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The Field Displacement Isolator

By S. WEISBAUM and H. SEIDEL
(Manuscript received February 7, 1956)

A nonreciprocal ferrite device (field displacement isolator) has been con-
structed with reverse to forward loss ratios of about 150 in the region from
5,925 to 6,425 mc/sec. The forward loss is of the order of 0.2 db while the
reverse loss 1s 80 db. These results are obtained by using a single ferrite
element, spaced from the sidewall of the guide. The low forward loss suggests
the existence of an electric field null at the location of a resistance strip on
one face of the ferrite. We discussthe variousconditions, derived theoretically,
under which the electric field null may be oblained and utilized. Further-
more, a method of scaling vs demonstrated which permils ready design to
other frequencies.

I. INTRODUCTION

The need for passive nonreciprocal structures has long been recog-
nized.! In the microwave field, Hogan’s gyrator? paved the way for an
increasingly important class of such devices. The isolator, in particular,
has emerged as one of the more useful ferrite components. It performs
the function, as its name implies, of isolating the generator from spurious
mismatch effects of the load. Unlike lossy pads, which consume generator
power, the isolater provides a unidirectionally low loss transmission
path.

A. G. Fox, S. E. Miller and M. T. Weiss® have pointed out that non-
reciprocal ferrite devices may exploit any of the following waveguide
effects:

1. Faraday rotation

2. Gyromagnetic resonance
3. Field displacement

4. Nonreciprocal phase shift

In the present paper we shall discuss an isolator, based upon the field
displacement effect, which was developed to meet the following require-
ments for a proposed microwave relay system (5,925-6,425 mc/sec):

1. Forward loss 0.2 db

877
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2. Reverse loss 20 db
3. Return loss 30 db

The field displacement isolator employs an ordinary rectangular
waveguide and requires no specialized adaptation to the rest of the
guide system. It is relatively compact and does not require excessive
magnetic fields. In contrast to the field displacement structure of Ref-
erence 3, in which a symmetrically disposed pair of ferrite slabs is used,
the present unit (see Fig. 1) contains only a single slab. Other differences
of a more substantial nature may be noted — in the present case the
slab is displaced from the guide wall, it occupies a partial height of the
waveguide, and it employs a novel disposition of the absorption material
on one face. These features result in a broadband device.

In the analysis presented in this paper the isolator field characteristics
for a full height slab are determined by exact solution of Maxwell’s
equations, as opposed to the “point-field’”’ perturbation approximation
used in Reference 3. An exact solution of the partial height geometry of
the experimental device would be exceedingly difficult to obtain. How-
ever, such a solution did not appear to be essential for this investigation
since good correspondence has been obtained between the experimental
results and the idealized full height slab calculations.

The following performance of the isolator was obtained from 5,925-
6,425 mc/sec:

