equal to the conductor current but in the opposite

direction.

the shield cutoff frequency w_, the shicld current appmachclf Ei‘:f ::;nt;é'
AU tual inductance between the shield a
conductor current. Because of the mu sy g
axiz cts a common-mode choke (see p
center conductor, a coaxial cable ac : R
i ides ath with lower total circuit in
ter 3}, and the shicld provides a return p | 7 i
: = al high As the frequency decreases
tance than the ground plane at high frequency. : = tEynen
belsrv S, the cable provides less and less magnetic shiclding as more of the
current returns via the ground plane. 1 -
To prevent radiation of a magnetic field ﬁ;}m ﬂdcr;:duc;?r! fT;;,izd ;;
hielded, and the shield
both ends, the conductor should ﬁre E; : shou
grounded at both ends. This provides good magnetic field shielding at

B -5 =I-Ig

A

IVALENT CIRCLIT
PHYSICAL REPAESENTATION i

Figure 2-22. Division of current between shield and grouwnd plane.
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NO GROUND
CONNECTIONS

Figure 2-23. Withowr ground ar far end, ali return current flows through shiefd.

frequencies considerably above the shield cutoff frequency. This reduction
in the radiated magnetic field is not because of the magnetic shielding
properties of the shield as such. Rather, the return current on the shield
generates a field that cancels the conductor’s field,

If the ground is removed from one end of the circuir, as shown
2-23, then the shield should not be grounded at that
current must now all flow on the shield. This
less than the shield cutoff frequency.
this case, reduces the shi
ground plane.

in Fig.
end since the return
is true especially at frequencies
Grounding both ends of the shield, in
clding since some current would return via the

SHIELDING A RECEPTOR AGAINST MAGNETIC FIELDS

The best way to protect against magnetic fields at the recepior is to decrease
the area of the receptor loop. The area of interest js the total area enclosed
eW—tn—theTereptor circoii An iImportant consideration is the
path taken by the current in returning to the source. Quite ofien the current
returns by a path other than the one intended by the designer, and therefore
the area of the loop changes. If a nonmagnetic shield placed around g
conductor causes the current to return over a path that encloses z smaller
area, then some protection against magnetic fields will have been provided
by the shield. This protection, however, is due to the reduced loop area and
Ot to any magnetic shielding properties of the shield.
Figure 2-24 illustrates the effect of a shield on the loop area of
In Fig. 2.24A the source V. is connected to t
conductor, using a ground return path. The area
the rectangle between the conductor and
shield is placed around the conductor g
current returns through the shield rather
the loop is decreased. and 2 degree of m

a circuit,
he load R, by a single
enclosed by the current is
the ground plane. In Fig. 2-24B a
nd grounded at both ends. If the
than the ground plane, the area of
agnetic protection is provided, The

=

I

SHIELD ADDED
ONE END GROUNDED

LARGE ENCLOSED

SHIELD ADDED
TWO ENDS GROUNDED

REDUCED AREA

e e s =y f’""-e)—-——-_ﬁ"

NO SHIELD
LARGE ENCLOSED

AREA

Figure 2-24. Effecr of shield on receptor loop area.
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current returns through the shield if the frequency is greater than five tim
the shield cutoff frequency as previously shown. A shield placed around 1}?3-'
conductor and grounded at one end only, as shown in Fig. 2-24C, does n E."
change the loop area and therefore provides no magnetic pmte-::t,iun, 4
The arrangement of Fig. 2-24B does not protect against magnetic fields at
frequencies below the shield cutoff frequency since then most of the currem
| returns thmuglh the ground plane and not through the shield. This circuit
I. J should be avoided at low frequencies for two other reasons: (1) since the
shield is one of the circuit conductors, any noise current in it will produce ap
| IR drop in the shield and appear to the circuit as a noise voltage, and (2) if
rhf:re 15 a difference in ground potential between the two ends of the shield
this too will show Up as a noise voltage in the circuit. * :
Wheizever a circuit is grounded ar both ends, only a limited amount of
magnetic field protection is possible because of the large noise current induced
in :‘he ground ‘f{}ﬂp. Since this current flows through the signal conductor a
noise vnll::zgc 1s produced in the shield, equal to the shield current times tlm
shield resistance. This is shown in Fig. 2-25. The current /. js the noise
current in the shield due to g ground differential or to E,Sxternal

coupling. If voltages are added around the input loop,
expression is obtained:

‘gince L= M, as was previously shown

Vin=Rglg . (2-33)

Whenever shield current flows, a noise voltage is produced in the shield due
o the IR voltage drop.
en if the shield is

JLITICIE O] 3] N shield noi cnts s

still flow due to capacitive coupling to the shield. Therefore, for nmx:'rrmm
noise protection at low frequencies, the shield should not be one of the signal
conductors, and one end of the circuit must be isolated from ground,

— AL high Trequencies a coaxial cable contains three isolated conductors.
{1} the center conductor, (2} the inner surface of lt:u: shield conducter, and
(3) the outer surface of the shicld conductor. The inner and outer 5u:fac_:es
«of the shield are isolated from each other by skin effect. Thercfore the noise
_buupi.ing discussed ecarlier does not occur; because the signal current ﬂf:-ws
on the inside surface of the shield, the noise current flows on the outside,
and there 1s no common impedance,

noise
the following

SHIELD TRANSFER IMPEDANCE
WES, TRt Sy, (2-32) The shielding effectiveness of a cable can also be expressed in terms of the
shield transfer impedance. The shield transfer impedance is a property of
the shield that relates the open circuit voltage (per unit length) developed
between the center conductor and the shield, to the shield current. The

A I shield transfer impedance can be written as
=
NOISE CURR 1 (dV
ISE ENT
Zy=+ (—) , (2-34)
I \df

PHYSICAL: RERRESENTATION where |ZT is the transfer impedance in ohms per mctcrl {; is the shield
current, Vs the voltage induced between the internal conductors and the
shield, and [ is the length of the cable in_meters.

At low frequencies the transfer impedance is equal to the dc resistance of

] the shield, This is equivalent to the results obtained in Eq. 2-33. At higher
Vin 5= frequencies (above a megahertz for typical cables), the transfer impedaml;e
decreases due to skin effect, and the shielding of the cable increases. Skin

Rn= effect causes the noise current to remain on the outside surface of the shield,

and the signal current on the inside, and therefore it eliminates the common
impedance coupling between the two currents,

Figure 2-26 is a plot of the magnitude of the transfer impedanc_c {normal-
ized to the value of the de resistance R, ) for a solid tubular shield, If the
shield is braided, not solid, the transfer impedance will increase with
frequency above about 1 MHz, as shown in Fig. 2-32.

EQUIVALENT CIRCUIT

Figure 2.25, Effec of noise current Hawing in the shield of @ coarial cable.

*See Chapter 3, for further discussion of & shiclded cable grounded at both ends.
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1
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10-3 L 111y B DR
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Figure 2-26. Magninude of normalized transfer impedance for afsolid shield

EXPERIMENTAL DATA

The magnetic field shielding properties of various cable configurations were
mgasured and c:}mparffd. T"h:: test setup is shown in Fig. 2-27. and the test
results are ta‘bula_ted in Figs. 2-28 and 2-29. The frequency (50 kHz) is
%:;aterb:hanhhve times the shield cutoff frequency for all the cables tested

€ cables shown in Figs. 2-28 and 2-29 represent t ts cables : )
gy present tests cables shown s 1.2

In ::m:uij;s A through F (Fig. 2-28), both ends of the circuit are grounded,
They prnwde1 much less magnetic field attenuation than do circuits G
thm?gh _.‘-;' {Flg. ‘E-EEJJ. where only one end is grounded,

Circuit A in Fig. 2-28 provides essentially no magnetic field shielding. The

| EXPERIMENTAL DATA 57
064
M0
50-KILOHERTZ POWER
OSCILLATOR AMPLIFIER " L1
D-u: :-—G o e
s 2 !. IV EH]
10 VOLTS PEAK TO PEAK
L1 L2-TEST CABLE
10 TURNS OF 3 TUANS CONGCENTRIC
20-GAUGE WIRE, WITH L1,
9-IN DIAMETER T-IN. HAMETER

Figure 2-27, Test setup of inductive caupling experiment,

actual noise voltage measured across the one megohm resistor in this case
‘was 0.8 V. The pickup in configuration A is used as a reference and is called
0dB, to compare the performance of all the other circuits. In circuit B, the
shield is grounded at one end; this has no effect on the magnetic shielding,
Grounding the shield at both ends as in configuration € provides some
magnetic field protection because the frequency is above the shield cutoff
frequency. The protection would be even greater if it were not for the
ground loop formed by grounding both ends of the circuit, The magnetic
field induces a large noise current into the low-impedance ground loop
consisting of the cable shicld and the two ground points. The shield noise
current then produces a noise voltage in the shield, as was shown in the
preceding section.

Use of a twisted pair as in circuit ) should provide much greater
magnetic field noise reduction, but its effect is defeated by the ground loop
formed by circuit grounds at both ends. This can clearly be seen hy
comparing the attenuation of circuit H to that of circuit . Adding a shield
with one end grounded, to the twisted pair as in £ has no effect. Grounding
the shield at both ends as in F provides additional protection, since the
low-impedance shield shunts some of the magnetically induced ground-loop
current away from the signal conductors. In general, however, none of the
circuit configurations in Fig. 2-28 provide good magnetic field protection
because of the ground loops. If the circuit must be grounded at both ends,
configurations C or F should be used.

Circuit G shows a significant improvement in magnetic ficld shielding.
This is due to the very small loop area formed by the coaxial cable and the
fact that there is no ground loop to defeat the shielding. The coax provides a
very small loop area since the shield can be represented by an equivalent
conductor located on its center axis. This effectively locates the shield at or
very near the axis of the center conductor,

It was expected that the twisted pair of circuit H would provide consid-
erably more shielding than the 55 dB shown. The reduced shielding is due to
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EXPERIMENTAL DATA 59
ATTEMUATION

dB

1G) 1um_€j e &
1

(H) 55

i 70

[} 63

(K} 1000 {é 1ML 77
A !

FREQUENCY = |50 KILOHERTZ|FOR ALL TESTS

Figure 2.29. Resulis of inductive coupling experiment; all circuits grownded at one end only,

FREQUENCY =[50 KILOHERTZ|FOR ALL TESTS

-18. Resules of inductive coupling experiment; all circuits grounded af both ends

Figure 2

the fact that some electric field coupling is now beginning to show up. Thi
ip be seen in c:rcu}t I, where attenuation increases to 70 dB by pI;;ing j:
thaeld_ ar;:q‘mdl the tw:sted_ pair. The fact that attenuation in circuit G is better
an in [ indicates that in this case the particular coaxial cable present
smaller Iﬂ!:lp area to the magnetic field than does the twisted ;E:iir‘ ?‘J:isa
however, is not necessarily true in general. Increasing the number nlf tums:

per foot for either of the twisted pairs (H or I') would reduce the pickup. In
general, circuit [ is preferred to circuit & for low-frequency magnetic
shielding since in [ the shield is not also one of the signal conductors.

Grounding both ends of the shield as in circuit J decreases the shielding
slightly. This is due to the high shield current in the ground loop formed by
the shield inducing unequal voltages in the two center conductors. Circuit K
provides more shielding than [ since it combines the features of the coax G
with those of the twisted pair /. Circuit K is not normally desirable since any
noise voltages or currents that do get on the shield can flow down the signal
conductor, It is almost always better to connect the shicld and signal
conductors together at just one point. That point should be such that noise
current from the shield does not have to flow down the signal conductor to
get to ground.
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EXAMPLE OF SELECTIVE SHIELDING

61
|AL CABLE VERSUS SHIELDED TWISTED PAIR

The shielded loop antenna is an example where the

tively shielded while the magnetic field is unaffected
useful in radio direction finders.
pickup in broadcast receivers. Th
majority of local noise sources
Figure 2-30A shows the basic loo
of the voltage produced in the lo

It can also decrease
e latter effect is significant
generate a predominantly electric field,
P antenna. From Eq. 2-12. the magnitude
op by the magnetic field js

electric field js selep-
. Such an antenna jg
the antenna Noisge
because the

COAXIAL CABLE VERSUS SHIELDED TWISTED PAIR

; ir it is i to
- . iclded twisted pair, it is :mpcrt-'?m
ing coaxial cable with 2 shieldec i L af
\ Fumﬂan;!sge;;ncss of both types of cable from a P_fﬂl?ag_#“rnpiﬂr:"ﬁg_
-l?wgﬂ'lzcl: ective of their shiclding characteristics. Thls 1E~'.1 bwﬂl et o
mew’sll?‘:?g:d twisted pairs are very useful at frec;u;n;ms hLl [?Ml—{z Ab-ra-ave
2-31. Shie : ay reach as high as ;
. the frequency may el g _
some app'matm:Sin the shielded twisted pair increase c_::rnmder?fh:f AR
g rtl:c :;:1[5;; hand, coaxial cable has a more uniform charac

On the ;

Vo =2wfBAcos o . (2-35)
The angle ¢ is measured between the magnetic field and a perpendicular tg
the plane of the loop. The loop, however, also acts as » vertical antenna ang
picks up a voltage due to an incident electric field. This voltage is equal to
the £ field times the effective height of the antenna. For a circulgr

single-loop antenna, the effective height is 2774 /A (ITT, 1968, p. 25-6). The
induced voltage due to the electric field becomes

2
V.= TE cos 0 , (2-36)
The angle g
loop,

To eliminate pickup from the electric field, the
shown in Fig, 2.30B. However, this configuratio
flow, which will cancel the magnetic
preserve the magnetic sensitivity of th
prevent the flow of shield current. Thi
by breaking the shield at the
magnetic field component

is measured between the electric field and the plane of the

loop could be shielded as
n allows shield current 1o
field as well as the electric field. To
¢ loop, the shield must be broken to
s can be done as shown in Fig, 2-30C

top. The resulting antenna responds only to the
of an applied wave.

BASIC Loop LOOP WITH SHIELD LOOP WITH spT SHIELD
A B C
Figure 2-30. Spiir shield on loap antenng selectively

reduces electric field while Passing magnetic
field,

frequency
i ful, therefore, from zero
= with lower losses. It is useful, i : to UHE.
?ml’"'da“m' \THF" frequencies, with some HPP]’,Cﬂtmns- cﬂ?g?mt%uzgmu large,
{Ee p mf w hundred megahertz the losses in coaxial (-:dt : air has more
Above a fe ctical. A shielded twisted pair has mc
ruide becomes more pra ’ , at high
and n‘ra::;ult:;m a coaxial cable and therefore is not as useful B
capacit i s T ircuits.
ies or in high-impedance ¢ 8. ] ; degree of
-‘fl‘ﬁquencm?;l clablcggmundt:d al one :ﬂcmtlpmwdes 5;1 &ﬂﬂi‘; ;hggshie] d
prn?ecf;i:: Iraim CApARILVE, Prevup. But it E:jn{{m;:ﬁ;c:; t;::rsshield current
. A 5 :
. age is produced. Its magnitude i , > signal path, this
i nnlsah:uslﬁ.‘i’fﬂi rESF:St&T:IEL:. Since the ﬁhsalq 5 par. of thti_s:ﬁﬁﬂ ;: bl
i ltage appears as noise in series with the input sig Ishieldﬂ can
bl \:? % t;'i'lxial. cable with insulation bﬂt','w':un s g 1se current
e Gh* fsics produced by the shield resistance. The {m#.;hic"d The
ﬂ]mlquh:: ;uter Lshield and the signal current flows in thﬁ anI: .a cUI!'-IITiU“
?;):S c::rrents (signal and noise) therefore do not flow throug
. T
impedance. W e ;o expensive and awkward to use.
' ately, triaxial cables are exp miitat e i e
UFiuii?it:l}rhigh frequencics, hnwever.‘acts as a triaxial ?ﬂ" Sasndt
I::::?mIﬂ’ff::‘t:t For a typical shielded cable, skin ¢ffect becomes imp
skin e . :

1
WAVE GUIDE
=,
N
COAXIAL GABLE 3 >
Y
A ~~ SPECIAL
- HORMAL
LIMIT APPLICATIONS
TWISTED PAIR OR
SHIELDED TWISTED PAIR | s
&
Y - SPECIAL
[=— HORMAL APPLICATIONS
LiMiT
| r 1GH & 10GH ¢
L’\ kH 10akH:  IMHe  10MH o 10OMH
e s e FREQUENCY

I =Jl. ’ ¥ REIEsson res,
%]} xeful requency range jor WIriaus fran!
Figure 2 U
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about 1 MHz. The noise current flows on the outside surface of the shielqd
while the signal current flows on the inside surface. For this reason a coaxial
cable is better for use at high frequencies.