1. Forward loss ~ 0.2 db

PERMANENT
MAG{\IET

I
A _FERRITE !
|
1
S
~~~RESISTANCE f
| COATING |
4 |
[ —————>  y

h=o0.550 IN.

J'=0.180 IN.

b=0.074 IN.

L =1.590 IN.

S=0.795 IN.

Fig. 1 — Field displacement isolator.
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2. Reverse loss ~ 30 db
3. Return loss ~ 30 db
The extremely low forward loss strongly suggested the existence of an
electric field null in the plane of the resistance material. Consequently,
a theoretical investigation of the null condition was made and a set of
criteria established for the existence and utilization of the null. (I%. H.
Turner* independently developed the same null conditions.) An exten-
sion of the analysis leads directly to a set of scaling laws which permits
the ready design of isolators of comparable performance at other fre-
quency bands. ’

II. DESCRIPTION OF OPERATION

In Section ITA we will show how the “point-field” approach?® is used
to predict the qualitative behavior of the structure and in Section IIB
we will apply a more rigorous analysis to the determination of the op-
timum design parameters.

A. Qualitative

Prior to introducing the actual isolator configuration, we shall re-
view some elementary properties both of the ferrite medium and of an
unloaded rectangular waveguide. It is in terms of these properties that
we can understand, in a qualitative sense, the interaction of an rf wave
with a ferrite in such a waveguide. Since the behavior of a ferrite medium
in the presence of a static magnetic field and a small 7f field has been
discussed in the literature® the following resumé is not intended to be
detailed. It is presented, however, to maintain continuity.

If a static magnetic field is applied to a ferrite medium the unpaired
electron spins, on the average, will line up with the field. If now an rf
magnetic field, transverse to the dec field, excites the spin system these
electrons will precess, in a preferential sense, about the static field. The
precession gives rise to components of transverse permeability at right
angles to the rf magnetic field, leading to a tensor characterization of
the medium. This tensor has been given by Polder’ and may be diag-
onalized in terms of circularly polarized wave components. Correspond-
ing to the appropriate sense of polarization we use the designation -~
and —. When the polarization is in the same sense as the natural pre-
cessional motion of the spin system, gyromagnetic resonance occurs for
an appropriate value of the static magnetic field. The scalar permea-
bilities p— and ;. are shown in Fig. 2 as functions of the internal static
magnetic field as would be observed at an arbitrary frequency.
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2 (UNITS OF )
Om
|
|

Fig. 2 — Permeability versus magnetic field.

Clearly, in employing a ferrite medium, we intend to use the basic dif-
ference between the scalar permeabilities u, and p_ . To this end we may
exploit the fact that the magnetic field configuration at any given point
in a rectangular waveguide is, in general, elliptically polarized. Travel-
ing loops of magnetic intensity appear in Tig. 3 for the fundamental
(TE1p) mode. At point P an observer sees a counterclockiwise elliptically
polarized magnetic intensity if the wave is traveling in the (+y) direc-
tion.* The propagating wave may be decomposed into two oppositely
rotating circularly polarized waves of different amplitudes:

O-0-0

For propagation in the (—y) direction the rf polarization is reversed:

O-0+0

Let us now consider the actual experimental configuration shown in
Fig. 4 (the partial height geometry was chosen on an experimental basis,
in that it gave VSWR considerably less than that for a full height ferrite
slab). The precession of the spin magnetic moments is counterclockwise

* It is evident that a point converse to P exists symmetrically to the right of

center. This is utilized in a double slab isolator which has been investigated by
S. Weisbaum and H. Boyet, I.R.E., 44, p. 554, April, 1956.
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looking along the direction of the de magnetic field shown in Fig. 4.
Since the major component of circular polarization for (+4-y) propagation
is also counterclockwise the permeability will be less than unity for this
direction of propagation. This occurs provided we are using small static
fields, as is readily verified from Fig. 2. The permeability will be greater
than unity for (—y) propagation. Physically, this is equivalent to energy
being crowded out of the ferrite for (4y) propagation and to energy
being crowded in, in the reverse direction. The electric field will thus be
distorted as shown in a qualitative way in Fig. 5. The vertical dimen-
sion in this figure serves both to identify the guide configuration and to
provide an ordinate for the electric field intensity. .
The fields as shown in Fig. 5 merely represent a qualitative picture of
the distributions in the guide and are not intended to be exact. There is
no question, however, that the electric fields at the ferrite face are dif-

FERRITE ,_F_J

RESISTANCE STRIP
ELEMENT -7

brles]

S L e >

Fig. 4 — Experimental configuration.
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Fig. 5 — Electric field distortion.

ferent in magnitude corresponding to the two directions of propagation.
Hence, if resistance material is placed at the interior face of the ferrite
(see Fig. 1) we may expect to absorb more energy in one direction of
propagation.

B. Analysis of Electric Field Null:-Full Height Ferrite

The description we have given in Section ITA is based on a perturba-
tion approach and does not take into account the higher order interac-
tion effects of the ferrite and the propagating wave. In this section we
consider an analysis of the idealized case, namely that of a full height
ferrite slab, and impose the condition of an electric field nuil at the face
of the ferrite for the forward direction of propagation. While this too
does not represent the true experimental situation, we believe it to be a
better approximation than the ‘““point-field”” perturbation viewpoint.

The fields of the various regions shown in Fig. 6 are described as
follows:

E.® = sin auz
E.® = Ae7™ 4 Be™® where 2’ =2 —a (II-—1)
E® = Vsinanx” where 2" =2z — L

where

a; = transverse wave number in the jt® region

a = transverse dimension from narrow wall to ferrite face
L= broad waveguide dimension

x = variable dimension along broad face

z = height variable

A, B, V = constants
Setting up the wave equation, there results
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ar = K* [z— (u — It — 1] + o (IT—2)

where g, and k, are the relative diagonal and off-diagonal terms of the
Polder tensor, respectively, K is the free space wave number and &, is
the relative dielectric constant.

wr=1- ——4772]‘[ 87w§
Wy — W
4 M
kr = 4= —ﬂ; S’sz
Wy — W

v = 2.8 X 109 cycles/sec/oersted
47M¢ = saturation magnetization in gauss
H, = static magnetization in oersteds

wy = vH,

27
K—T

The following transcendental equation results from satisfying the
boundary conditions on E and H:®
(I1—3)

tan ouafpron 4 kB tan asd] + (o’ — k')oy tan axd | tan b _ 0

(8% — K2u,e,) tan aya tan amd + oy(ueae — kB tan asd) o

where 3 is the propagation constant.

The minimum nontrivial value of «; causing a null to appear at the
ferrite face is a; = 7 /a. Placing this value in (II — 3) produces the fol-
lowing transcendental equation for the null:

g (u — k7 tan ap

uro — k.8 tan asd + tan aib =0 (Ir—4)

fe——m Qm— e ——— >|¢d‘—>(——b—)

Fig. 6 — Full height geometry.



884 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1956

where b = L-a-8. Equation (Il —4) demonstrates that the null condi-
tion is nonreciprocal since, in general, the solutions differ for k, positive
and k, negative. The quantity k&, has the same sign as the direction of
the dc magnetic field; reversing the sign of k. is equivalent to reversing
the direction of propagation.

A numerical analysis of equation (II — 4) has led to the conclusion

that the null condition is most broadband when | g, | < | k. [.¥* We use
the criterion | u, | = | k. | to determine a critical magnetic field:
H, = ‘;" — 4xMs (II —5)

Clearly we require w/vy > 4wM g for physically realizable solutions. The
saturation magnetization (4rMjg) is subject to the following:

1. A choice of too large a 4mM s might create a mode problem and in
addition will not satisfy the limit on 47#M g implied in (II — 5).

2. 4rM s must be sufficiently large so that the field needed to make
| ur | < | kr | nOt be excessive.

3. vV H(H + 4wM) (this being the slab resonance frequency for
small slab thickness”) must be sufficiently far from the operating fre-
quency to avoid loss due to resonance absorption. In addition, this con-
dition improves the frequency insensitivity of the null.

Further analytic considerations are presented in Section IV,

III. EXPERIMENTAL DESIGN CONSIDERATIONS

Aside from the partial height nature of the slab, there are two other
basic factors in the experimental situation which are not present in the
analysis of Section IIB (see also Section IV). First, the ferrite has both
finite dielectric and magnetic loss. Second, higher order modes may be
present. These deviations from the simplified analysis are by no means
trivial and it would not be surprising if one found a considerable modifi-
cation of the analytic results. As it turns out, there are broad areas of
general agreement between the theoretical and experimental results
and in no case examined here does one find a basic inconsistency. In
considering the various parameters which must be adjusted to optimize
the broadband performance of the isolator we will point out, where
possible, how the theoretical results are modified by the factors men-
tioned above. The parameters of interest are:

* This is partially evident from equation II — 4. The quantity | x, | must be
less than | k, | if the angle (a;b) is to be small and in the first quadrant. Second
quadrant solutions cause the guide cross section to be excessively large, with
attendant higher mode complication.
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A. The saturation magnetization (4xMjs) and the applied magnetic
ﬁeld (H DC)-

B. The ferrite height.

C. The thickness (8) of the ferrite and its distance (b) from the nearest
sidewall.

D. The placement of the resistance material and its resistivity (p).

E. The length of the ferrite (£).

A. 4xMg and Hpe

Theoretically, minimum forward loss occurs with a true null at the
face of the loss film and has been given in the condition | u,| < |k, |.
Although this inequality is required in the full height slab analysis,
experiment (Fig. 7) indicates the low loss region to be so broad as to
extend well into the low field, or | u, | > | k. | region.

There is inherent loss in the ferrite so that a more accurate statement
of the bandwidth of operation is that in which the losses in the film are
of equal order to the ferrite losses at the band edges. Even discounting
ferrite losses, it will be shown in Section IV that we have a good analytic
basis for the observed broadness of the low loss region. In general, there-
fore, we need not be as restrictive as the null analysis of Section IIB
would imply. It is not surprising then that optimum operation actually
occurs in the region | pr | > | k- |. There are several reasons why this may
be so:

1. Shift of operation occurs due to the partial height nature of the
ferrite slab.

2. Reverse loss has a peak in the low field region, requiring a compro-
mise of low forward loss and high reverse loss for best isolation ratios
(see Fig. 8).

3. Optimum compromise between low ferrite loss and low film loss
must be made.

The internal magnetic field, determining | u, | and | k, |, differs from
the applied field by the demagnetization of the ferrite slab. Although not
ellipsoidal, it may nonetheless be considered to have an average demag-
netization which has been computed, for this case, to be 460 oersteds.
A further complication in knowledge of the internal field is the proximity
effect of the pole pieces. This latter correction was obtained experi-
mentally and, all in all, it was determined that the internal field for
optimum operation was of the order of 300 oersteds. For the given
ferrite and the range of frequency of operation, this internal field corres-
ponds to the condition that | u, | > | k. |, as stated above.

Taking all effects into account, it was found that optimum permanent
magnet design occurred for an air gap field of 660 oersteds.
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FERRITE: R
47TMs=1700 GAUSS

95 J=0.180 IN.
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a 2 4 7
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St - A
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0
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MAGNETIZING CURRENT IN AMPERES