A shielded twisted pair has characteristics similar to a triaxial cable and s
not as expensive or awkward. The signal current flows in the two inner
conductors, and any noise currents flow in the shield. Common-resistance
coupling is eliminated. In addition any shield current is coupled equally intg
both inner conductors by mutual inductance, and the voltages therefore
cancel.

An unshielded twisted pair, unless its terminations are balanced, provides
very little protection against capacitive pickup, but it is very good for
protection against magnetic pickup. The shielded twisted pair provides the
best shielding for lo -frequency signals, in which magnetic pickup is the
major problem. The effectiveness of twisting increases as the number of
twists per unit length increases.

BRAIDED SHIELDS

Most cables are actually shielded with braid rather than with a solid
conductor., The advantages of braid are flexibility, durability, strength, and
long fex life. Braids, however, typically provide only 60-98% coverage and
are less effective as shields than solid conductors. Braided shields usually
provide just slightly reduced electric field shielding (except at UHF fre-
quencies) but greatly reduced magnetic field shielding. The reason is that
braid distorts the uniformity of the shield current. A braid is typically from 5
to 30dB less effective than a solid shield for protecting against magnetic
fields.

At higher frequencies the effectiveness of the braid decreases further.
This is because the braid holes become larger compared to a wavelength, as
the frequency increases. Multiple shields offer more protection, but with
higher cost and less flexibility. Cables with double or even triple shields are
used in some critical applications,

Figure 2-32 (Vance, 1978, Fig. 5-14) shows the transfer impedance for a
typical braided-shielded cable normalized to the dc resistance of the shield.
The decrease in transfer impedance around 1 MHz is due to the skin effect
of the shield. The subsequent increase in transfer impedance above 1 MHz is
due to the holes in the braid. Curves are given for various percentages of
coverage of the braid. As can be seen, for best shielding the braid should
provide at least 95% COYCrape

\EFFECT OF PIGTAILS

Cables with very thin solid aluminum-foil shields are available and
provide almost 100% coverage and more effective electric field shielding,
They are not as strong as braid, have a higher shield cutoff frequency due to
their higher shield resistance, and are difficult (if not impossible) to termi-
nate properly. Shields are also available that combine a foil shield with a
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Figure 2-32. Normalized transfer impedance of a braided-wire shield, as a function of percent
braid coverage ( from Vance, 1978, © Wiley).

braid, and these shields are intended to take advantage njf the best pmgl:
erties: of each, while minimizing the disadv?ntages. The braid gllﬂul-':s p;ﬂapid
360° termination of the shield, and the foil covers the holes in the braid,

EFFECT OF PIGTAILS

The magnetic shielding previously discussed dcpend:f. on a uniform distr'uTI-:l:;
tion of the longitudinal shield current around the shield circumference.

magnetic shielding effectiveness near the ends qu the [:El'lble d%pends ;21 ::::E
way the braid is terminated. A pigtail ccr;nect;m;, F;gi:éli.-.l:‘érc;uax i‘mum
i ide of the s : )
shield current to be concentrated on one si : _
protection, the shield should be terminated um_fnrml}r around 11:5 t:rf}l-lsz
section, T111is can be accomplished by using a coaxial connector such as
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TERMINAL
OUTER  BRAIDED Sk
5H EIATH BHIFLD

CENTER Figure 2-33.  Pigsail shield connection concen.

&~
DIELECTRIC < CONDUCTOR

frates current on one side of shietd.

BNC, UHF, or Type N connectors. Such a connector, shown in Fig. 2-34,
provides 360° electrical contact to the shield. A coaxial termination also
provides complete coverage of the inner conductor, preserving the integrity
of electric field shielding, '

Figure 235 shows one method of providing a 360° shield lermination
without using a connector. The use of a pigtail termination that is only
small fraction of the total shielded cable length can have a significant effect
on the total noise coupling to a cable,

For example, the coupling to a 3.66-m (12 ft) shiclded cable with the
shield grounded at both ends with 8-cm pigtail terminations s shown in Fig,
2-36 (Paul 1980, Fig. 8a). The terminating impedance of the shielded
conductor was 50 ). This figure shows the individual contributions of the
magnetic coupling to the shielded portion of the cable, the magnetic
coupling to the unshielded (pigtail) portion of the cable, and the electric
coupling to the unshielded portion of the cable. The capacitive coupling to

Figure 2-34. Disassembied pre: connector showing a 360° contacr 1o shield
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Figure 2-35. (lne meihod of terminating o cable with 360° contact to the shield.
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Figure 2-36. Coupling fo a 3.7-m shielded cable with an 8-cm pigtail termination, Cirouif
re : ;
termination equals 50 13 { from Paul, 1980, ©) IEEE).
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the shielded portion of the cable was neglio i
: as negligible since th i
gr;:r:ndcd and the terminating impedance was low. As caLn IJL‘{: 5;::1611?1 ;ifus
. ,_al:rc:_ve 100 k]—!z the primary coupling to the cable is from indu -t'g.
coupling into the pigtail, S
If the terminating impedance of the shielded is i
ed : conductor is increased f
5!:} l(i 1{1{)1.1} ‘ﬂ, the result is as shown in Fig, 2-37 (Paul 1980, Fig. 8b). l-;g:;
Ithe capacitive coupling to the pigtail is the predominant coupling mechanism
; m:::: lg]kHz.hUnder these conditions the coupling at 1 MHz is 40 dR
reater than what it would have been if the o c
i e it the cable had been completely
The maximum benefits of a well-shielded cable will only be realized if the

ﬁhje Id is P[Up'ﬂ I"I}" ter mina!ﬂ I h = i 50 o T > -
. Z q f a P pc Shleld [L]’I'I‘l]_

. A very low impedance ground connection
2. A 36(° contact with the shield
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GCABLES
RIBBON CABLES

" A major cost associated with the use of cables is the expense related to the
termination of the cable. The advantage of ribbon cables is that they allow
:_.,"Inw-mst multiple terminations. This is the primary reason for using ribbon
cables.

Ribbon cables have a second advantage. They are “controlled cables”
pecause the position and orientation of the wires within the cable is fixed,
like the conductors on a printed wiring board. A normal wiring harness is a
“random cable™ because the position and orientation of the wires within the
cable 1 random and varies from one harness to the next. Therefore the
noise performance of a “random cable™ can vary from one unit to the next.

The major problem associated with the use of ribbon cables relates to the
way the individual conductors are assigned with respect to signal leads and

unds.

Figure 2-38A shows a ribbon cable where one conductor is a ground and

all the remaining conductors are signal leads. This configuration is used
because it minimizes the number of conductors required; however, it has
three problems. First, it produces large loop areas between the signal
conductors and their ground return, which results in radiation and suscep-
tibility. The second problem is the common impedence coupling produced
when all the signal conductors use the same ground return. The third
problem is crosstalk between the individual conductors—both capacitive and
magnetic; therefore this configuration should seldom be used. If it is used,
the single ground should be assigned to one of the center conductors to
minimize the loop areas.

Figure 2-38B shows a better configuration. In this arrangement the loop
areas arc small because each conductor has a separate ground return next to
it. Since each conductor has a separate ground return, common impedance
coupling is eliminated, and the crosstalk between leads is minimized. This is
the preferred configuration for a ribbon cable, even though it does require
twice as many conductors as Fig. 2-38A. In applications where crosstalk
between cables is a problem, two grounds may be required between signal
conductors.,

A configuration that is only slightly inferior to Fig. 2-38B, and one that
uses 25% fewer conductors is shown in Fig. 2-38C. This configuration also
has a ground conductor next to every signal conductor and therefore has
small loop areas. Two signal conductors share one ground, so there is some
common impedance coupling, and the crosstalk is higher than in Fig. 2-38B
because there is no pground between adjacent signal conductors. This
configuration may provide adequate performance in some applications.

Ribbon cables are also available with a pround plane across the width of
the cable as shown in Fig. 2-38D. In this case the loop areas are determined
by the spacing between the signal conductor and the ground plane under it.
Since this dimension is less than the lead-to-lead spacing in the cable, the
loop areas are smaller than in the alternate ground configuration of Fig.
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2-38B. If allowed to do 80, the ground

cF?;d;fzztgr.Hfur the same reason that the current returned on the shield in
i t.hﬂ gr;mnc:jw:l\:; utl;::arsc::fncahte istterr_r;;n;ted with a full-width contact
; ! currents will be forced out fro der th
s:gnawli leads, and the loop area will j o
terg:_nate thi'_s kind of cable properly, it':';r::}ieglftﬂe::?:j:n::n;d{fgﬁ e
;. :Itdi: n:l}:bundcat{les are also available; however, unless the s:hield is
Feoes ¥ inated with a 360° connection (a difficult thing to do), their
s r:{;n.:?ss 1sfr§on51-:‘terah1y reduced. The effect of shield tﬂnninati!::::—n on
Palmgmna I[H:Im m Ebbﬂn cablfl:s was discussed by Palmgren (1981)
i lf::" :h['u::j tdat the outside conductors in a shielded ribbon Cﬂbe;
el ielded as t!m :{unductors located closer to the center of the
¥pically 7 dB less shielding). This effect is due to the nonuniformity

of the shield current at the outside edge of the shield. Therefore critical

signals should not !
cibles: be placed on the outside conductors of shielded ribbon

current will low under the signal

|GALLY LONG CABLES 69
ELECTRICALLY LONG CABLES

he preceding analysis has assumed that the cables were short compared to
a wavelength. What this really means is that all the current on the cable is in
hase. Under these circumstances the theory predicts that both the electric
yand the magnetic field coupling increase with frequency indefinitely. In
Pmctice, however, the coupling levels off above some frequency.
 As cables approach a quarter-wavelength in length, some of the current
'jn the cable is out of phase. When the cable is a half-wavelength long the
out-of-phase currents will cause the external coupling to be zero due to
cancellation of effects. This does not alter the dependence of the coupling
on the various other parameters of the problem; it only changes the
numerical result. Therefore the parameters that determine the coupling
remain the same, regardless of the length of the cables.
3 Figure 2-39 shows the coupling between two cables with and without the
assumption that the cables are short. The results are similar up to the point
where the phasing effects start to occur, about one-tenth of a wavelength,
Above this point the actual coupling decreases because the current is not all
in phase, whereas the short cable approximation predicts an increase in the

SHORT CABLE g

APPROXIMATION P
TRANSMISSION LINE
MODEL

'
o

NOISE VOLTAGE COUPLING
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Figure 2-39, Electric field coupling between cables using the shaort cable approximations and the
tramsmission ling model,
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coupling. If the rise in coupling predicted by the short cable dpproximatiop
is truncated at a quarter-wavelength, it provides an approximation to the
actual coupling. Note that the nulls and peaks produced by the phasing of
the currents are not taken into account under these circumstances, How-
ever, unless one is planning to take advantage of these nulls and peaks in
the design of equipment—a dangerous thing to do—their location is not

important.

For more information on analyzing long cables see Paul (1979) and Smith
(1977).

SUMMARY

e Electric fields are much easier to guard against than magnetic fields.

@ The use of nonmagnetic shields around conductors provides no mag-
netic shielding.

e A shield grounded at one or more points shields against electric ficlds,

e The key to magnetic shielding is to decrease the area of the loop. To
do that, use a twisted pair or a coaxial cable if the current return is
through the shield instead of in the ground plane,

e For a coaxial cable grounded at both ends, virtually all of the return
current flows in the shield at frequencies above five times the shield
cutoff frequency,

e To prevent radiation from a conductor, a shield grounded at both ends
is useful above the shield cutoff frequency.

e Only a limited amount of magnetic shielding is possible in a receptor
circuit that is grounded at hoth ends, due to the ground loop formed.

® Any shicld in which noise currents flow Should not be part of the signal
path. Use a shiclded twisted pair or a triaxial cable at low frequencies.

At high frequencies a coaxial cable acts as a triaxial cable due to skin
effect,

e The shiclding effectiveness of twisted pair increases as the number of
twists per unit length increase.

e The magnetic shielding effects listed here require a cylindrical shield

with uniform distribution of shield current over the circumference of
the shield,
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GROUNDING

Grounding is one of the primary ways of minimizing unwanted noise and
pickup. Proper use of grounding and cabling, in combination, can solve a
large percentage of all noise problems. A good ground system must be
designed; it is wishful thinking to expect a ground system to perform well if
no thought has been given to its design. It is difficult to believe that
%_xpensive engineering time should be devoted to sorting out the minute
details of circuit grounding, but in the end, not having to solve mysterious
noise problems once the equipment is built and tested saves both money and
time.

~ One advantage of a well-designed ground system is that it can provide
protection against unwanted interference and emission, without any addi-
tional per-unit cost to the product. The only cost is the engineering time
; required to design the system. In comparison, an improperly designed
- ground system may be a primary source of interference and emission and
therefore require considerable engineering time to eliminate the problem.
Hence properly designed ground systems are truly cost-effective.

Grounds fall into two categories: (1) safety grounds and (2) signal
grounds. If the ground is connected to the carth through a low impedance
path, it may be called an earth ground, Safety grounds are usually at earth
potential, whereas signal grounds may or may not be at earth potential. In
many cases a safety ground is required at a point that is unsuitable for a
signal ground, and this may complicate the noise problem.

SAFETY GROUNDS

Safety considerations require the chassis or enclosure for electric equipment
to be grounded. Why this is so can be seen in Fig. 3-1. In the left-hand
diagram Z, is the stray impedance between a point at potential V, and the
chassis, and Z, is the stray impedance between the chassis and ground. The
potential of the chassis is determined by impedances Z, and Z, acting as a
voltage divider, The chassis potential is

ZZ
P::ha::l! = (Z. S zz)VI N ':3-1}

The chassis could be a relatively high potential and be a shock hazard, since
its potential is determined by the relative values of the stray impedances

73
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over which there is very littl

( : ¢ control, If the chassis
jts'fi?tentml is zero since Z, becomes zero. i v
dang;ﬂ;;ggz—hi?d dlafimm of Fig. 3-1 shows a second and far more

situation: a fused ac line entering an enel
an insulation breakdown such th o osure. If there should be
: at the ac line comes i i '
chassis, the chassis would efing the 11 s
s, then be capable of deliveri -
capacity of the fused circuit. Ap ing i % Wik 1 el
- ANyone coming in contact with the chassic and
/ 5805

g:zﬁﬁddc\:;ogid be connected d_lrcctly across the ac power line. If the c:hassiasni:
» however, such an insulation breakdown will draw a large current

[n_rhe United States, ac power
contained in the National Electrical
specifies that 115-V ac power distribut
three wire system, as shown in Fig.

Figure 3-3. Combination 115/230-V ac power distribution circuir has four leads,

jire {black), which is fused, and returns through the neutral wire (white). In
addition a safety ground wire {green) must be connected to all equipment
enclosures and hardware. The only time the green wire carries current is
during a fault, and then only momentarily until the fuse or breaker opens
T]'Ie circuit. Since no load current flows in the safety ground, it has no IR
drop, and the enclosures connected to it are always at ground potential. The
National Electrical Code specifies that the neutral and safety ground shall be

nected together at only one point, and this point shall be at the main
iﬁéwim entrance.® To do otherwise would allow some of the neutral current
to return on the ground conductor. A combination 115/230-V system is
similar, except an additional hot wire (red) is added, as shown in Fig. 3-3. If
the load requires only 230 V the neutral (white) wire shown in Fig. 3-3 is not

distribution and wiring standards are
{Sodf‘:, One requirement of this code
1on in homes and buildings must be g
3-2. Load current flows through the hot

—— SERVICE ENTRANGE

S required.
B ] i
H E'—-d'\;—I HOT (BLACK) I!“"“———F
| 115y | | | SIGNAL GROUNDS
I | [ LQAD
| | NEUTRAL (WHITE) I ]I-i*— LOAD ENCLOSURE A ground is normally defined as an equipotential” point or plane fhat serves
[ [ I__ as a reference potential for a circuit or system. This definition, however, 1s
I | S S not representative of practical ground systems because they are not
I II GROUND (GREEN) equipotentials; also it does not emphasize the importance of the actual path
i J

*Allowable exceptions are clectric ranges, wall-mounted ovens, counter-mounted cooking
units, and electric clothes dryers. For these appliances the case may be connected to ground via
the newtral wire, See the National Electrical Code, paragraph 250-60, I'-}E'F._ .