Fig. 7 — Forward loss versus magnetizing current.

Using the experimental values 47M s = 1,700 gauss and internal mag-
netic field = 300 oersteds, the frequency at which ferromagnetic reso-
nance oceurs was estimated to be about 2200 me/sec. This value is suf-
ficiently far from our operating range (5,925-6,425 mc/sec) that we
would expect a negligible loss contribution due to resonance absorption.
This is confirmed by the low forward loss actually observed.

B. Ferrite Height »

We have already pointed out that when the ferrite height is reduced
from full height a more reasonable VSWR is obtained. This is due to the
fact that we have relieved the stringent boundary requirements at the

60
N 50
o 660
a OERSTEDS AT 6425 MC PER SEC
9 ~ | I
i

w40 N
[a}
£ ; ‘Y \t\

30
2 N
- . \
w 20 N
& / \ ,

AT 5925 MC PER SEC

g \_/
u 40 \
o«

(o}

o 0.4 0.8 (.2 1.6 2.0 2.4 2.8 3.2 3.6

MAGNETIZING CURRENT IN AMPERES

Fig. 8 — Reverse loss versus magnetizing current.
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top and bottom faces of the ferrite and approach, in a sense, a less critical
rod type geometry. A ferrite height of 0.550” gave a VSWR ~ 1.05
over the band. With full height slabs (0.795”), VSWIR values as high
as 10:1 have been observed for typical geometries.

C.éand b

Experimentally, we have examined various ferrite thicknesses at dif-
ferent distances from the sidewall until optimum broadband performance
was obtained. Table I shows the ferrite distance from the wall which
gave the best experimental results (highest broadband ratios, low for-
ward loss, high reverse loss) for each thickness & of one of the BTL
materials. It is interesting to note that the empirical quantity § + /2 —

Tasie I
5 (mils) b (mils) s+ 12’ (mils) ¢ (mils) 5+ g-zz (mils)
201 11 206.5 3 200.5
189 35 206.5 3 200.5
186 42 207.0 3 201.0
176 65 208.5 3 202.5
189 42 210.0 6 198.0

2t, where ¢ is the thickness of the resistive coating, is very nearly con-
stant (within a few mils) for the stated range of 8 and for this type of
design.*

In Section IV a theoretical calculation using the null condition at
6175 me/sec for a full height ferrite gives

6 = 180 mils
b = 38.7 mils

so that 6 + b/2 = 199.3 mils. In the theoretical case ¢ is assumed to be
very small. It will be noted that the theoretical result for § + b/2 (with
small ¢) agrees quite well with the experimental § 4 b/2 — 2¢. The ques-
tion of the possible physical significance of this quantity is being
investigated.

D. Placement of Reststance Material and Choice of Resistivity
The propagating mode with a full height ferrite slab is of a TE,
variety, the zero subscript indicating that no variation occurs with re-

* Imé design of the isolator we used a General Ceramics magnesium manga-
nese ferrite with § = 0.180”, b = 0.074” and ¢ = 0.009” so that 6 + b/2 — 2t = 199
mils, in good agreement with Table I.
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Fig. 9 — Distribution of small tangential electric fields at interior ferrite face.

Fig. 10 — Resistance configuration.

spect to height. A field null in this construction therefore extends across
the entire face of the full height ferrite and all of this face is then “active”
in the construction of an isolator. This field situation no longer accurately
applies to the partial height slab. The departure of the ferrite from the
top wall creates large fringing fields extending from the ferrite edges, and
large electric fields may exist tangential to the ferrite face close to these
edges. We would therefore expect the null condition to persist only in a
small region about the vertical center of the ferrite face. We may, how-
ever, also expect longitudinally fringing modes (TM-like) to be scattered
at the input edge of the ferrite slab so that a longitudinal field maximum
will exist at the central region of the ferrite. However, this is a higher
mode, so that this maximum decays rapidly past the leading edge.
Considering all the effects, the distribution of small tangential electric
fields at the ferrite face may be expected to appear as shown in Fig. 9.
Experimentally, we have utilized this low loss region and have avoided
the decay region of the higher TM-like modes by using the resistance
configuration shown in Fig. 10. The resistivity is uniform and about 75

- -

COPPER PLATE

RESISTANCE STRIP
FERRITE

ILILILIS IS LIS IIIS SIS AL L LIS I IS IS

Fig. 11 — Elimination of longitudinal components.
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Fig. 12 — Attenuation versus length of resistance strip.

ohms/square. Variations of about 430 ohms/square about this value
result in little deterioration in performance.

Some further discussion of the perturbed dominant mode is of interest.
We may think of the height reduction as primarily a dielectric discon-
tinuity where we have effectively added a negative electric dipole den-
sity to a full height slab. Since this addition is smaller for the forward
case (where there was initially a small electric field) than for the reverse
case, we may expect the longitudinal components to be smaller for the
forward propagating mode. The other type of longitudinal electric field,

50 0.5
] I, 7]
o 40 ] -t 0.4 i
@ L1 | 3
9 / REVERSE LOSS w
a o] : e
z 30 0.3 z
)
a 0
3 o A 39
- 20 S=—— = 0.2
w FORWARD LOSS o
2 <
o
w 2
2 S
U0 0.4 Q

] 0
5900 6000 6100 6200 6300 6400 6500
FREQUENCY IN MEGACYCLES PER SECOND

Fig. 13 — Loss versus frequency.
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Iig. 14 — Isolator model.

which occurs due to the scattering of the TM-like longitudinal modes.
decays rapidly and is not of consequence in an experiment now to be
described. This experiment was designed to demonstrate the nonre-
ciprocal nature of the longitudinal electric fields associated with the dis-
torted dominant mode. It also shows that the existence of these com-
ponents is significant as a loss mechanism for the reverse direction of
propagation in the isolator. The geometry employed is shown in Fig, 11.

The copper plate was inserted to minimize longitudinal electric field
components, and we may therefore expect to obtain less reverse loss than
in the condition of its absence. The result of this experiment was that
the reverse loss decreased from about 25 db* without the plate to 18 db
with the plate. The forward loss was unaffected.

E. Determination of Length

Given a dominant mode distribution in a waveguide, attenuation will
be a linear function of length, once this mode has been established. Con-
sequently, one would expect that doubling the loss film length would
double the isolator reverse loss. The isolator does not exhibit this be-
havior, however, as is illustrated in Fig. 12.

This occurrence might be explained by the appearance of still another
longitudinal mode, peculiar in form to gyromagnetic media alone, which
propagates simultaneously with the transverse electric mode, and is
essentially uncoupled to the loss material. The maximum reverse loss

* This experiment was conducted with a different ferrite than that employed in
the eventual design.
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thus obtainable is limited by the scattering into this mode. The charac-
ter of these singular modes will be discussed in a subsequent paper.

Results
The performance of the isolator as a function of frequency is shown
in Fig. 13. Fig. 14 shows a completed model of the isolator.

IV. FURTHER ANALYSIS

While an exact characteristic equation is obtainable for the overall
geometry of the full height isolator, including the lossy film, the ex-
pressions which result are sufficiently complex to be all but impossible to
handle. However, if the resistance film is chosen to have small conduc-
tivity we may utilize a simple perturbation approach in which the field
at the ferrite face is assumed to be unaffected by the presence of the
loss film. A quantity » may then be defined* so that

_ | B
P

For small conductance values 5 is proportional to attenuation to first
order in either direction of propagation. Fy , in equation (IV—1), is
the electric field adjacent to the film and P is the power flowing across
the guide cross section. The loss in the ferrite material is not taken into
account in this approximation, but it would naturally have a deteriorat-
ing effect on the isolator characteristics.

The ratio of the values of % corresponding to backward and forward
direction of propagation defines the isolation ratio, given in db/db, for
the limit of very small conductivity.

Fig. 15 shows a calculated curve of the forward value of # and Tig.
16 shows the backward case. The isolation ratio shown in Fig. 17 dem-
onstrates surprisingly large bandwidth for values of the order of 200
db/db. Fig. 18 portrays propagation characteritics for both forward
and backward power flows and provides the interesting observation, in
conjunction with Fig. 16, that peak reverse loss occurs in the neighbor-
hood of A = ;.

Fig. 19 is a plot of a;, the transverse wave number, over the fre-
quency range. The flatness of the forward wave number means that the
position of null moves very little with frequency across the band. Hence
the lossless transmission in the forward direction is broadband. Since
the forward and backward wave numbers have such radically different

Iv—1)

* See Appendix
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rates of variation, a simple adjustment of parameters may be made to
cause the forward null and maximum reverse attentuation to appear
at the same frequency, resulting in an optimum performance.

The occurrence of the reverse maximum loss in the region of A = A,
may roughly be explained as follows. As the transverse air wave number
decreases, the admittance of the guide, defined on a power flow basis,
increases. The electric field magnitude distribution must therefore gener-
ally decrease in such a fashion as to cause the overall power flow to re-
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Fig. 17 — Ideal isolation characteristics.

main constant. On the other hand as the transverse air wave number
decreases through real values, the electric field adjacent to the ferrite
becomes relatively large. At A = A, the distribution is linear with rela-
tively large dissipation at the ferrite face. As the transverse air wave
number increases through imaginary values the distribution becomes
exponential such that the field adjacent to the ferrite is always the maxi-
mum for the air region and the growth of the field at the face of the
ferrite would not seem to be so great as formerly. One would therefore
expect a maximum reverse loss somewhere in the region X = A, .

The above considerations plus the transcendental equation for the
null show consistency with the experimental design values which were:

6 = 0.180”
L =1.59
4rMg = 1,700 gauss

Using Hpe = 600 oersteds in the calculation we obtain the spacing from
the guide wall b = 0.0387”. The fact that we used 600 oersteds for the
full height slab calculation as opposed to the internal field of 300 oersteds
found experimentally for the partial height slab should not be a source of
confusion. It has been indicated earlier that the peak reverse loss shifts
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with ferrite height reduction. It is not inconsistent therefore to choose
600 oersteds for the full height analysis in contrast to the value deter-
mined from the experiment.

V. SCALING
Once the optimum set of parameters has been decided upon for a
given frequency range (e.g., 5,925-6,425 me/sec¢, 6 = 0.1807, b = 0.074”,
£ =5"h = 0.550", 4rM s = 1,700 gauss, Hpc = 660 oersteds) it is a
simple matter to scale these parameters to other frequency ranges. From
Maxwell’s equations:
Curl H = iwel + gF

Curl E = —iT-H

where 7' is the permeability tensor, and ¢ is the conductivity in mhos/
meter. The first of Maxwell’s equations suggest that frequency scaling
may be accomplished by permitting both the curl and the conductance
to grow linearly with respect to frequency. The curl, which is a spatial
derivative operator, may be made to increase appropriately by shrinking
all dimensions by a 1/w factor, which will keep the field configuration
the same in the new scale.

Having imposed this condition on the first equation we must satisfy
the second of Maxwell’s equations by causing 7' to remain unchanged
with frequency. T is a tensor given as follows for a cartesian coordinate
system:

Mr ikr 0
T = —ily g O V—1)
0 0 1

for a magnetizing field in the 2z direction. The components may be ex-
panded in the following fashion:

1+ 4r ("?leg)
bE
L= ()
() -1

Hr

(V—2)
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where 4wM g is the saturation magnetization in gauss and v is the mag-
netomechanical ratio. The Polder tensor evidently remains unchanged
if Msand H are both scaled directly with frequency.

Since the field distributions are assumed unchanged relative to the