‘A point where the voltage does not change, regardless of the current applied to it or drawn

from it.

Figure 3-2. Standard 115V a¢ power distribation circuit has three fogds.
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takgn by the current in returning to the source. It is important for the
dcﬁ}grlwr to know the actual current path in order to determine the radiated
emission or the susceptibility of a circuit. To understand the limitations and
problems of “real world” ground systems, it would be better ta wse 4
dcnnyt!on more representative of the actual situation, Therefore a better
definition for a signal ground is a low-impedance path for current to return to
E‘he source (Ott, 1979). This “current concept” of a ground emphasizes the
importance of current flow. It implies that since current is Aowing through
some finite impedance, there will be a difference in potential between twao
phys:cally separated points. The equipotential concept defines what a
ground ideally should be, whereas the current concept defines what a

ground actually is.

[ The actual path taken by the ground current is important in determining
Fhe magnetic coupling between circuits. The magnetic or inductive cﬂupling-
15 proportional to loop area. But what is the loop area of a system
containing multiple ground paths? The area is the total area enclosed Ey the
actual current flow. An important consideration in determining this area is
the ground path taken by the current in returning to the source, Often this is

not the path intended by the designer

In designing a ground it is important to ask: How does the current flow?
The path taken by the ground current must be determined. Then, since any
conductor-carrying current will have a voltage drop, the effect of this
voltage drop on the performance of the other circuits connected ter the
ground must be considered.

The proper signal ground system is determined by the type of circuitry,
the frequency of operation, the size of the system (self-contained or
distributed), and other constraints, such as safety, No one ground system is
appropriate for all applications.

Signal grounds usually fall into one of three categories: (1) single-point
gmulndsl. (2) multipoint grounds, and (3) hybrid grounds. Single-point and
multipoint grounds are shown in Figs. 3-4 and 3-5, respectively. A hybrid
ground is shown in Fig. 3-6, There are two subclasses of single-point
grounds: those with series connections and those with parallel connections.
The series connection is also called a common ground or daisy chain, and
the parallel connection is called a separate ground system.

SERIES CONNECTION

FARALLEL COMMECTION

Figure 3-4. Two types of single-point graunding connections,

SINGLE-POINT GROUND SYSTEMS 77

In general, it is desirable to distribute power in a manner that parallels
the ground structure. Usually the ground system is designed first, and then
the power is distributed in a similar manner.

In the following discussion of grounding techniques, two key points

should be kept in mind:

1. All conductors have a finite impedance, penerally consisting of both
resistance and inductance. At 11 kHz, a straight length of 22-gauge
wire one inch above a ground plane has more inductive reactance than
resistance.

2. Two physically separated ground points are seldom at the same
potential.

The ac power ground is of little practical value as a signal ground, |The
voltage measured between two points on the power ground is typically
hundreds of millivolts, and in some cases many volts. This is excessive for
low-level signal circuits, A single-point connection to the power ground is
usually required for safety, however,

SINGLE-POINT GROUND SYSTEMS

With regard to noise, the most undesirable single-point ground system s the
common ground system shown in Fig, 3-6. This is a series connection of all
the individual circuit grounds. The resistances shown represent the impe-
dance of the ground conductors, and [,, I,, and [, are the ground currents of

Figure 3-5. Mulipoint grownding connections.

CIRCUIT CIRCUIT CIRCUIT
1 2 3
R, v A, L 2 A, L I8
—\V\r & -
= hthatlh L+l Iy

Figure 3-6. Common ground system is a series pround connection and is undesirable from a
roise standpoint bur has the advantage of simple wiring.
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. . oint A 15 not ar z i :

Vis(h + L+ LR, , (3-2)

and point C is at a potential of
Ve =i, + &+ YR, + (f;+ )R, + IR, (3-3)

jﬂnllhu::nugh this circuit is the least desirable single-point grounding svstem. |
Is pn_:bl:ra_hly the most widely used because of jts simplicity. For ngncrint]'f 1
circuits it may be perfectly satisfactory. This system shm.xld not be uLCE:iI
]t;f:twcen circwits operating at widely different power levels, since .IEE
E;Igh-luw];el stag::s.pmduce large ground currents which in turn adversely
ect the low-level stage. When this system is used, the most critical sta
sf_muId hf-’ the one nearest the primary ground point, Note that point At s
Fig. 3-6 is at a lower potential than point B or . PO
The separate ground system (parallel connection) shown in Fig. 3-7 is the
most desirable at low frequencies. That is because there is no cms;s r:uuplin;

between ground currents from different circuits. The potentials at points A
and C, for example, are as follows: L

V,=1LR,, (3-4)
Ve= LR, (3-5)
The ground potential of a circuit is now a function of the ground current and

mpedance of that circuit only. This system is mechanically cumbersame

l

CIRCUIT CIRCWUIT CIRCINT
1 2 3
B
£ pAAAY c

F i V. L 1 R L]
J.glll'ﬁ 3—?.- Se, araie Erﬂ‘ﬂﬂd System Is a ﬂﬂ'!ﬂljf] growng conReciion a ﬂ' 2o fede, gﬂ!’?d II
Ll

frequency grounding bur is mechanically cumbersome,

MULTIPOINT GROUND SYSTEMS 79

A limitation of the single-point ground system occurs at high frequencies,
where the inductances of the ground conductors increase the ground impe-
dance. At still higher frequencies the impedance of the ground wires can be
very high if the length coincides with odd multiples of a quarter-wavelength.
Mot only will these grounds have large impedance, but they will also act as
antennas and radiate noise. Ground leads should always be kept shorter
than one-twentieth of a wavelength to prevent radiation and to maintain a
low impedance. At high frequencies there is no such thing as a single-point

ground.

MULTIPOINT GROUND SYSTEMS

The multipoint ground system is used at high frequencies and in digital
circuitry to minimize the ground impedance. In this system, shown in Fig.

3-8, circuits are connected to the nearest available low-impedance ground
plane, usually the chassis. The low ground impedance is due primarily to the
lower inductance of the ground plane. The connections between each circuit
and the ground plane should be kept as short as possible to minimize their
impedance. In very high frequency circuits the length of these ground leads
must be kept to a small fraction of an inch. Multipoint grounds should be
avoided at low frequencies since ground currents from all circuits flow
through a common ground impedance—the ground plane, At high fre-
quencies, the common impedance of the ground plane can be reduced by
silver plating the surface. Increasing the thickness of the ground plane has
no effect on its high frequency impedance, since current flows only on the
surface due to skin effect,

CIRCLIT CIRCUIT CIRCUIT

Ly

GROUND PLANE

Figure 3-8. Muliipoint ground sysiem is a good choice ar frequencies above 10 MHz. Impe-
dances R, —R, and L -L, showuld be minimized.
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Normally at frequencies below one megahertz a single-point ground
system is preferable; above 10 MHz, a multipoint ground system is best.

SINY OC used, provided
the length of the longest ground conductor is less than one-twentieth of a
wavelength. If it is greater than one-twentieth of a wavelength, a multipoint
ground system should be used.

Many ground system problems occur as the result of common impedance
coupling. Common impedance coupling becomes a problem under one of
more of the following conditions:

1. A high-impedance ground (usually too much inductance)

2. A large ground current (often due to power frequency currents or
magnetic field pickup)
3. A very sensitive (low noise-margin) circuit connected to the ground

Single-point grounds overcome these problems by separating ground
currents that are likely to interfere and forcing them to flow on different
conductors. This is effective at low frequencies. However, the single current
paths and long lead lengths increase the inductance which is detrimental at
high frequencies. In addition at high frequencies single-point grounds are
almost impossible to achieve because parasitic capacitance closes the ground
loop.

Multipoint grounds overcome these problems by producing a very low
ground impedance. The ground system is interconnected by a large number
of parallel paths (a grid) or a solid metal plate (a plane). Multipoint grounds
create ground loops that may be prone to magnetic field pickup. The
obvious solution is to keep the area of the loops small by using a grid or
plane and to avoid multipoint grounds with very low noise-margin (low
millivolt or microvolts) circuits.

Digital logic circuits must be treated as high-frequency circuits, due to the
high frequencies they produce. A good low inductance ground is necessary
on any printed wiring board containing a large number of digital logic
circuits, The ground can he cither a low-impedance ground plane or g
ground grid (see Chapter 10). The ground plane provides a low inductance
ground return for the power supply and signal currents and allows for the
possibility of using constant impedance transmission lines for signal inter-
connections. A ground grid minimizes the ground inductance by providing
many parallel paths for ground return currents and can be almost as
effective as a ground plane.

Although the ground on a digital logic board should be multipoint, that
does not mean that the power supplied to the board should be multipoint
grounded. Since the high frequency digital logic currents should not flow
through the power supply conductors feeding the board, and since the
power is low frequency (dc), it can be wired as a single point ground, even
though the logic board ground is multipoint.

a1
HYBRID GROUNDS

HYBRID GROUNDS

i d is one in which the system-grounding configuration appears
;f?;igﬂf r:::ut;fferent frequencies. Figt_:rc 3-9 shows a common type h}'t:;‘u:
round system that acts as a single-pgmt ground a_t [ rr&g'l.-lﬂlﬂ':lﬂs an s
iultipoim ground at high frequencies. A praf:tlcall uEph::dl,um of : is
principle i5 the cable-grounding scheme shown in Fig. _1_-33. At ]Uw. r;.,
quencies the cable shield is single-point grounded, and at high frequencies it
4 ﬂ;“ﬁl;’;ﬂﬂf?:p‘ldzi hybrid ground is shown in Fig. 3-[!51. This hybrid
ground, although not as common as the one just mentioned, is u'-.u.i when .—j
number of chassis must be grounded to the power system green wire gn.{:;u;: ;
for safety reasons, but it is desirable to hzln'u a single-point signal groun a}r
the circuitry. The chokes provide a luw—m?pcdancr: -'Siift:t.}' ground at powe

line frequencies and ground isolation at higher frequencies.

Figure 3-9, A fyvlrid ground connection that acts as a single-point ground at low frequencies and
a muliipoint ground at high frequencies.

- — —r : T P A
A EEH o

Figure 3-10. A hybrid ground connection that acts a5 a muliipoint ground at low frequencies and
a single-point ground at high frequencies,
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. —

DIGITAL

j S

Figure 3-11. A printed wiring b ]
& board with three separate ground svsy, i /
one for the low-level analog circuits, and one Jor the “noisy" rﬁz;’:ﬁ- e el e

FUNCTIONAL GROUND LAYOUT

Wher} different types of circuits (low-level analog, digital, noisy, ete.) :
used in thc_ﬂ. same system or on the same printed wiring bualrd ea{;h mtlnldtl:—:
grmmdeq il @ manner appropriate for that type of circuit. Thf;ﬂ the diff :
ground circuits should be tied together, usually at a single point. Fi E;EIH 1L
shows an example of this on a printed wiring board. G

PRACTICAL LOW-FREQUENCY GROUNDING

:';11051 practical gmundmg_ systems at low frequencies are a combination of
¢ series and parallel single-point ground. Such a combination is a
promise Ibctween the need to meet the electrical noise criteria and thcmcrzr;i
of avoiding more wiring complexity than necessary. The key to balanfin
T.|l£:.':'~EI factors successfully is to group ground leads selectively, so that circu‘tg
of wulelg,_r varying power and noise levels do not share th1e same gro ‘5
Ir:':urn wire. Thus several low-level circuits may share a cun;mﬂn Engd
mnudr:;m\:hﬂ: other high-level circuits share a different ground return
Shaﬂﬁﬁﬁ;‘ns;?;en;:;qugf a m:im'mum of three separate ground returns, as
S ) . The s:gr:a‘ ; gr-l::-und used for low-level electronic circuits
¢ separated from the “noisy” ground used for circuits such as relays

PRACTICAL LOW-FREQUENCY GROUNDING 83
NOISY
GROUND HARDWARE
SIGNAL (RELAYS, GROUND™
GROUND MOTORS, [CHASSIS,
(LOW-LEVEL HIGH-POWER RACKS,
CIRCUITS) CIRCUITS) CABINETS)

*AC POWER GROUND CONNECTED TO
HARDWARE GROLMND WHEN REQUIRED

Figure 3-12. These three classes of grounding connections should be kept separare to aveid noise
conpling.

and motors. A third “hardware” ground should be used for mechanical
enclosures, chassis, racks, and so on. If ac power is distributed throughout
the system, the power ground (green wire) should be connected to the
hardware ground. The three separate ground return circuits should be
connected together at only one point. Use of this basic grounding configu-
ration in all equipment would greatly minimize grounding problems.

An illustration of how these grounding principles might be applied to a
nine-track digital tape recorder is shown in Fig. 3-13. There are three signal
grounds, one noisy ground, and one hardware ground. The most sensitive
circuits, the nine read amplifiers, are grounded by using two separate
ground returns. Five amplifiers are connected to one, and four are con-
nected to the other. The nine write amplifiers, which operate at a much
higher level than the read amplifiers, and the interface and control logic are
connected to a third ground return, The three de motors and their control
circuits, the relays, and the solenoids are connected to the noisy ground. Of
these elements, the capstan motor control circuit is the most sensitive; it is
properly connected closest to the primary ground point. The hardware
ground provides the ground for the enclosure and housing, The signal
grounds, noisy ground, and hardware ground should be connected together
only at the source of primary power, that is, the power supply.

When designing the grounding system for a piece of equipment, a block
diagram similar to Fig. 3-13 can be very useful in determining the proper
interconnection of the various circuit grounds.
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Figure 3-13. Typical grounding svstem for nine-track digital tape recorder.

HARDWARE GROUNDS

Eielctrumc circuits for any large system are usually mounted in relay rack
cabinets. These racks and cabinets must be grounded for safet }rl 'S -
systems such as electromechanical telephone offices, the r'u;:k-a s:nr ; -‘:HTEE
return cc-nd_ucmr for relay switching circuits, The ra:::k gm:md‘ is oftc* s
noisy, and it may have fairly high resistance dye to joints and sea aiin the
rack or in pull-out drawers. e
mounted on panes s e (1 moconsin of 1t of clectrnis
: i : i
number 1, on the left, shows correct grounding. ']"i?-:: t;zc;?]sa;r;aciz EE T;k
rack to provide a good ground, and the racks are strapped tuécthit: and ti ;
to ground at the primary power source. The electronics circuit ground d %
not make contact with the panel or rack. In this way noise currents on ?!::

Figure 3-14. Electronic circuits meounted in equipment racks should have separate ground
‘connections. Rack 1 shows coreect grounding; rack 2 shows incorrect grounding.

rack cannot return to ground through the electronics ground. At high
frequencies some of the rack noise current can return on the electronics
ground due to capacitive coupling between the rack and electronics. This
capacitance should therefore be kept as small as possible. Rack 2, on the
right, shows an incorrect installation in which the circuit ground is connected
to the rack ground.® MNoise currents on the rack can now return on the
¢lectronics ground, and there is a ground loop between points 1, 2, 3, 4, and
1

If the installation does not provide a good ground connection to the rack
or panel, it is best to eliminate the questionable ground, and then provide a
definite ground by some other means, or be sure that there is no ground at
all. Do not depend on sliding drawers, hinges, and so on, to provide a
reliable ground connection. When the ground is of a questionable nature,
performance may vary from system to system or time to time, depending on
whether or not the ground is made.

Hardware grounds produced by intimate contact, such as welding, braz-
ing or soldering, are better than those made by screws and bolts. When
joining dissimilar metals for grounding, care must be taken to prevent
galvanic corrosion and to ensure that galvanic voltages are not troublesome,
Improperly made ground connections may perform perfectly well on new
equipment but may be the source of mysterious trouble later.

A crcmt ground to rack ground connéction may be required for electrostatic discharge
protection. See Chapter 12,
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When electrical connections are to be made to a metallic surface, such g
a chassis, the metal should be protected from corrasion with g conductive
coating. For example, finish aluminum with a conductive alodine or chrg-
mate finish instead of the nonconductive anodized finish. If chassis are to e
used as ground planes, carefyl attention must be paid to the clectriea]
properties of seams, joints, and openings.