scale shift, normal and tangential £ and H field components continue
to satisfy the appropriate boundary equalities at interfaces. Then, in-
voking the uniqueness theorem, the guide characteristics are only as
presumed and the model has been properly scaled as a function of fre-
quency.

The scaling equations are:

d =24,
w1
w1

gL = —g2
w2

(V—3)
.
M,g! = (:)_: Msz

(Ho) = 2 (Hy):

where d is any linear dimension,

CONCLUSION

An isolator with low forward loss and high reverse loss can be con-
structed by a proper choice of parameters. Once a suitable design has
been reached the scaling technique can be used to reach a suitable design
for other frequencies.

As yet, a theoretical analysis of this problem has been carried out only
for a full height ferrite.
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APPENDIX

It is desirable to establish an isolator figure of merit. A simple quan-
tity characterizing the isolator action is the normalized rate of power
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loss in the resistive strip, for an idealized ferrite, in the low conductive
limit of such a strip. Let

where 7 is the appropriate quantity, F, is the field at the resistance, and
P is the total power flow across the guide cross-section. This figure of
merit is related to the rate of change of the attenuation constant (A4)
with respect to strip conductance in the following manner:

:%1 = 0.043437h (db)(ohms)/cm
where & is the fractional height of the loss strip, and ¢ is the reciprocal
of the surface resistivity in ohms/square.

The total power flow may be divided into integrations of the Poynting
vector over the three regions of the guide cross-section. The following
results are obtained normalized to E, = sin oa:

Region1l:0 =z = o

Pu(l) — B (a _ sin 2a1a>

2wup 20

Region2:a £z Za+ 6

8
2(.0#0

sin 2090

@ _
P = 200y — kr?)

+0
(;,FMTIC,E (di® + d3) +

k, 1 — cos 2a4
'I:”'( 4 — d22) - E_ a2(2d1d2):| ~+ 2_012(11;2 — k;)

-[Mzdld» + B2y - df)])

Region3:a+ 86 =2 =L
PO _ B b sin 2 a1b> <d1 coS asd + ds sin a262>
¥

260#0 2041 Sil’l oqb

where di = sin a0
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ds (g — koy cos ana + kB sin onal
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Transmission Loss Due to Resonance
of Loosely-Coupled Modes in a
Multi-Mode System

By A. P. KING and E. A. MARCATILI

(Manuscript received January 17, 1956)

In a multi-mode, transmission system the presence of spurious modes
which resonate in a closed environment can produce an appreciable loss to
the principal mode. The theory for the evaluation and control of this effect
under certain conditions has been derived and checked experimentally in
the particularly interesting case of a TEqy lransmission system, where mode
conversion to TEy, TEg -+ - ts produced by tapered junctions between
two sizes of waveguide.

INTRODUCTION

In a transmission system, the presence of a region which supports
one or more spurious modes can introduce a large change in the trans-
mission loss of the principal mode when the region becomes resonant for
one of the spurious modes. This phenomenon can occur even when the
mode conversion is low and the waveguide increases in cross section
smoothly to a region which supports more than one mode. In general,
the conditions required to resonate the various spurious modes are not
fulfilled simultaneously and, in consequence, interaction takes place
between the principal mode and only one of the spurious modes for each
resonating frequency. Under these conditions the resonating environ-
ment can be visualized as made of only two coupled transmission lines,
one carrying the desirable mode and the other the spurious one. This
simplification makes it possible to calculate the transmission loss as a
function of (1) the coefficient of conversion between the two modes and
(2) the attenuation of the modes in the resonating environment. The
theory has shown good agreement with the measurement of transmission
loss of the TEqn mode in a pipe wherein a portion was tapered to a larger
diameter which can support the TE, mode.

899
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TRANSMISSION LOSS OF A WAVEGUIDE WITH A SPURIOUS MODE RESONATING
REGION )

Let us consider a single-mode waveguide connected to another of
different cross-section that admits two modes. Since these two modes
are orthogonal, the junctions may be considered as made of three single-
mode lines connected together, provided we define the elements of the
_scattering matrix properly. The three modes, or lines in which they
travel, are indicated by the subscripts 0, 1, and 2, as shown in Fig. 1.
If @y, a1, as and by, b1, by are the complex amplitudes of the electric
field of the incident and reflected waves respectively, then

bo Qo
b1 = [S] ax
bz (42
where
Tow T'n Te
[S] = | Fn Tu T (1
T T2 Ty

is the scattering matrix.!

This specific type of change of cross section may be treated as a
three-port junction.

Now, if a length £ of a two mode waveguide is terminated sym-
metrically at both ends with a single mode waveguide (Fig. 2), each
joint is described by the same matrix (1), and the connecting two mode
wave guide has the following scattering matrix:

0 PR | 0

PRSI 0 0 )

0 0 0 i (9
0 0 it

in which
70 =7l = (aa + jB)¢
2 = 72l = (a2 + jBo),
v1 and v, are the propagation constants of modes 1 and 2.

1 N. Marcuvitz, Waveguide Handbook, 10, M.I.T., Rad. Lab. Series, McGraw-
Hill, New York, 1951, pp. 107-8.
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Matrices 1 and 1’ describe the system completely and from them, the
transmission coefficient results,

—
(2}
A_r%w%*0+}ﬁz To Too my @)
= T . To | To | Ty | :
[t — (% - F11F22)6—J(01+02)]2 — (Tue™™ + Tpe2)*
where

Po2> . 3(03—01)
1 2 1
t (Pm

A* is the complex conjugate of 4
To* is the complex conjugate of Tq

Too* is the complex conjugate of T'p:
Furthermore, let us make the following simplifying assumptions

T =0 (3)
| To:] < 1 4)

1, if m=n=01,2

Z Tonlm = 10 if m#En (5)

Equation (3) indicates that if in Fig. 1, lines 1 and 2 were matched,
line 0 would also be matched looking toward the junction. Equation (4)
states that almost all the transmission is made from 0 to 1, or that there
is small mode conversion to the spurious mode 2. Equation (5) assumes
that the transition is nondissipative. The first two conditions are ful-
filled when the transition is made smoothly. The last is probably the
most stringent one, especially if the transition is a long tapered wave-