SINGLE-GROUND REFERENCE FOR A CIRCUIT

Since two ground points are seldom at the same potential, the difference in
ground potential will couple into a circuit if it is grounded at more than one
point. This condition is illustrated in Fig. 3-15; a signal source s grounded at
point A and an amplifier is grounded at point B. Note that in this discussion
an amplifier is generally mentioned as the load. The amplifier is simply »
convenient example, however, and the grounding methods apply to any type
of load, Voltage Ve represents the difference in ground potential between
points A and B. In Fig. 3-15 and subsequent illustrations, two different
ground symbols are used to emphasize that two physically separated grounds
arc not usually at the same potential. Resistors K¢y and R, represent the
resistance of the conductors connecting the source to the amplifier,

In Fig. 3-15 the input voltage to the amplifier is equal to AL R
eliminate the noise, o f € removed,

Elimination of the ground connection at B means the amplifier must operate
from an ungrounded power supply. A differental amplifier could also be
used, as discussed later in this chapter. It is usually easier, however, to
eliminate ground connection A4 at the source,

Ry
AN -0
@ s Ying
Rz
AVAYAY. T
|-
T
NS
Vg
e —
A 1I'I|N‘="'er+'|lrs =]

Figure 3-15. Noivwe voltage Vi, will couple into the amplifier if the circuit is Erounded ar more
than one point,

ar
SINGLE-GROUND REFERENCE FOR A CIRCUIT
The effect of isolating the source from ground can t_u: detf:rrn;'ned tfny
sidering a low-level transducer connected to an amphﬁar, as shown :jn
c?mlEulﬁ Both the source and one side of the amplifier input are grounded.
Flgl:-"ur T.I';c case where R, =R, + R, + R, , the noise voltage V, at the

amplifier terminals is equal to

RL ][ R(-z ]V :’_3"6}
lVN:[R;. + R:‘L""Rs Rc'z"'Rr; i

i : Case d potential in Fig. 3-16 is
le 3-1. Consider the case where the ground p :
E:::I! P;} 1} mV, a value equivalent to 10 A of ground c;rrcntl illnwmﬁ
 resi =5000, Ry =R.,=11, an
h a ground resistance of 0.01 £. If R,  Rey= R, 1 .
:;;11"'3':“ éf{]' EI’% then from Eq. 3-6 the noise voltage at the _ampltﬁar ta:rmmats is
l_.'lern\-" Thu; almost all of the 100-mV ground differential voltage is coupled

into the amplifier.

The source can be isolated from ground by adding the ilrnpe:dunce Z dm las
shown in Fig. 3-17. Ideally, the impedance Z; would bv.f: 1.nﬁnltc, hu;? uethu
leakapge resistance and capacitance it has some large finite valu_e. 011' g
case where R, <R + R, + R,, and Z,, = R, + R, the noise voltage
¥, at the :{mp]iﬁer terminals is

e, J[-‘I-tl]v (3-7)
V“"_[Rﬁ Re, +RILZ 10
=
A P
Ay
A 50011
Ry = 50051 §HL“1DK '.IG (:)‘mu ‘g
T Wy
m : ] Rga I.tl[tnmg.l_ﬂn
Rgp
nggu.nm y

. HL§1DKH JN
Ve Ag
5] iE . *
ey

PHYSIGAL RELATIONSHIP =
EQUIVALENT CIRCUIT

Flgure 3-16. With rwo ground comnections, much af the ground-poteniial difference appears
Bu +

across the load as nodse,
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PHYSICAL RELATIONSHIP

EQUIVALENT CIRCLUIT

Figure 3-17. A large impedance between the source and
31 ground Keeps most of the -
potential difference away from the load and reduces Herse, HOR P

Most of the noise reduction obtained b isolating the i
: o1 EQ. -7 I Z g 18 infinite, there is no noise voltage coupled
into the amplifier. If the impedance Z,. from source to ground is 1 Mllind
all other values arellh:: same as in the previous example, the noise voltage at
the arppl:ﬁcr terminals is, from Eq. 3-7. now only 0.095 uV. This is a
reduction of 120 dB from the previous case where the source was grounded

AMPLIFIER SHIELDS

Htgh-g:?in amplifiers are often enclosed in a metallic shield to provide
protection from electric fields, The question then arises as to where the
shield should be grounded. Figure 3-18 shows the parasitic capacitance that
c:mst; between the amplifier and the shield. From the equivalent circuit, it
:"f;m eﬂ s::a::t t::}ati I:h:: stray capacitances f[?l.; and C 1 provide :iﬁ:edback parth
oscillate. The only shield connection that will eliminate ;‘he 1n Efn:';;rf::g
back path is the one 'shown at the bottom of Fig. 3-18 where the shield is
r:anm_zcrfd to the amplifier common terminal. By connecting the shield to the

: 75 15 shor-circmited, and the feedback is

eliminated. This S;Iil:[d connection i
: should be made even if the i
not at earth ground. .

GROUNDING OF CABLE SHIELDS B9
Cig Cas
I sHiEw |
Cis Cas Cos
1
! 3
3
I L 20 5 O
2 — —
T Cas EQUIVALENT GIRCIIT

PHYSICAL RELATIONSHIP

Cis o SHELD o il

1O

20 =

—L'st
1

SHIELD CONNECTED TO COMMON

Figure 3-18. Amplifier shield should be connecied 1o the amplifier common.

GROUNDING OF CABLE SHIELDS

Shields on cables used for low-frequency signals should be grounded at only
one point when the signal circuit has a single-point ground. If the shield is
groundegd at more than one point, noise current will flow. In the case of a
shielded twisted pair, the shield currents may inductively couple unequal
voltages into the signal cable and be a source of noise. In the case of coaxial
cable, the shield current generates a noise voltage by causing an IR drop in
the shield resistance, as was shown in Fig. 2-25. But if the shield is to be
grounded at only one point, where should that point be? The top drawing in
Fig. 3-19 shows an amplifier and the input signal leads with an ungrounded
source. Generator Vi, represents the potential of the amplifier common
terminal above earth ground, and generator V,,, represents the difference in
ground potential between the two ground points,

Since the shield has only one ground, it is the capacitance between the
input leads and the shield that provides the noise coupling. The input shield
may be grounded at any one of four possible points through the dotted
connections labeled A, B, C, and D. Connection A is obviously not
desirable, since it allows shield noise current to flow in one of the signal
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Figure 3-19. Wher amplifier is &r

ounded, the best shield connection is € . with shield connected
te amplifier common,

leads. This noise current Howing through the impedance of the signal lead
produces a noise voltage in series with the signal.

The three lower drawings in Fig. 3-19 are equivalent circuits for ground-
ing connections B, C, and D, Any extrancous voltage generated between
the amplifier input terminals (points 1 and 2) is a noise voltage. With
grounding arrangement B, a voltage is generated across the amplifier input
terminals due to the generators Ve: and V| and the capacitive voltage
divider formed by C, and C,. This connection, too, is unsatisfactory. For
ground connection C, there is no voltage V,,, regardless of the value of
generators Vi, or V. With ground connection D, a voltage is generated

across the amplifier input terminals due 1o generator Vi, and the capacitive

voltage divider C, and C.. The only connection that precludes 3 peise—

voltage Vy, is connection C. Thus, for a circuit with an ungrounded source
and a grounded amplifier, the input shield should always be connected 1o the
amplifier common terminal, even if this point is not at earth ground,

1
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The case of an ungrounded amplifier connected to a grounded source is

shown in Fig. 3-20. Generator V;, represents the potential of the source
E "

common terminal above the actual ground at itls location. The fuu.r pusilble

nections for the input cable shield are again shown as thcl dabhu-:li ines
cﬂnl d A, B, C, and D. Connection C is obviously not desirable since it
[Hhﬂﬂs shiéid ‘rmi;a currents to flow in one of the signal conductcﬂ:lrs in order
annwach round. Equivalent circuits are shown at the bottom of Fig. 3'.20 for
;Eizd cc:gnne»:tinns A, B, and D, As can be seen, only connection A

roduces no noise voltage between the amplifier input nlal_'mmals: Therefr‘fé
Far the case of a grounded source and ungrounded ampf:ﬁe_r, rf:_e input shie
should be connected to the source common terminal, even if this point is not

at earth ground.

Preferred low-frequency shield gmunding schemcs_ [0:1 both shielﬁeg
twisted pair and coaxial cable are shown in Fig. 3-21. Circuits A throug
are grounded at the amplifier or the source, but not at both ends.

CONNECTION A CONNECTION B CDNNEGCTMN [u]
€1 Ci 1
| I " :E .
| oo S R
a a b
g o\ 2 s
B =Gz § N Ca = 3
AN c 0 [ @ H C3
N S N L,
| 1(_"2 iy
Va1 Va1 Va1
—_— Vg2 Voo — Voo
i L sl |0 Vg +¥aal
Viz=0 t2“m"-"n1 Vig= C,+GCo G17VG2

Figure 3-20. When source is grounded, the best shield connection is A, hiith ::hl'd-::‘ conmected ho
Ihgl;au;re f:amman. The configuration car also be used with @ differential amplifier.
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ﬁ?q“m@. a grounded schemes for shielded, fwisied puirs and comcial cqble ar fow

When the signal circuit is grounded at
reduction possible is limited by the differe
susceptibility of the ground loop to magn
ground configurations for cases where the
ends are shown in circuits £ and F of Fig.
coaxial cable is grounded at both ends

bﬂthl ends, the amount of noise
nce in ground potential and the
etic fields. The preferred shield
signal circuit is grounded at both
3-21. In circuit F the shield of the
to force some ground-loop current to

k|
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flow through the lower-impedance shield, rather than the center conductor.
In the case of circuit E the shielded twisted pair is also grounded at both
ends to shunt some of the ground-loop current from the signal conductors. If
[additional noise immunity is required, the ground loop must be broken] This
can be done by using transformers, optical couplers, or a differential
amplifier.

An indication of the type of performance to be expected from the
configurations shown in Fig. 3-21 can be obtained by referring to the results
of the magnetic coupling experiment presented in Figs. 2-28 and 2-29,

GROUND LOOPS

Ground loops at times can be a source of noise. This is especially true when
the multiple ground points are separated by a large distance and are
connected to the ac power ground, or when low-level analog circuits are
used. In these cases it is necessary to provide some form of discrimination or
isolation against the ground-path noise.

Figure 3-22 shows a system grounded at two different points with a
potential difference between the grounds. As shown in the figure, this can
cause an unwanted noise voltage in the circuit. The magnitude of the noise
voltape compared to the signal level in the circuit is important: if the
signal-to-noise ratio is such that circuit operation is affected, steps must be
taken to remedy the situation. Two things can be done, as shown in Fig.
3-22. First, the ground loop can be avoided by removing one of the grounds,
thus converting the system to a single-point ground. Second, the effect of
the multiple ground can be eliminated or at least minimized by isolating the
two circuits. Isolation can be achieved by (1) transformers, (2) common-
maode chokes, (3) optical couplers, (4) balanced circuitry, or (3) frequency
selective grounding (hybrid grounds).

Figure 3-23 shows two circuits isolated with a transformer. The ground
noise voltage now appears between the transformer windings and not at the
input to the circuit. The noise coupling is primarily a function of the
parasitic capacitance between the transformer windings, as discussed in the

CIRCUIT JN CIRCUIT
1 * 2
[ GROUND LOOP ]
o =
par )
Viz e

Fipure 3-22. A pround loop befween two circuits,
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CIRCUIT

CIRCULIT
2
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Figure 3-25. An optical coupler can be used to break the ground loop between two circuits.

Optical couplers are especially useful in digital circuits. They are less
suitable for analog circuits because linearity through the coupler is not
always satisfactory. Analog circuits have been designed, however, using
optical feedback techniques to compensate for the inherent nonlinearity of
the coupler {Waaben, 1975).

Balanced circuits, as shown in Fig. 3-26, provide another way to discrimi-
nate against common-mode ground noise voltages. In this case the common-
mode voltages induce equal currents in both halves of the balanced circuit,
and the balanced receiver responds only to the difference between the two
inputs. The better the balance, the larger is the amount of common-mode
rejection. As frequency increases, it becomes more and more difficult to
achieve a high degree of balance. Balancing is discussed futher in Chapter 4.

When the common-mode noise voltages are at a frequency different from
the desired signal, frequency-selective (hybrid) grounding can be used.

o+
Vi
— | CIRCUIT
: '] 2
Vi [
+
X L ]
-
O {
/77 Ve =

Figure 3-26. A balenced circuit can be wsed to cancel owt the effect of a ground loop between two

CEFCLILS
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LOW-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

A transformer can be used as a common-
longitudinal choke, neutralizing transformer,
shown in Fig. 3-27. A transformer connecte
impedance to the signal current

mode choke (also called 3
ar balun) when connected, as
d in this manner presents a low

and allows dc coupling. To any common-
mode noise current, however, the transformer is a high impedance.

The signal current shown in Fig. 3-27 flows equally in the two conductors,
but in opposite directions. This is the desired current, and it is also known as
the differential circuit current or metallic circuit current,
flow in the same direction along both
mode currents.

Circuit performance for the common-mode choke of Fig. 3-27 may be
analyzed by referring to the equivalent circuit. Voltage generator V, repre-

The noise currents
conductors and are called common-

COMMON-MODE
I = CURRENT

"t

CIRCUIT l'rww-\.l SIGNAL CIRCUIT
1 I—LMAJL_—— CURRENT o
-

COMMON-MODE
CURRENT

Moo 8 EIRL,
PHYSICAL RELATIONSHIP

==

!

|

ri

1

I

-
n
T,

]

®

=S

e e
""-:‘d"."v

sl T Tl |
| e e | ch

P

S

Va

EQUIVALENT CIRCLNT

Figure 3-27. When de or low-frequency continuity is required, a common-mode choke can be
used to break a ground loop,
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i is ed to the load R, by conductors with
E s;g,;al Z?ll:la!%e t.h‘?‘;::bc?r;}rr;:)c:—mude choke is re{prcsr:ntedtby_lht: two
T;Zﬁ:;;rs Lf1and Lf;nd the mutual inductance Mh . IbemlE wml:iénﬁ ::Z
i i y ¢ on the same core, then L, L, a ;
ldentlmﬂ?n?t“aieclgﬂ::::};a:g:l F‘:—I’Zdreprescnts a common-mode }rnltagatduc either
equﬂr- etic coupling in the ground loop or to a ground differential voltage.
ts{;nn;;’ﬁa conductor resistance R, is in series with R, and of much smaller
ma’%;:ul?:sft I;tE;nisb 'zton;gu:f::;{:ﬁe the response of the circt!it to the signal
voltage V,, neglecting the effect of V. The circuit of l;llg.ci—:i'ift f}aanib;
redrawn, as shown in Fig. 3-25. This figure is similar to t‘ e i s
2.92. There it was shown that at frequencies greater than w ; mm nz[i
virtually all the current /, returned to the source t.hmugh t I;:nic;t i
conductor and not through the ground plane. If L, is Lh;:sanfsu: Qi
lowest signal frequency is greater than SR, /L, rad/s, ; ;." 53—28‘:;;111 o
these conditions the voltages around the top loop of Fig.

summed as follows:

V, = jw(L, + L), = 2joMI, + (R, + R, - (3-8)

Remembering that L, = L, = M and solving for /; gives

PRt (3-9)
f R, +Rex Ry

provided R, is much greater than K. Equation 3-9 is the same that would
have been obtained if the choke had not been present. ?t lhereforerh:;.s no
effect on the signal transmission so long as the choke inductance is large
enough that the signal frequency w is greater than 5K ,/L,.

Lz Reo

; i e V..
Figure 3-28. Equivalent circuit for Fig. 3.27 for analysis of response to signal voltage V',
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The response of the circuit of Fig. 3-27 1o the common-mode voltage V.
can be determined by considering the equivalent circuit shown in Fig. 3-29?

If the choke were not present, the complete noi
across R, . P 1se voltage V. would appear

th_n the chuke_@ present, the noise voltage developed across & ¢ can be
ficter:m_m.’:d by writing equations around the two loops shown in the
illustration. Summing voltages around the outside loop gives

Vi = jol 1, + joMI, + IR, . (3-10)
The sum of the voltages around the lower loop is

Vo = jo L 1, + juMI, + Raly (3-11)
Equation 3-11 can be solved for 1, giving the following result:

_ Ve —joMi,
, = m . (3-12)
icdm;:r:lv?ﬁ;l}irﬂ}?: ;L; L, =M = L, and sustituting Eq. 3-12 into Eq. 3-10,
) ViRes
joL(R, + R, )+ ReaR, (-1

h

The noise voltage V,, is equal i i
v 18 equal to | R, | and since R, is normally muc
than R, , we can write i ek

f/._ L =11
_ﬁ"r‘";'vﬂ
v
]
féﬂ §3N=I1HL
.‘::I'E"I'.'VL ch
"W
L— Ign-—___]
ol
Mo A7
Ve

Figure 329, Equivalent circuir for Fig. 3-27 for
K.

L+

analysis af response to commaon-mode vorltage

L OW-FRECIUENCY ANALYSIS OF COMMON-MODE CHOKE

}

Vi
Vs RATIO
-

o

ANGULAR FREQUENCY, w

Figure 3-30. Noise voltage may be significant if R, is large.

VR o3I L
RS 1 il *7 1o B 3-14
N jw+Ro/L- ( )

A plot of V,/V, is shown in Fig. 3-30. To minimize this noise voltage, R,

should be kept as small as possible, and the choke inductance L should be
such that

Ls Ra (3-15)
LY

where o is the frequency of the noise. The choke also must be large enough
that any unbalanced dc currents flowing in the circuit does not cause
saturation.

" The common-mode choke shown in Fig. 3-27 can be easily made; simply
wind the conductors connecting the two circuits around a magnetic core, as
shown in Fig. 3-31. The signal conductors from more than one circuit may
be wound around the same core without the signal circuits interfering
{crosstalking). In this way one core can be used to provide a common-mode

choke for many circuits.

~==MAGNETIC CORE

CIRCUIT
1

CIRCUIT
2

Figure 3-31. An easy way to place a common-mode choke in the circuil & lo wind both
conduciors around o toroidal magnetic core. A coaxial cable may also be used in place of the
conduciors shown.
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HIGH-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

The preceding analysis of the common
, -mode choke was a low-
;nalys:s and m;glccted the effect of parasitic capacitance. If thzwc}fl:l?cuf?
¢ used at high frequencies (10 to 100 MHz), for example, to bln?
mmmcn-modc currents on cables as discussed in Chapter 11, theln the strc
;apz_matlanc:c across the windings must be considered. Figure 3-32 shows tl?:
quivalent circuit of a two-conductor transmission li ini
! ne  contamin
::}?:un_m; _m-::de choke (L, and L,). K and R, represent the rl‘.sistancﬁ 0?
; windings of the choke plus the caple conductors, and C, is the strg
Capacitance across the windings of the choke. Z, is the ::c;rnmr;}n—m-::-::{i;r
jmtﬁedalnce r{)t’ the cable anrd Veae is the common-mode voltage driving the
;::Ip :d n lhl? a:.]nalya;;s Z, is not the differential-mode impedance, but the
ance of the i ; ‘
aried cable acting as an antenna and may vary from about 50 g
The insertion loss of the choke
: can be defined as the ratio of 1
common-mode current without the choke to the common-mode current wiT]f

the choke. For R, = R =Rand L, =/, = i i
e ::mw :zas nd L, =L,= L, the insertion loss (IL) of

L= zﬂf _PRO-wLC) + RwC,)
[R"+2R(Z, — w’LC,Z, ) + [2Rw L + wCR*Z, |*
(3-16)

R l:gﬁu;}cs 3-d33 and 3-34 are plots of Eq. 3-16 for the case where R =
c:l;zk ‘f , 12.',, =200 4. Figure 3-33 shows the insertion loss for a Iﬂﬂl!—l
choke for various values -::E-f shunt capacitance, and Fig. 3-34 shows the
insertion loss for a choke with 5 PF of shunt capacitance and various values

of 1 i
inductance. As can be seen from these two figures, the insertion loss

Vem

Flﬂﬂle 33 3 ] = 5
Z E HI"I?JIEHI CIrcuil Gfﬂ COFTHOR-mode ihﬂ-‘:l’ with INErESTG shuni capaciiance C
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I e A
INDUCTANCE =10uH

25 [~

INSERTION LOSS (dB)

0 -

FREQUENCY {MHz)

Figure 3-33. lnsertion loss of a 10-pH common-mode choke with variows values of shiumt
cupacilance.

above 70MHz does not vary much with the inductance of the choke,
however, it varies considerably as a function of the shunt capacitance. The
most important parameter in determining the performance of the choke is the
shunt capacitance and not the value of inductance. Actually most chokes used
in these applications are beyond self-resonance. The presence of the
parasitic capacitance severely limits the maximum insertion loss possible at
high frequencies. It is difficult to obtain more than 6 to 12 dB insertion loss
at frequencies above 30 MHz by this technique.

At these frequencies the choke can be thought of as an open circuit to the
common-mode noise currents. The total common-mode noise current on the
cable is therefore determined by the parasitic capacitance, not the induct-

ance of the choke.
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CAPACITANCE =5.F

INSERTION LOSS (dB)
=2 b
I T

&
I

1B 20 500 400 B0 8. M B0 00 100
FREQUENCY (MHz)

Figure 3-M. fasertion loss of vartous inductance common-mode chokes with 5 pF of shuni
capacifance.

DIFFERENTIAL AMPLIFIERS

A differential (or balanced-input) amplifier may be used to decrease the
effect of a common-mode noise voltage. This is shown in the upper drawing
of Fig. 3-35, where V, is the common-mode ground noise voltage. The
differential amplifier has two input voltages V, and V,, and the output
voltage is equal to the amplifier gain (A) times the difference in the two
input voltages, V, = A(V, — V..

The lower drawing of Fig. 3-35 shows how a single-ended (or unbalanced)
amplifier can be used to simulate the performance of a true balanced
amplifier. The transformer primary has a grounded center tap, and the
voltages across the two halves are Vi and V,. The secondary voltage
(assuming a 1:1 turns ratio) is equal to V, — V,. Amplifier output again is
equal to the pain times this voltage difference, duplicating the balanced
amplifier output.
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ERENTIAL AMPLIFIERS
ALy
Rs »
RLz
"lrs, Th s
Frr =
"-l"u: & 1"!'1 "'"'nlrzb
R
S .
Vs [
A

77 —

i i i
Figure 3-35. A differential amplifier—or a single-ended amplifier with trangformer—ecan be use
o reduce lf;e effeces of a common-mode noise voltage,

The response of either circuit in Fig. 3-35 to th_c noise voltage E:atn 2:
determined from the equivalent circuit shown in Fig. 3-36. Fq;-{r11 rvazs;ts;1 2n *
R,, much larger than R, the input voltage to the amplifier

L1

common-mode noise voltage V; is as follows:

Ry, S )V : (3-17)
=t ‘“:(Ru +RetR, Ry+Re/ ©

i i = V, R.=0.010, R, =504,
3-2. If in Fig. 3-36, V;=100mV, R, -
IEZHHIZPII: =11, and R, , = R,, = 10k{}, then from Eq. 3-17, V;, - 3? m::’.
If“huwa?:r R,, and R, were 100k} instead of 10 k€, then V= 0.5 mV.
Tl:IiS represént;-an almost 20 dB decrease in the input noise voltage.

it i i i ing the input impedance (R,
Example 3-2 it is obvious that increasing :
an: l';lﬂ} of tll:e differential amplifier decreases theb noise vmt?ggmc;iiiizg
e i -17 it can be seen tha
i lifier due to V,;. From Eq. 3-17 it :
:I]]:: Sfrc?emfe;iiance it algm decreases the noise voltage coupled into the
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Vg Rs
Acs
HC:
R §
G * *
Riz Vlz Vi & Ry,

EQUIVALENT CIRCUIT

Figure 3-36. Egquivalent circuit for analysis of differential-amplifier circuir,

A
Rg
Vs [
Rcz
W H
v A
Ay
Rz <
AL
Vsl =
AR
R
W G
H? 9 T

Figure 3-37, Insertion af resistance R into ground lead decreases the noise voliage
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amplifier. Figure 3-37 shows a way to modify the circuits of Fig. 3-35 to
increase the input impedance of the amplifier to the common-mode voltage
V,;, without increasing the input impedance to the signal voltage V,. This is
done by adding resistor R into the ground lead as shown. When using a
high-impedance differential amplifier. both the input cable shield and the
source common should be grounded at the source as was shown in Fig.
3-21B.

SHIELD GROUNDING AT HIGH FREQUENCIES

At frequencies less than 1 MHz, shields should normally be grounded at one
end only. Otherwise, as previously explained, large power-frequency cur-
rents can flow in the shield and introduce noise into the signal circuit. The
single-point ground also eliminates the shield ground loop and its associated
magnetic pickup.

At frequencies above 1 MHz or where cable length exceeds one-twentieth
of a wavelength, it is often necessary to ground a shield at more than one

point to guarantee that it remains at ground potential. Another problem
develops at high frequencies; stray capacitive coupling tends to complete the
ground loop, as shown in Fig. 3-38, This makes it difficult or impossible tg
maintain isolation at the ungrounded end of the shield.

It is therefore common practice at high frequencies, and with digital
circuits, to ground cable shields at both ends. The noise voltage due to 3

aiierence in ground potential that couples into the circuit (primarily at
power frequencies and its harmonics) can usually be filtered out, because
there is a large frequency difference between the noise and the signal
frequency. At frequencies above 1 MHz the skin effect reduces the coupling
due to signal and noise curent flowing on the shield. This skin effect causes
the noise current to flow on the outside surface of the shield and the signal
current to flow on the inside surface of the shield. The multiple ground also
provides a degree of magnetic shielding at higher frequencies when coaxial
cable is used.

Ve @ AMPLIFIER
Cal

_______ 7

:%:... ——— STRAY
! CAPACITANCE

Figure 3-38. Ar high frequencies siray capaciianee tends to complete the ground loop.
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The characteristics of the circuit shown in Fig. 3-38 can be put
advaytagﬂ by replacing the stray capacitance with an actual capacimf thm
forming a _cnrnbinaliun or hybrid ground. At low frequencies a sin Ic: u'us
glmum:[ exists since the impedance of the capacitor is large. Hmfcvei:' o
high frequencies the capacitor becomes a low impedance, thus convert] -
the circuit to one having a multiple ground. Such a grnunc'l munﬁgl.lra.tim:n'g-r
often useful for circuits that must Operate over a very wide frequency rang;b

GUARD SHIELDS

Noise ru.lsductiun greater than that obtainable with a differential amplifier can
be obtained by using an amplifier with a guard shield. A guard shield ;
placuf;i around the amplifier and held at a potential which prevents curre 1:
flow in the upbatanced source impedance. The effect of a guard shield can
best be explained by considering an example in which a guard shield is us 3
to cancel the effects of a difference in ground potential, i
Figure 3-39 shows an amplifier connected by a shielded twisted pair to a
grounded source. V, is a common-mode vnftagc due to a diffel:r:nce in
gr-:]_uncl potentials. V| and R, are the differential signal voltage and source
resistance, respectively. R, is the input impedance to the amplifier. C, . and
Cyp are stray capacitances between the amplifier input turminatls.h and
gr-:-u_nd, including the cable capacitance, There are two undesirable currents
flowing as a rulsult of voltage V.. Current 1, fows through resistors R. and
R, and capacitance C,.. Current I, flows through resistor R ancj c. If
each current does not flow through the same total impedance tiwru wi_lrl:nlc i
differential input voltage to the amplifier. If, however, a 'gunrd shield is

SHIELDED
= TWISTED PAIR \._
- e iaen v
T Th—
Ry i
mm——t\ A —m e o
| g AMPLIFIER
| COMMON
i &
i —— )=

| —
2 s 1 ' =
7o % L CTIt]
A = —
B

Figure 3-39. Amplifier and a grownded source are connected by a shielded fwisted pair,
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GUARD SHIELD

=
T Cy ay
m A e e 1
R B
Vel T Ry
B el Wi T L W o S —
L J‘,l'
AMPLIFIER
COMMON
O I
v | T _SHIELD HELD AT
o & = POTENTIAL OF POINT A
o B

Figure 3-40, Guard shicld ar potensial of poing A eliminates noise currenls.

placed around the amplifier, as shown in Fig. 3-40, and the shield is held at
the same potential as point A, currents /; and [, both become zero because
both ends of the path are at the same potential. Capacitances C, and C, now
appear between the input terminals and the shield.

The shield accomplishes the objective of eliminating the differential input
noise voltage, Unmentioned, however, has been the problem of how to hold
the shield at the potential of point A. One way to do this is shown in Fig,

3-41, where the guard shield is held at the potential of point A by connecting
it to the cable shield. The other end of the cable shield is then grounded at
point A. This discussion assumes that the source common (lower) terminal is
at the same potential as point A. That is, there is no noise voltage generated
between point A and the source common. If there is any possibility of a
noise voltage being generated between the common terminal of V, and
ground point A, the guard shield should be connected to the source common

as illustrated, instead of directly to point 4.

GUARD SHIELD

oy
T .
Ry
Wl
1 - P Y o e
i AMPLIFIER
l L COMBION
oy
A I
Prrd Ya =
& 24

Figure 3-41. Guard shield is connecied to paini A through the cable shield.
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MNotice that the amplifier and shield connections of Fig. 3-41 do not
violate any of the previously described rules. The cable shield is grounded ap
only one point (point A). The input cable shield is connected o the
amplifier common. The shield around the amplifier is also connected to the
amplifier common terminal.

In the guarded amplifier of Fig. 3-41, any ground point at potential B
inside the amplific ield | . t nput
leads to ground (unguarded capacitance). Therefore, for the scheme to
work, it means the amplifier must be powered by self-contained batteries, of
else power must be brought in through an electrostatically shielded trans.
former. No point of the ihi ' T
without nullifying its effectiveness, A practical circuit therefore has a second
shield placed around the guard shield to guarantec the guard's integrity, as
shown in Fig. 3-42. This second or external shield is grounded to the loeal
ground, point B, and satisfies the safety requirements.

A guard shield is usually only required when extremely low-level signals
are being measured, or when very large common-mode voltages are present
and all other noise reduction techniques have also been applied 1o reduce
the noise pickup to an absolute minimum. A guard shield may be used
around a single-ended amplifier as well as a differential amplifier,

.

Example 3-3. Consider a numerical example, as illustrated in Fig. 3-43,
where R, =R, =0, R, =2.6kQ, Cig = C,; = 100 pF, and Vi =100mV at
60 Hz. The reactance of 100 pF is 26 MQ at 60 Hz. The differential input
noise voltage across the amplifier input terminals without a guard shield can
be written as

R, + R, R,
N‘:

LI R Y il zm)vﬁ . (3-18)

where Z . and Z,. are the impedance of capacitance Ciz and C

i

[ GUARD_SMIELD
I{ \" _""'..*"u-'."'.'— —————— -— W"'
i,
W [~
I Sr g, i o skl o AMPLIEIER
L= EOMMON
{F EXTERMAL SHIELD J
R | OR CASE
- Va — WO ELECTRICAL
A - CONNECTION

BETWEEN SHIELDY

Figure 342, Practical circuir often has a second shield around the sveard shield.
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£ A it

A, = 002

Ry =08}
-.l----i"l“rl‘\'f -

Nl

W, = 100mV.

I
I
I
= =
Fipure 3-43. Numerical example to illustrate need for guard shield.

ctively. Substituting numerical values into Eqg. 3_13.‘ the input noise
.:f:slf:ge wifhcuut the guard shield is 10 V. If the use of tthEu&;ddihlﬁ::
reduces each line's capacitance to ground to 2 pIF_. as shown in ) lgl, a- 'ﬂ; e
differential input noise voltage across the amplifier input terminals :1 i he
guard shield in place can still be written as shown in Eq. 3-18, but ']'? he- |2p "
noise voltage is now reduced to 0.2 uV, a 34 dB |mpm1rfemclnl., erest
capacitance to ground is due to the fact lhalllhr: guard shield is Tthpe i ,
If it were perfect, there would be no capacitance to gr?und an t en 11::;
voltage would be zero. It should be noted that the ,m'f(: voltage coupu,d
into the amplifier increases as the frequency of the noise source is ?ncre?’:zd.
since the impedance of C,,; and C,, decrease as the frequency is increased.