guide section, but it is always possible to imagine the transition as
lossless and attribute its dissipation to the waveguides.

a -
dg —> b1 —_
R —a
bz -

Fig. 1 — Schematic of a three-port junction.
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From (2), (3), (4) and (5)

- The ™ 1 {1 __2[Tn |_2(01 — cos ip)e 2} ©
[T ? . Tl 1 — [[ee™® + Tue ™
22
where ,
I'n = | Tn l Gjml
T = I Ta l 6”22

¢=01—02—¢11+§022

In order to understand this expression physically, let us suppose first
that there is no attenuation. The transmission coefficient I' becomes 0
when the following equations are fulfilled simultaneously

Bl — ¢ = pm p=20123--- (7)
and
§0=(20+1)7T q=0,1,2,8"--: (8)

The first of these equations states that the line carrying the feebly
coupled mode must be at resonance, since this condition is satisfied when
the electric length of this line is modified by a multiple of 7 radians. The
second condition, (8), implies that both paths, in lines 1 and 2, must
differ in such a way that electromagnetic waves coming through them
must arrive in opposite phase at. the end of the two-mode waveguide.
This is quite clear if we think that, in order to get complete reflection,
signals coming through lines 1 and 2 must recombine again with the
same intensity and opposite phase. In order to get both modes with the
same intensity, the converted mode must be built up through resonance;
the opposite phase is obtained by an appropriate electric length adjust-
ment. When attenuation is present, I' will not be 0, and conditions (7)
and (8) for minimum transmission are modified only slightly if the

- Q,
ag —> by =—> b —>
by—>

SR

Fig. 2 — Schematic of a two-mode waveguide terminated symmetrically on
each side with a single-mode waveguide.
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Fig. 3 — Relative insertion loss as a function of the spurious mode attenuation
and mode conversion level.

attenuation is low, but the general interpretation of the phenomenon is
still the one given above.

From (6) we can calculate the extreme values of |I'| differentiating
with respect to ¢, and we define the relative insertion loss I in db, as the
ratio between the minimum and maximum transmitted power expressed
in db.

2 l T2 |2(1 + cosh Oéf)

men B 1 _ 02 I F22 |26—2a26
I= =2 5 ’
20 logio T 0 logy c L2 | T2 ]2(1 — cosh af) B
1 4 B[ Ty 6>
where
1112 2 ¢ F12 2 4
B=1+|5 e C=1—|5 e @z

For the most important practical case, that is, when the maximum value
attainable by cosh af is of the order of 1, and knowing from (3), (4) and
(5) that

| T * = | T " (1 — | Tee )

| T 21— 2| Tl
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I22201ogy (1 + 2| T %) (10)

. 2| Toz [2(1 + cosh af)
- 1— e—2a25+ 2|P02 |2(1 + e—-at)e—2a2l

From this expression we deduce

(a), I is strongly reduced when asf >> T.
" (b), Attenuation in line 1 is not an important factor until eyé and
| 1 — az | £ are of the order of 1. In other words, for low attenuation in
both lines, a»f assumes a major importance in the determination of I
because it influences the conditions of resonance. That the effect of a;f
is small is shown in Fig. 3 (dotted line for the particular case 1 = as/4).

In order to handle the general problem, (10) has been plotted in Fig.
3. We can enter with any two and obtain the third following quantities:
I, relative insertion loss in db; 10 log: € 2%, attenuation in db of the
spurious mode in the resonating environment; and 20 logo I'os conversion
level at the junction, in db, of power in the spurious mode relative to
that in the first line.

APPLICATION OF THESE RESULTS TO A TEq TRANSMITTING SYSTEM

The results of the preceding section have been checked experimentally
by measuring the relative insertion loss of different lengths of 7§ di-
ameter round waveguide tapered at both ends to round waveguides of
{e”" diameter. This waveguide is shown in Fig. 4 with a schematic
diagram of the measuring set. In the round transmission line A-B,
section A will propagate only TE, . Section B, which has been expanded
by means of the conical taper T, can support TEg, and TE; in addition
to the principal TEy mode. This section is a closed region to the spurious
modes ( TE, , TEy;) whose length can be adjusted to resonate each one
of these modes. A sliding piston provides a means for varying the
length, £, of section B.

RECEIVER

Fig. 4 — Circuit used to measure TE, insertion loss due to resonance of the
TEq; and TE(; modes.
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The relative levels of TEqe and TEe; conversions, which have been
calculated from unpublished work of S. P. Morgan are shown plotted in
Fig. 5 for the waveguide sizes employed in the millimeter wavelength
band. The conversions, 20 logip I'ez, are plotted in terms of the TEg,
and TEgq; powers relative to the TEq mode power and are expressed in
db as a function of the taper length L, in meters.

Fig. 6 shows the theoretical and experimental values obtained for
TEo relative insertion loss. Since the minimum length of pipe tested is
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Fig. 6 Theoretical and measured relative insertion loss in the TE,y; trans-
mission system of Fig. 4.

several times the length of the tapers, the losses in the transitions are
fairly small compared to the losses in the multimode guide and this
justifies assumption (5). The resonance due to the other modes is too
small to be appreciable. This is understandable since, according to (10),
the value of the mode conversion for the TEg; (Fig. 5) and the attenua-
tion for the shortest length of pipe tested, the calculated relative inser-
tion loss is less than —0.1 db.

CONCLUSIONS

The resonance of spurious modes in a closed environment can produce
a large insertion loss of the transmitting mode. In a fairly narrow band
device it is possible to avoid this problem by selecting a proper wave-
guide size for the closed environment. In a broad-band system the losses
can be minimized by providing a high attenuation and a low mode con-
version for the spurious mode. For example, it may be noted, by refer-
ring to Fig. 3, that mode conversion as high as —20 db with a spurious
mode loss of —8 db results in only an —0.1 db insertion loss for the
transmitting mode.



Measurement of Atmospheric Attenuation
at Millimeter Wavelengths

By A. B. CRAWFORD and D. C. HOGG
(Manuseript received September 20, 1955)

A frequency-modulation radar technique espectally suited to measure-