!
I

Al

= i
= C 2pF
L o S Bt 17
[ f,
DR, & R )
L
Rs 16K
) Rz
(- -'“-k.-*.__r"n o — i ——
1 L~ \
= 3'—-._ Cop = dnF
_ﬁ — s
S l _____ %
T00mY, —
e -

i "
Cruard shield rediuces line capaciiance 1o ground and therefore noise voltage,
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GUARDED METERS

K

Even for those who do not intend to design equipment using a guard shietdﬁ
there is still a good reason to understand the operating principles. :
measuring instruments are being manufactured with a guard shield (see Fig.
3-45). It is up to the user to connect the guard shield to the proper place jn
the circuit being measured, When a user does not understand the purpose of
# guard shield, he or she is likely to leave it open or connect it to the meter
ground; neither of these connections produces optimum results. To take
maximum advantage of the guard shield, the following rule should be
tollowed: The guard shield showld always be connected such tha no
common-mode current can flow through any of the input resistances. Thjs

normally means connecting the guard to the low-impedance terminal of the
source.

I

|
Ay |
l Fa
L

Aca LOw

Iy

|
|
'|
|
|
|
|
|
l

Example 3-4. Refer to Fig. 3-45. The problem is to measure the voltage
across resistor R, neither end of which s grounded, with a guarded digital
voltmeter. What is the best connection for the guard shield? Five possible:
ways to connect the guard shield are shown in Figs. 3-46 through 3-50,
Voltage V.. is the ground differential voltage, and V, is the battery noise

] the guard is 1o the
Figure 3-46. When measuring voltage across R, best connection far g
Jow-impedance side of R,; noise current does not affect amplifier.
[k 1

i i ith the guard connected to
. . Figure 3-46 shows the best connection, wi _ 1« :
"vtj?il:t?gi-im?mdanoe terminal of the source. Under this condition no noise

‘current flows through the input circuit of the meter.
GUARDED METER g

ks, H T Y e Tl el The connection shown in Fig. 3-47, where thc1 guard is g;:ict:{dei: :E‘;
e o : i ood as the previous conn :
ADDITIONAL AAN H'Gﬂ}_c_ [ ground at the source is not as g e R S e
CIRCUITRY ' ‘noise current from the generator V,; is no p ?
[ ALy
GUARDED METER
. | by e
At
" ’ L2 ]
AN —Lou|_ o |
|' T
| I
! !
= 7wl o |
| - |
GHOUNDJ’ ol ‘
e
I LE 4
d? =
SOURCE
GROUND

BRAOTECTION AGAINST Vg QLY.
Figure 3-45. When a guarded meter is used. a common problem is where ta connect the guard

{ f inst V.
g Figure 347, Guard connected to source ground gives no proteciion against V,
LT
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NOISE VOLTAGE APPEARS ACROSS A .,

:ig;ure 348, Guard connected to low side of meter allows noise current to flow in line Fesistance
i &

GUARDED METER

n.u;h HIGH il | -_i

|

2 |
e |

m LOw I

W, Euan_f;: J
|

|

Yo

e
—e o

NOISE VOLTAGE APPEARS ACROSS Ao, AND R,

Figure 3-89, Guard connected 1o local

ground is ineffective; noise current flows throu
Ry:, and Z,. ' 4 e
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GUARDED METER

R [t
o HIGH|
-— A 0
Rz |
Low
A : o
|
I
|

N

J

Vi () GUARD

P GROUND |
N L J

Y —_
GUARD NOT CONNECTED

—
‘Z
{
']
ha

(o]

Figure 3-50. Guard not connected, notse currents due to V, and V,, flow through R R, £,
and Z,.

V,, flows through impedances R,, R, . and Z, and causes a noise voltage to
be coupled into the amplifier. The connections of Figs. 3-48, 3-49, and 3-50
all allow noise current to flow through the meter input circuit and are

therefore undesirable,

SUMMARY

o At low frequencies a single-point ground system should be used.
e At high frequencies and in digital circuitry a multipoint ground system
should be used.
e A low-frequency system should have a minimum of three separate
ground returns. These should be:
Signal ground
MNoisy ground
Hardware ground
e The basic objectives of a good ground system are to minimize the noise
voltage from two ground currents flowing through a common impe-
dance,
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e For the case of a grounded amplifier with an ungrounded source, the

input cable shield should be connected to the amplifier commop
terminal.

e For the case of a grounded source with an ungrounded amplifier, the
input cable shield should be connected to the SOUrce common terming|,

® A shield around a high-gain amplifier should be connected to the
amplifier commaon.
e When a signal circuit is grounded at both ends, the ground loop formeq
is susceptible to noise from:
Magnetic ficlds
Differential ground voltages
e Methods of breaking ground loops are:
Isolation transformer
Common-mode choke
Optical couplers
Differential amplifiers
Guarded amplifiers

e At high frequencies, shields around signal cables are usually grounded
at more than one point.
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9 AcTIVE DEVICE NOISE

Blpulalr transistors, field effect transistors (FETs), and integrated circuit
operational amplifiers (op-amps) have inherent noise generation mech
anisms, This chapter discusses these internal noise sources and shows lh:
conditions necessary to optimize noise performance, L i

B_cl’ure covering active device noise, the general topics of how naise s
specificd and measured are presented. This general analysis provides
stal?dard set of noise parameters that can then be used to annlyfu noise |::
various devices. The common methods of specifying device noi-sc -'MEL (1)
noise factor and (2) the use of a noise voltage and current model.

NOISE FACTOR

Thui concept _of noise factor was developed in the 1940s as q method of
evaluating noise in vacuum tubes, In spite of several serious limitations. the
concept is still widely used today.

. Thf: noise factor (F ]|1is a quantity that compares the noise performance of
a device to that of an ideal (noiseless) device, It can be defined as

Fe Nuisc’ power output of actual device (£, )
Noise power output of ideal device ()

T;]r: I'IIZJ-IS-E: power output uf an ideal device is due to the thermal noise power
o _the source resistance. The standard temperature for measuring the source
nowse power is 200°K. Therefore the noise factor can be written as

Fe Noise power output of actual device (r.)
Power output due to source noise

(9-2)

5 ,ﬁn cquivalent d::ﬁnitliﬂn of noise factor is the input signal-to-noise ratio
vided by the output signal-to-noise ratio

]

N

O L]
I N | (9-3)

|

=

T ot B W - ! ; £
E‘hesc .Tgnal to-noise ratios must be power ratios unless the input impedance
S L1 i g 1 :

cqual to the load impedance, in which case they can be voltage squared
current squared, or power ratios. 1
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All noise factor measurements must be taken with a resistive source, as
shown in Fig. 9-1. The open circuit input noise vollage is therefore just the
thermal noise of the source resistance R, or

V, = VAkTBR, . (9-4)
At 290°K, this is
V,=V1.6x10 "BR, . (9-5)

If the device has a voltage gain A, defined as the ratio of the output voltage
measured across R, to the open circuit source voltage, then the component
of output voltage due to the thermal noise in R, is AV,. Using V,_ for the
total output noise voltage measured across R, the noise factor can be
written as

(Vao )R,

= (av)yir, L
ar
V 2
P~y e

V.. includes the effects of both the source noise and the device noise.

Substituting Eq. 9-4 into Eq. 9-7 pives

fe —Vio) (9-8)

4kTBR A’

The following three characteristics of noise factor can be seen by examining
Eq. 9-8:

1. It is independent of load resistance R, .

2. It does depend on source resistance R

3. If a device were completely noiseless, the noise factor would equal
one.

-—

DEVICE v
i WITH i
VOLTAGE GAIN A

Figure 9-1. Resistive source i5 used for noise factor measuremenis.
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Noise factor expressed in decibels is called nojse figure (MF) and is equal
to L

NF: ][]]I:}g F. (';LEF]

In a qualitative sense noise figure and noise factor are the same and in
casual conversation they are often interchanged. ’

Due to the bandwidth term in the denominator of Eq. 9-8, there are two
ways to specify the noise factor: (1) a spol noise, IHUHSHI‘E{; at a specified
frequency over a 1-Hz bandwidth, or (2) an integrated, or average noise
measured over a specified bandwidth. If the device noise is “white™ and is1
generated prior to the bandwidth-limiting portion of the circuit both the spot
and integrated noise factors are equal. This is because, as the hzmdwin!ﬂl: is
;;lzi:?ﬁd both the total noise and the source noise increase by the same

The concept of noise factor has three major limitations:

1. _Incrc:nsllng the source resistance may decrease the noise factor while
increasing the total noise in the circuit.

2 TFa purel;,i reactive source is used, noise factor is meaningless since the
source noise 15 zero, making the noise factor infinite,

3 Wl_wn the c!ewr:c noise is only a small percentage of the source thermal
noise (as with some low noise FETs), the noise factor requires taking

the :—tam: of two almost equal numbers. This can produce inaccurate
results,

A direct comparison of two noise factors w5 only meaningful if both are
mea.-:luf'e:! at the same source resistance. Noisc factor varies with the bias
conditions, frequency, and lemperature as well as source resistance and 1I.l
of these should be defined when specifying noise factor, 1 ‘

I ! 1 T
: e T Tohb laclor for one value of source resistance does not
allow the calculation of the noise factor at other values of resistance. This is

bELE!USE JJUEh [he S0 (4 i Coa ! I[l i AT 1 ol
urce noise I'id device nose v v oas th (el I bt
s &5 i
LT cilslance

MEASUREMENT OF NOISE FACTOR

A better understanding of noise factor can be obtained by describing the
methods used to measure it. Two methods follow: (1) the ;;ing[e—fr:: uenc .
method, and (2) the noise-diode, or white noise, method. ! ’

The,‘ test set up for the single-frequency method is shown in Fig, 92V is
an oscillator set to the frequency of the measurement, and K is tlhc s;::m:m;
resistance. With the source V, turned off, the outpul rms noise v;_:lta e Vs
measured. This voltage consists of two parts: the first due to the E&hurrr“r;al

—
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Ae DEVICE
Ve WITH VOLTAGE AL Vo
GAIN A |

Figure 9-2. Single-frequency method for measuring neise factor,

noise voltage V) of the source resistor, and the second due to the noise in the
device.

V,, = V(AV,)" + (Device noise)’ . (9-10)

Mext, the generator V| is turned on, and an input signal is applied until
the output power doubles (output rms voltage increases by 3 dB over that
previously measured). Under these conditions the following equation is
satisfied

(AV.Y +(V, Y =2Vv? ; (9-11)

therefore

AV, =V (9-12)

R "

Substituting Eq. 9-12 into Eq. 9-7 gives

F= (%)2 (9-13)

r
Substituting from Eq. 9-5 for V, produces

V!
LS e T 9-14
E 1.6 % 107""BR, (=14

Since the noise factor is not a function of R, , any value of load resistor can

be used for the measurment.
The disadvantage of this method is that the noise bandwidth of the

device® must be known.

A better method of measuring noise factor is to use a noise diode as a
white noise source. The measuring circuit is shown in Fig. 9-3. [ is the
direct current through the noise diode, and R, is the source resistance. The

shot noise in the diode is
g U R R T ) iy v (9-15)

*1t should be remembered that the noise bandwidth is usually not equal to the 3-dB bandwidth
(see Chapter 8).
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DC BLOCKING
CAPACITOR
i [
| H DEVICE
| NOI
I SE R, WITH VOLTAGE AL Vg
GAIN A

——.[ de DIODE

Figure 9-3. Noise-diode method of measiring noise fuctor

Using Thevenin's theorem, the shot-noise current gencrator can be replaced
by a voltage generator V., in series with R, where

Va=1I.R,. (9-16)
The rms noise voltage output V., is first measured with the diode current

equal to zero. This voltage consists of two parts: that due to the thermal

noise _UI’ the source resistor, and that due to the noise in the device.
Therefore

V.. =V(AV,)" + (Device noise)’ . (9-17)
Diode current is then allowed to flow and is increased until the output

nnisel power doubles (output rms voltage increases by 3 dB). Under these
conditions the following equation is satisfied:

(AV,)" + (Vo) =2V, ) (9-18)
therefore
Vie= AV, = Al R._. (9-19)
Substituting V, , from Eq. 9-19 into Eq. 9-7, gives
["I:.hR.f}_
F= v (9-20)
Substituting Eqs. 9-15 and 9-5 for i, and V,, respectively, gives
F=20{,R,. (9-21)

, The noise factor is now a function of only the direct current through the
diode, and the value of the source resistance. Both of these quantities are

easily measured. Neither the gain nor the noise bandwidth of the device
need be known.

I
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CALCULATING S/N RATIO AND INPUT NOISE
VOLTAGE FROM NOISE FACTOR

Once noise factor is known, it can be used to calculate the signal-to-noise
ratio and the input noise voltage. For these calculations it is important that
the source resistance used in the circuit be the same as that used to make the
noise factor measurement. Rearranging Eq. 9-8 gives

V,,= AVAKTBR,F .

If the input signal is V., the output signal voltage is V, = AV, Therefore the
output signal-to-noise power ratio is

(9-22)

i_ " ‘;,— . (923)
or
ir_ (’;t) (9-24)
Using Eq. 9-22 to substitute for V,_,
: ]
;_z 2, ﬁﬁ%ﬁ , (9-25)

Signal-to-noise ratio, as used in Eqs. 9-23, 9-24, and 9-25, refers to a
power ratio. However, signal-to-noise is sometimes expressed as a voltage
ratio. Care should be taken as to whether a specified signal-to-noise ratio is
a power or voltage ratio, since the two are not numerically equal. When
expressed in decibels, the power signal-to-noise ratio is 10 log (5_/N.).

Another useful quantity is |the total equivalent input noise voltage (V,,,}I
which is the output noise voltage (Eq. 9-22) divided by the gain

V,
V, == =VakTBR,F

(9-26)

The total equivalent input noise voltage is a single noise source that
represents the total noise in the circuit. For optimum noise performance, V|
should be minimized. Minimizing V, is equivalent to maximizing the
signal-to-noise ratio, provided the signal voltage remains constant. This is
discussed further in the section on optimum source resistance.

The equivalent input noise voltage consists of two parts, one due to the
thermal noise of the source and the other due to the device noise.
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. Representing the device noise by V., we can write the total equivalent
nput noise voltage as

’r':lr " vl:l{l}: + I:Vlru':rl ’ (9_2?}

wherle V, is the open circuit thermal noise voltage of the source resistance,
Solving Eq. 9-27 for V,, gives

Vi = VIV, = (V)" . {9-28)

Substituting Eqs. 9-4 and 9-26 into Eq. 9-28 pives

Vs = VATBR (F—1). (9-29)

NOISE VOLTAGE AND CURRENT MODEL

A more recent approach, and one that overcomes the limitations of noise
factor, is to model the noise in terms of an equivalent noise voltage and
current. The actual network can be modeled as a noise-free device with two
noise generators, V, and [, connected to the input side of a network, as
shown in Fig. 9-4. V, represents the device noise that exists when R uq:]als
zera, and /, represents the additional device noise that occurs when R does
not equal zero. The use of these two noise generators plus a c:urlnpiex
correlation coefficient (not shown) completely characterizes the noise per-
formance of the device [[Rothe and Dahlke lﬂﬁﬁ}l Although V, and [_are
normally correlated to some degree, values for the correlation coefficient
are seldom given on manufacturers data sheets. In addition the typical
spread of values of V, and 7, for a device normally overshadows the effect of
the correlation coefficient. Therefore it is common practice to assume the
correlation coefficient is equal to zero. This will be done in the remainder of
this chapter.
Figure 9-5 shows representative curves of noise voltage and noise current

As can be seen in Fig. 9-5, the data normally consist of a plot of V, VB ami

1
At g ———— |
IDEAL
Vs YWt NOISELESS AL
NETWOREK

NOISY NETWORK

:;Eure 94, A noisy netwark modeled by the addition of an inpur noise voltage and curren;
roe,
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w90 0.0
i MOISE [ | =}
2 VOLTAGE =z
=
0.001 0.001
01 0.1 1.0 10

FREQUENCY (KILOHERTZ)

Figure 9-5, Typical naise voltage V,IN'B and noise current 1 N E curves.

I.W'E versus frequency. The noise voltage or current over a band of
frequencies can be found by integrating [V,/VB]® or [I/VB]" versus
frequency and then taking the square root of the result. In the case when
V,,a‘ﬁ or I,,N'_H i5 constant over the desired bandwidth, the total noise
voltage or current can be found simply by multiplying V,INB or 1IV'B by
the square root of the bandwidth.

Using these curves and the equivalent circuit of Fig. 9-4, the total
equivalent input noise voltage, signal-to-noise ratio, or noise factor for any
circuit can be determined. This can be done for any source impedance,
resistive or reactive, and across any frequency spectrum. The device must,
however, be operated at or near the bias conditions for which the curves are
specified. Quite often, additional curves are given showing the variation of
these noise generators with bias points. With a set of these curves the noise
performance of the device is completely specified under all operating
conditions.

The representation of noise data in terms of the equivalent parameters V,
and I, can be used for any device. Field effect transistors and op-amps are
usually specified in this manner. Some bipolar transistor manufacturers are
also beginning to use the V, -1 parameters instead of noise factor.

The total equivalent input noise voltage of a device is an important
parameter, Assuming no correlation between noise sources, this voltage.
which combines the affect of ¥, I, and the thermal noise of the source, can
be written as

V. =\4kTBR,+ V2 +(L,R,), (9-30)

where V, and I, are the noise voltage and noise current over the bandwidth
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#. For optimum noise performance the total noise voltage represented by
Eq. 9-30 should be minimized. This is discussed further in the optimum
sOurce resistance section,

_'Ihe total equivalent input voltage per square root of bandwidth can be
written as

:;’5_ - 1..,"{4!{?‘!-." 4 (%)1(1{‘;)2

The equivalent input noise voltage due to the device noise only can be
Cﬂlﬂ}l'ﬂlﬂd by subtracting the thermal noise component from Eq. 9-30. The
equivalent input device noise then becomes

v:'“" - V: + {f-'rR::l; . {9'32}

Figure 9-6 is a plot of the total equivalent noise voltage per square root of
the b‘andwidth for a typical low-noise bipolar transistor, junction field effect
transistor, and op-amp. The thermal noise voltage generated by the source
resistance is also shown. The thermal noise curve places a lower limit on the
[l‘.‘ltilﬂ input noise voltage. As can be seen from this figure, when the source
resistance is between 10,000 £) and 1 M, this FET has a total noise voltage
unl;lw slightly greater than the thermal noise in the source resistance. On the
basis of noise this FET approaches an ideal device when the source

(9-31)

-

e 1
"
I
O
s
oy
o
5
A bl
> . o
b-:
= -
(4]
=
El. 1w
=
i INTEGRATED CIRCUIT QP AME
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Figure 9-6. Typical total equivalent noise voltage curves for three tvpes of devices,
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resistance is in this range. With low source resistance, however, a bipolar
transistor generally has less noise than an FET. In most cases the op-amp
has more noise than either of the other devices. The reasons for this are

discussed in the section on op-amp noise,

MEASURMENT OF V, AND [,

It is a relatively simple matter to measure the parameters V, and /, for a
device. The method can best be described by referring to Fig. 9-4 and
recalling from Eq. 9-30 that the total equivalent noise voltage V,, is

1{'” - ‘l'lllrdkTBRf + V; + {IHRT:IE - [9‘33}

To determine V,, the source resistance is set equal to zero, causing two
terms in Eq. 9-33 to equal zero, and the output noise voltage Vs
measured. [f the voltage gain of the circuit is A,

Via= AV, =4V, for R,=0 (9-34)

ar

The equivalent input noise voltage is

v
V,==22, forR,=0. (9-35)

To measure [ . a second measurement is made with a very large source

resistance. The source resistance should be large enough so that the first two
terms in Eq. 9-33 are negligible. This will be true if the measured output

noise voltage V| s

V. = AVAKTBR, + V.

i

Under these conditions the equivalent input noise current is

vV
[ =" for R, large {9-36)

" AR,

T

CALCULATING NOISE FACTOR AND S/N RATIO
FROM V, -/,

Knowing the equivalent input noise voltage V,, the current [, and the
source resistance R, the noise factor can be calculated by referring to Fig.
9.4. This derivation is left as a problem in Appendix D. The result 15

(9-37)

I V. )
—_ 4 e—— _"+.I"'R
F=1+ g (T + LR,
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where V, and [ are the equivalent input noise voltage and current over the
bandwidth B of interest.

The value of R, producing the minimum noise factor can be determined
from Eq. 9-37 by differentiating it with respect to R,. The resulting R, for
minimum noise factor is .

Ry= (9-38)

If Eq. 9-38 is substituted back into Eq. 9-37, the minimum noise factor can
be determined and is

Vil
F,.=1+ m , (9-39)

The output power signal-to-noise ratio can also be calculated from the
circuit of Fig. 9-4. This derivation is left as a problem in Appendix D. The
result is
S (v,

N, ~ (V,¥ +(I,R,\ + SkTBR, i

where V, is the input signal voltage.

TOTAL MOISE

NOISE ALMOST

YA TAR,

LOG OF NOISE VOLTAGE

MINIMUM
TOTAL
KOISE

R FOR
A MMM

P NOISE
Lr FACTOR

Ry = 0 FOR MAXIMUMW LG OF SDURCE RESISTANCE, [Rgl

SIGHNAL-TO-NOISE RATID

Figure 9-7, Tosal equivalent input noise voltage V_ for a typical device. The toral noise voliage is
made up of three components (thermal noize, V,, and I R} as was shown in Eq, 9-30.
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For constant V, maximum signal-to-naise ratio occurs when R =0, and is
V 2
5
=(=2) . 9.41
( 'L{T) (340

It should be noted that when V, is constant and R, is variable minimum
noise factor occurs when R, =V /f | bul maximum signal-to-noise ratio
occurs at R, =10, Minimum noise factor therefore does not necessarily
represent maximum signal-to-noise ratio or minimum noise. This can best be
understood by referring to Fig. 9-7, which is a plot of the total equivalent
input noise voltage V,, for a typical device. When R, =V, /I, , the ratio of the
device noise to the thermal noise is a minimum. However, the device noise
and the thermal noise are both minimum when R, = 0. Although minimum
equivalent input noise voltage (and maximum signal-to-noise ratio) occurs
mathematically at R, =0, there is actually a range of values of R, over which
it is almost constant, as shown in Fig, 9-7. In this range, V', of the device is
the predominant noise source. For large values of source resistance. [ is the
predominant noise source.

ﬁ{n‘
N,

max

OPTIMUM SOURCE RESISTANCE

Since the maximum signal-to-noise ratio occurs at &, =0 and minimum
noise factor occurs at K, =V /[ . the question of what is the optimum
source resistance for the best noise performance arises. The requirement of

a zero resistance source 1s impractical since all actual sources have a hmte
source resistance. However, as was shown in Fig. 9-7, as long as R, is small
there is a range of values over which the total noise voltage is almost
constant.

In practice, the circuit designer does not always have control over the
source resistance. A source of fixed resistance is vsed for one reason or
another. The question then arises as to whether this source resistance should
be transformed to the value that produces minimum noise factor. The
answer to this question depends on how the transformation is made,

If the actual source resistance is less than R, =V /1, a physical resistor
should not be inserted in series with R, to increase the resistance, To do this
would produce three detrimental effects:

I. It increascs the thermal noise due to the larger source resistance. (This
increase is proportional to VR.)

2. It increases the noise due to the current from the input noise current
gencrator flowing through the larger resistor. (This increase is propor-
tional to R.)

3. It decreases the amount of the signal getting to the amplifier.
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The noise performance can, however, be improved by using a trans-
former to effectively raise the value of R, to a value closer to R =V,
thus minimizing the noise produced by the device. At the same time the
signal voltage is stepped up by the turns ratio of the transformer. This effect
is cancelled by the fact that the thermal noise voltage of the source
resistance is alsop stepped up by the same factor. There is, however, a net
increase in signal-to-noise ratio when this is done.

If the actual source resistance is greater than that required for minimum
noise factor, noise performance can still be improved by transforming the
higher value of R, to a value closer to R, =V, /I . The noise will, however,

be greater than if a lower-imped: et

For optimum noise peformance, the lowest possible source impedance
should be used. Once this is decided, noise performance can be further
improved by transformer coupling this source to match the impedance
RF = Vu"ll"r.u'

The improvement in signal-to-noise ratio that is possible by using a
transformer can best be seen by rewriting Eq. 9-3 as

s, 1 (3
N, F ﬁ,)- (9-42)

Assuming a fixed source resistance. adding an ideal transformer of any turns
ratio does not change the input signal-to-noise ratio. With the input
signal-to-noise ratio fixed, the output signal-to-noise ratio will be maximized
when the noise factor Fis a minimum. Fis a minimum when the device sees
4 source resistance R, = V./1,. Therefore transformer coupling the actual
source resistance minimizes F and maximizes the output signal-to-noise
ratio. If the value of the source resistance is not fixed, choosing R, to
minimize F does not necessarily produce optimum noise performance.
However, for a given source resistance R, the least noisy circuit is the one
with the smallest F,

When using transformer coupling, thermal noise in the transformer
winding must be accounted for. This can be done by adding to the source
resistance the primary winding resistance, plus the secondary winding
resistance divided by the square of turns ratio. The turns ratio is defined as
the number of turns of the secondary divided by the number of turns of the
primary. Despite this additional noise introduced by the transformer, the
signal-to-noise ratio is normally increased sufficiently to justify using the
transformer if the actual source resistance is more than an order of
magnitude different than the optimum source resistance.

Another source of noise to consider when using a transformer is its
sensitivity to pickup from magnetic fields, Shielding the transformer is often
necessary to reduce this pickup to an acceptable level,

The improvement in signal-to-noise ratio due to transformer coupling can
be expressed in terms of the signal-to-noise improvement (SNI) factor

257
NOISE FACTOR OF CASCADED STAGES
defined as

{5/N) using transformer (9-43)
(5/N) without transformer

SN1=

It can be shown that the signal-to-noise improvement factor can also be
expressed in a more useful form as

(#) without tranformer (9-44)
{£7) with transformer

SNI=

NOISE FACTOR OF CASCADED STAGES

Signal-to-noise ratio and total equivalent input nnisc vultag‘c shnulfd beaui:i
in designing the components of a system for optimum noise pcruc}rmdzan:
Once the components of a system have been designed, it |Is usually a YA
3 AT A
' rformance of the individual compone
tageous o express the noise pe Lk pas ;
l:fmq of noise factor. The noise factor of the various components can then

be combined as follows. . o
The overall noise factor of a series of networks connected in cascade (see

Fig. 9-8) was shown by Friis (1944) to be

F=1 ] 7o—) e
1 e R S e Wl o WP . S < S
il s T B R A

; g
where F, and &, are the noise factor and available power gain® of the first

staer F (7, are those of the sgc{m_d_s,[agp - — -
alfi uation 9-45 clearly shows the important fact that fv:rh sufficient ga::; f1
in Ih;‘ first stage of a system, the total noise factor is primarily determined by

the noise factor F, of the first stage.

Example 9-1. Figure 9-9 shows a number of identical am!;-liﬁers up«eratir}g
in cascade on a transmission line. Each amplifier has an available power gain

METWORK 1 NETWORK 2 NETWORK m
GAIN=G, GAIN=Ga Sl ey GAIN=GHy
Rg ‘
NOISE
QISE MNOISE =
FAgTO§=F| FACTOR=Fy LR FACTOR=Fq

Figure 9-B. Networks in cascade,

; i : b
= A'R,/R,, where A is the open-circuit voltage gain (open-circuit output mi:zf;:tndc ¥
SOUICE mlltag;]:. f, is the source resistance, and K is the network output imp z
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NETWORK i NETWORK | NETWORK
1 2

. NETWORK II NETWORK

I | | |
i i i | !
| | | | [ I m |
| I | I | | |
| | | | I | |
] I ! I
[ 1 | |
! | | |
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| | | i
| | |
: | [ ' | I |
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NDISE racron-—-I F : LI l’ | & 1 ¢ I

Figure %9, Amplifiers equally spaced on a transmission line.

G, and the amplifiers are spaced so the loss in the section of cable between
amplifiers is also G. This type of arrangement can be used in a telephone
trunk circuit or a CATV distribution system. The amplifiers have an
available power gain equal to G and a noise factor F. The cable sections
have an insertion gain 1/G and a noise factor G.* Equation 9-45 then
becomes

v ooy @—=t F=1_,L6G~1. F-1 F—1
P = o b — -
F=rF G o | G + | + + ) (9-46)
B F bl = e P T = R P S o (9-47)
a3 G G '
For K amplifiers and K ~ 1 cable sections,
o K=
F,=KF- a - (9-48)
If FG =1,
F=KF, (9-49)
The overall noise figure equals
(NF),=10log F+ 10log K . (9-50)

The overall noise figure therefore equals the noise figure of the first
amplifier plus ten times the logarithm of the number of stages. Another way
of looking at this is that every time the number of stages is doubled, the

“This can be derived by applying the basic noise factor definition {Eq. 9-1} to the cable section.
The cable is considered a matched transmission line operating at its characteristic impedance.
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noise figure increases by 3dB. This limits the maximum number of am-
plifiers that can be cascaded.

Example 9-2. Figure 9-10 shows an antenna connected to a TV set by a
section of 300-0) matched transmission line. If the transmission line has 16dB
of insertion loss and the TV set has a noise figure of .14 dB, wh:ft 51gn_al
voltage is required at the antenna terminal for a 40-dB signal-to-noise ratio
at the terminals of the TV set? To solve this problem, all the noise sources
in the system are converted to equivalent noise voltages at one point, in this
case the input to the TV set. The noise voltages can then‘ be c-?mhmed, a_rn:l
the appropriate signal level needed to produce the required signal-to-noise
io can be calculated.
rat]?he thermal noise at the input of the TV set due to a E-U(I-_ﬂ input
impedance with a 4-MHz bandwidth is —53.2dBmV (2.2 uV).* Since the
TV set adds 14 dB of noise to the input thermal noise, the total input noise
level is —39.2dBmV (thermal noise voltage in dB + noise figure). Sll‘ttl:l.‘: i
signal-to-noise ratio of 40 dB is required, the signal voltage at thf: amplifier
input must be +0.5 dBmV (total input noise in dB + signal-to-noise ratio in

ANTENNA gz‘—
3 e
By (O

- ——— 3001 MATCHED
TRAMSMISSION LINE,
6dB TOTAL LOSS

~1.05 my REQUIRED

_— ]

40 dB SIGNAL-

TO-
NOISE RATIO ﬂ
oooo O /

(NOISE FIGURE 14 dB)

Figure 9-10. TV set connected (o antenna.

*The ppen circuit noise valtage at room temperature (290°K) for a 3':?}“ rll:sis!ur and a1 4JMH_1
bandwidth s 4.4 g%, When this source is connected to a 300-01 load, it delivers one-half of this

voltage, or 2.2 gV, to the load,
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dB). The transmission line has 6 dB of loss, so the signal voltage at the
antenna terminal must be +6.5dBmV or 2.1 mV. To be able to add terms
directly, as in this example, all the quantities must be referenced to the same
impedance level, in this case 300 ().

NOISE TEMPERATURE

Another method of specifying noise performance of a circuit or device is by
the concept of equivalent input noise temperature (T, ).

The equivalent input noise temperature of 4 circuit can be defined as the
increase in source resistance temperature necessary to produce the observed
noise power at the output of the circuit. The standard reference temperature
T, for noise temperature measurements is 290°K.

Figure 9-11 shows a noisy amplifier with a source resistance R, at
temperature T,. The total measured output noise is V, . Figure 9-12 shows
an ideal noiseless amplifier having the same gain as the amplifier in Fig. 9-11
and also a source resistance R,. The temperature of the source resistance is
now increased by 7, so the total measured output noise V,, is the same as
in Fig, 9-11. T, is then the equivalent noise temperature of the amplifier.

The equivalent input noise temperature is related to the noise factor F by

T,=290(F—1) (9-51)
and to noise figure NF by
T = ZEJU{IUNF”“ =Ty (9-52)

In terms of the equivalent input noise voltage and current (V, — 1), the
noise temperature can be written as

L VLR

T 9.53
= " 4kBR, (9-53)
GAIN=G
Ry (Tgy)
NOISY
AMPLIFIER
R W o
J,r; ‘—r
! <3
Vi =1|4kT R._E REFEREMNCE TEMPERATURE, T = 290°K
oS

Figure -11. Amplifier with roive.
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Rg (Tg+Tg)

MOISELESS
AMPLIFIER
HL Yo

i
/

Vo u'-sgnsmr,;_+ T,

Figure 9-12. Source resistance fermperature increased to account for amplifier noise.

The equivalent input noise temperature of a number of amplifiers in
cascade can be shown to be

i 1 + —3 e R RS {9'54]

. “*6, " 66,

elnonal) =

where T, and G, are the equivalent input noise temperature and available
power gain of the first stage, T,, and G, are the same for the second stage,
and s0 on.

BIPOLAR TRANSISTOR NOISE

The noise figure versus frequency for a typical bipolar transistor is shown in
Fig. 9-13. It can be seen that the noise figure is constant across some middle
range of frequencies and rises on both sides. The low-frequency increase in

= B dB/OCTAVE —
@ L 3dB/OCTAVE n
e ¥
= { e MID-BAND ————=
] ! | |
- | |
u il I. ‘. _ PROPORATIONAL
211 TO(1/ta)?
o 3 I
= | PROPORTIONAL | % |

TO /1 | ~ PROPORTIOMAL |

| TO 1B . "

fy !? =1y t-0g
LOG OF FREQUENCY

Figure 9-13. Noise figure versuy frequency for bipolar trarsistor.
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noise figure is due to “1/f” or contact noise (see Chapter 8). The 1/f noise
and the frequency f, increase with increasing collector current.

Above frequency f,, the noise is due to white noise sources consisting of
thermal noise in the base resistance and shot noise in the emitter and
ml!c:ftur junctions. The white noise sources can be minimized by choosing a
transistor with small base resistance, large current gain, and high alpha
cutoff frequency. The increase in noise figure at frequencies above f, is due
Lo “.} the decrease in transistor pain at these frequencies and E?.} the
transistor noise produced in the output {collector) junction, which therefore
is not affected by transistor gain.

Enr a l._\,rpical audio transistor the frequency f,, below which the noise
bcgps to mcrease, may be between 1 and 50 kHz. The frequency f;, above
which the noise increases, is usually greater than 10 MHz. In transistors
designed for rf use, f, may be much higher.

Transistor Noise Factor

The tht:f;retfcal expression for bipolar transistor noise factor can be derived
by starting with the T-equivalent circuit of a transistor, as shown in Fig,
9-14, neglecting the leakage term /.,,. By ncglecting rr.=R,) and
adding the following noise sources—( 1) thermal noise of the base resistance
(2]_ shot noise in emitter diode, (3) shot noise in collector, and (4) thcrrnai
noise in the source resistance—the circuit can be revised to form the
equivalent circuit shown in Fig, 9-15.

T II'|£: nn_isu factor can be obtained from the circuit in Fig. 9-15 and the
relationships

I, =a,l,, (9-55)
prasht 2
©ogf, S fr{m:ﬁ ! (9-56)

ﬂ'Ie
b rJn
C
—AAA—y— e
fo
Rg g fa ;HL

b1

o O
a

Figure 9-14. Tequivalent circuit for a ransistor,
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Qg
Vi = f 4KTBr,
C,_»VW..O—— R S
fy 1 ol le
R,
low =Y 2918 r g&
o JI' O

v, = KTER,

Figure 9-15. Equivalent circuit of a transistor including noise sources.

||::| = L (9_5?]

Vit (i)

where e, is the de value of the transistor common-base current gain alpha, &
is Boltzmann's constant, g is the electron charge, f, is the transistor alpha
cutoff frequency, and f is the frequency variable. Using this equivalent
circuit, Mielsen (1957) has shown the noise factor of the transistor to be

i RN T F PN
F_1+E+ 2R, 4 TRRE [1 l-(f“) (1 ,B,,}]. (9-58)

where g8, is the de value of the common-emitter current gain beta,

B,= . (9-59)

This equation does not include the effect of the 1/f noise and is valid at all
frequencies above f, in Fig. 9-13. The 1/f noise can be represented as an
additional noise current source in parallel with «f, in the collector circuit.

The second term in Eq. 9-58 represents the thermal noise in the base, the
third term represents shot noise in the emitter, and the fourth term
represents shot noise in the collector. This equation is applicable to both the
common-emitter and the common-base configurations.

The value of source resistance K, for the minimum noise factor can be
determined by differentiating Eq. 9-58 with respect to R, and setting the
result equal to zero. This source resistance is found to be

112

(2r, + r,)B,r,
1+ (fIf)(1+B8,)

R =\(rl+r)+ (9-60)
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For most bipolar transistors, the value of source resistance for minimum
noise factor is close to the value that produces maximum power gain. Most
transistor applications operate the transistor at a frequency considerably
below the alpha cutoff frequency. Under this condition (f<f,), assuming
A, #=1, Eq. 9-60 reduces to

R, =V(2ry+r)B,r,.

If in addition the base resistance r, is negligible (not always the case), Eq.
9-61 becomes

(9-61)

R.=rVB,. (9-62)

This equati(:n 1s also useful for making quick approximations of the
source resistance that produces minimum noise factor. Equation 9-62 shows
tI?at the higher the common-emitter current gain B, of the transistor, the
higher will be the value of R,

V-1, for Transistor

To determine the parameters for the equivalent imput noise voltage and
current model, we must first determine the total equivalent input noise
vpltugc V.- Substituting Eq. 9-58 into Eq. 9-26, and squaring the result,
gives

2kTB(r, + rj+ R,)’ l L (i

L)ave)].

(9-63)

Vi =2kTB(r, +2r,+ 2R ) +

rl‘ (1]

The equivalent input noise voltage squared V' is obtained by making R, =1
in Eq. 9-63 (see Egs. 9-34 and Y-35), giving

B o 2KTB(r. + iy fy ’
V:i=2kTB(r + sckichdocl 1 SELY 7.8 L Hd
s {r. +2r)+ v B [1 + (f) 1+ ﬁ.)J . (9-64)

To determine I, we must divide Eq. 9-63 by R; and then make R, large (see
Egs. 9-34 and 9-36), giving

=BT (H g,

(9-65)

JUNCTION FIELD EFFECT TRANSISTOR NOISE

Th_ur:: are three important noise mechanisms in a junction FET: (1) the shot
noise produced in the reverse biased gate, (2) the thermal noise generated
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in the channel between source and drain, and (3) the 1/f noise generated in
the space charge region between gate and channel.

Figure 9-16 is the noise equivalent circuit for a junction FET. Noise
generator [, represents the shot noise in the gate circuit, and generator [,
represents the thermal noise in the channel. [, is the thermal noise of the
source admittance G,. The FET has an input admittance g,,, and a forward

transconductance g,

FET Noise Factor

Assuming no correlation between [, and [_* in Fig. 9-16, the total output
noise current can be written as

(9-66)

p— p)
| [Mcmqgf, N
ol

ffﬁgi{__ ” _zj||rz
(G, + )

(G:"'g“}z i

The output noise current due to the thermal noise of the source only is

\VAkTBG, )
bdui Ll PO

9-67
G: +H]] ( ]

1., (source) = (

The noise factor F is Eq. 9-66 squared, divided by Eq. 9-67 squared, or

! e f::- 2

ST Al e 9-68
F=1% 3%1BG, 4&1"3{;7(3),5}'{* £11) (2687

| D W =Pl T st et W 2 e = |

] FIELD EFFECT TRANSISTOR I

i T ThaeSTOR |

1I — I

I B |
e ORSINONE el four

1

2 ! O o L l

R I ;

SOURCE L ______________ |

My = INPUT ADMITTANGE
9y, = FORWARD TRANSCONDUGTANCE [ AMPERES PER VOLT |

G, = SOURCE ADMITTANGE

Figure 9-16. Noise equivalens of junciion field effect transistor.

* At high frequencies, noise generators [, and I, show some correlation. As a practical matter,
howewver, this is normally neglected.
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I, 15 the input shot noise and equals

I, =V2ql,,B, (9-69)

where [, is the total gate leakage current. /,_is the thermal noise of the
channel and equals

I.lz = \,f’dk?ﬁgﬁ ' {9_?[!}
Substituting Eqs. 9-69 and 9-70 into 9-68, and recognizing that

2q
m f;u:gll ' {9"?1]

gives for the noise factor

o=

F=1+4
¥ G:'g,l":

(G.'r + B :|J . (L}‘?zj

Rewriting Eq. 9-72 in terms of the resistances instead of admittances
gives

R, R {1 142
Fett oty e (L 1) (9-73)
nu 8B R, ry,

Neither Eq. 9-72 nor Eq. 9-73 include the effect of the 1/f noise. The second
term in the equations represent the contribution from the shot noise in the
gate junction. The third term represents the contribution of the thermal
noise in the channel.

For low noise operation, an FET should have high gain (large gy, ) and a
high input resistance r|, (small gate leakage),

Normally, at low frequencies, the source resistance R, is less than the
gate leakage resistance r,;. Under these conditions Eq. 9-73 becomes

1

F=1+ ’
g_r’xR:

(9-74)

In the case of an insulated pate FET (IGFET) or metal oxide FET
(MOSFET) there is no p—n gate junction and therefore no shot noise, so
Eq. 9-74 applies. However, in the cases of IGFETs or MOSFETSs the 1/ f
noise is often greater than in the case of JFETs.

V, — I, Representation of FET
The total equivalent input noise voltage can be obtained by substituting Eq.
9-73 into Eq. 9-26, giving

3 R, R :
V., = 4kTBR,[1 + —= 4 (i + L) ] ; (9-75)
i B ‘R, 1y
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Making R, =0 in Eq. 9-75 gives the equivalent input noise voltage squared
T
(see Eqs. 9-34 and 9-35) as
., 4kTB
V,= .
g_l":

(9-76)

To determine I, we must divide Eq. 9-75 by R? and then make R, large (sce
Eqs. 9-34 and 9-36), giving

P 4kTB(] +qgﬁr”j 1 (9-77)
' sl
For the case when g,r,, =1, Eq. 9-77 becomes
Ly (9-78)

! 1

NOISE IN IC OPERATIONAL AMPLIFIERS

The input stage of an operational amplifier is of primary concern in
determining the noise performance of the device, Most mnnghthu: op-amps
use a differential input configuration that uses two and sometimes ff‘.nur input
transistors. Figure 9-17 shows a simplified schematic of a typical two-
transistor input circuit used in an operational amplifier. Silnce two input
transistors are used, the noise voltage is approximately V2 times that for a
single-transistor input stage. In addition some monolithic transistors have

:

Vo
VIN“] a1 o} "I':N[ﬂ}
Q3
=

Flgure 9-17. Typical input circuit schematic of an 1C operational amplifier. Transistor 0, acts as
o constant currenl source to provide de bias for the tnput tranistors (, and 1.
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lower current gains () than discrete transistors, and that also increases the
noise.

Therefore, in general, operational amplifiers are inherently higher noise
devices than discrete transistor amplifiers, This can be seen in the typical
equivalent input noise voltage curves shown in Fig. 9-6. A discrete bipolar
transistor stage preceding an op-amp can often provide lower noise perform-
ance along with the other advantages of the operational amplifier. Op-amps
do have the advantage of a balanced input with low temperature drift and
low-input offset currents.

The noise characteristics of an operational amplifier can best be modeled
by using the equivalent input noise voltage and current V, — [ . Figure
9-18A shows a typical operational amplifier circuit. Figure 9-18B shows this
same cicuit with the equivalent noise voltage and current sources included.

The equivalent circuit in Fig. 9-18B can be used to calculate the total
equivalent input noise voltage, which is

V.. =[4kTB(R,, + R,) + V: +V?

Ll

O O e 3 T G )
(9-79)

It should be noted that V,,,
bandwidth B.
The two noise voltage sources of Eq. Y-79 can be combined by defining

Vize £, and [ . are also functions of the

(VoY =V +v3,. (9-80)

Equation 9-79 can then be rewritten as
Vi = [4KTB(R, + R,) + (V) + (1, R, )+ (1,,R,)°]" . (9-81)
Although the voltage sources have been combined, the two noise current
sources are still required in Eq. 9-81. If, however, R, = R ,, which is
usually the case since this minimizes the dc output offset voltage due to
input bias current, then the two noise current generators can be combined

by defining

) el 64 s (9-82)

For R,, =R, =R,, Eq. 9-81 reduces to
V.. =[BKTBR, + (VY + (LLR,)']'"? . (9-83)

The equivalent circuit for this case is shown in Fig. 9-18C. To aobtain
optimum noise performance (maximum signal-to-noise ratio) from an op-
amp, the total equivalent input noise voltage V. should be minimized.

Al
Wy
Vi = \]&TBF‘H Vo
=
N ATAVAY .,
R, R,
R -
1lllll (1] H'I + RI Illi'l tH:l
é ML
v
R, n?
Lz
V2= 1| 4LTBR ;
1€l

Figure 9-18, (A) Typical ap-amp circuit; (B) Circuit of A with noise sources added: (L) Circwir
of B with noise soturces combined at one terminal for the case R, = R.=R_.

269
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Methods of Specifying Op-Amp Noise

Various methods are used by op-amp manufacturers to specify noise for
their devices. Sometimes they provide values for V, and [, at each input
terminal, as represented by the equivalent circuit in Fig. 9-19A. Due to the
symmetry of the input circuit, the noise voltage and noise current at each
input are equal. A second method is to provide combined values, V) and [,
which are then applied to one input only, as shown in Fig. 9-19B. To
combine the two noise current generators, it must be assumed that equal
source resistors are connected to the two input terminals, The magnitudes of
the combined noise voltage generators in Fig. 9-19B, with respect to the
individual generators in Fig, 9-19A, are

Vi=V2V (9-84)
I'=v21 . (9-85)

In still other cases the noise voltage given by the manufacturer is the
combined value V|, whereas the noise current is the value that applies to
cach input separately 7 . The equivalent circuit representing this arrange-
ment is shown in Fig. 9-19C. The user therefore must be sure he or she
understands which equivalent circuit is applicable to the data given by the
manufacturer of the device before using the information, To date, there is
no standard as to which of these three methods should be used for specifying
op-amp noise.

Op-Amp Noise Factor

MNormally, noise factor is not used in connection with op-amps. However,
the noise factor can be determined by substituting Eq. 9-83 into Eq. 9-26,
and solving for F. This gives

(Vo) + (LR,) |
F=2+ 4kTBR. . (9-86)
Equation 9-86 assumes the source noise is due to the thermal noise in just
one of the source resistors R, not both. This is a valid assumption when the
op-amp is used as a single-ended amplifier. The thermal noise in the resistor
R, on the unused input is considered part of the amplifier noise and is a
penalty paid for using this confipuration.

In the case of the inverting op-amp configuration, the noise due to R, at
the unused input may be bypassed with a capacitor. This is not possible,
howewver, in the noninverting configuration, since the feedback is connected
to this point.

A second method of defining the noise factor for an op-amp 15 to assume
the source noise is due to the thermal noise of both source resistors (2R, in

—

NOISY OP-AMP
Vn
0 O—
In MOISELESS Lo
QP-AMP
W —
——CO—
{nﬁ?
— (A
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S a5 o
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DP-AMP
o
{B)
MNOISY OP-AMP
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o
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NOISELESS 5
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" -
T ic)

Figure 9-19, Methods of modeling ap-amp noise: (A) separale Roise generators ar each input,
(B} noise generators combined at one input, {C) separate noise current generalors with combined

noise veltage generdtor,
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this case). The noise factor then can be written as

(V)X +(IR)

F=1r = SkraR,

(9-87)
Equation 9-87 is applicable if the op-amp is used as a differential amplifier
with both inputs driven.

SUMMARY

e If the source resistance is a variable and the source voltage a constant
in the design of a circuit, minimizing noise factor does not necessarily
produce optimum noise performance,

s For a given source resistance, the least noisy circuit is the one with the
lowest noise factor,

e For the best noise performance the output signal-to-noise ratio should
be maximized, this is equivalent to minimizing the total input noise
voltage (V,,).

e The concept of noise factor is meaningless when the source is a pure
reactance.

e For best noise performance a low-source resistance should be used
{(assuming the source voltage remains constant).

e Noise peformance may be improved by transformer coupling the
source resistance to a value equal to B, =V, /] .

e If the gain of the first stage of a system is high, the total system noise is
determined by the noise of the first stage.
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