ment of atmospheric attenuation at millimeter wavelengths is described.
This two-way transmission method employs a single klystron, a single an-
tenna and a set of spaced corner reflectors whose relative reflecting properties
are known. Since the method does not depend on measurements of absoluie
antenna gains and power levels, absorption data can be obtained more
readily and with greater accuracy than by the usual one-way transmission
methods.

Application of the method is demonsirated by measurements in the 5-mm
to 6-mm wave band. The results have made 1t possible to assign an accurate
value for the line-breadth constant of oxygen at atmospheric pressure; the
constant appropriate to the measurements lies between 600 and 800 MCS
per atmosphere.

INTRODUCTION

It is well known that certain bands in the microwave region are at-
tenuated considerably due to absorption by water vapour and oxygen
in the atmosphere. A theory of absorption for both gases was given by
Van Vleck.! Numerous measurements have been made on the gases when
confined to waveguides or cavities? and several when unconfined in the
free atmosphere.? Nevertheless, there is some uncertainty regarding the
line-breadth constants which should be used in calculating water vapour
and oxygen absorption. In particular, at atmospheric pressure there is
doubt as to the amount of absorption on the skirts of the bands where
the absorption is small. The present work was undertaken to test a new
method of measurement and to improve the accuracy of experimental
data measured in the free atmosphere.

The method of measurement is one of comparison of reflections from

907
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spaced corner reflectors whose relative reflecting properties are known.
The free-space attenuation is readily calculated and any measured at-
tenuation in excess of this represents absorption by the atmospheric
gases.

A description of the method and the apparatus is followed by a dis-
cussion of data taken in the wavelength range 5.1 to 6.1 mm (which in-
cludes the long wavelength skirt of the oxygen absorption band centered
at 5 mm). These data, when compared with the theory,! indicate that
the line-broadening constant of oxygen at atmospheric pressure is of
the order of 600 mc, Some rain and fog attenuation measurements at a
wavelength of 6.0 mm are included.

METHOD

The experimental setup is shown in Fig. 1. It consists of a high-gain
antenna for both transmitting and receiving and a pair of spaced corner
reflectors. Corner reflectors can be built to have good mechanical and
electrical stability, and their reflecting properties are relatively insensi-
tive to slight misalignments. The reflectors are mounted well above the
ground to ensure free-space propagation conditions.

At the outset, the relative reflecting properties of the corner reflectors
are measured by placing them side by side at a convenient distance (d,
for example) from the antenna. By alternately covering one and the other
with absorbent non-reflecting material and measuring the reflected sig-
nals, the relative effective areas are determined. The reflectors are then
separated as shown and consecutive measurements are made of the sig-
nals returned from each reflector. From these measurements, knowing the
distances d; and d. and the calibration of the reflectors, one determines
the attenuation over the path do-d; in excess of the free-space attenua-
tion.* This excess, in the absence of condensed water in the air, repre-
sents absorption by the atmosphere.

* The power received from the reflector at distance d, is,

APA2
Py = Pr W QO )

where 4 and A, are the effective areas of the antenna and corner-reflector respec-
tively, and Pr is the transmitted power; Q(\, d1) is a loss factor which accounts
for atmospheric absorption. A similar relation holds for the power received from
the reflector at distance d: . The ratio of the received powers is then,

| AN Z AV
P (;1:) (a‘l) QX (dz — di)]
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The accuracy of the measurements will be affected, of course, by spuri-
ous reflections in the neighborhood of the corner-reflectors. The sites for
the experiment were chosen to minimize such reflections and checks were
made by observing the decrease in the return signals when the corner-
reflectors were covered by absorbent material. In all cases, the back-
ground reflections were at least 30 db below the signal from the corner-
reflector.

The method of measuring the reflected signals is illustrated in Fig. 2.
The transmitted signal is frequency modulated in a saw tooth manner
with a small total frequency excursion, F. The signal reflected from the
near corner-reflector is delayed with respect to the transmitted signal
by a time, 71, equal to twice the distance to the reflector divided by the
velocity of light. During a portion, Ty — 71, of the sawtooth cycle, there
is a constant frequency difference, f, between the transmitted and re-
ceived signals, (f/F = 71/T1). Power at this frequency is produced by
mixing the initial source signal with the delayed received signal and am-
plifying the difference frequency in a narrow-band amplifier centered at
frequency f. The output of this amplifier is, therefore, a pulse at fre-
quency f, of length Ty — 7, and repetition rate 1/T}.

To measure the signal returned from the far corner-reflector it is neces-
sary merely to increase the period of the sawtooth modulation propor-
tionate to the increase in distance. The frequency excursion, F, re-
mains the same; hence the average power output of the transmitter is
unchanged. As may be seen in Fig. 2, the frequency difference, f, between
the transmitted and received signals is unchanged; thus the same am-
plifier and output meter can be used for the two cases. Another advan-
tage in changing only the sawtooth repetition rate is that the delay is
the same fraction of a period in both cases; therefore the duty cycle is
unchanged and the intermediate frequency pulses can be detected by
either an average or a peak measuring device.

Since the beat frequency, f, is not affected by slow changes in the fre-
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Fig. 1 — Siting arrangement for the atmospheric absorption measurements.
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quency of the transmitter, the bandwidth of the intermediate frequency
amplifier need be only wide enough to take care of non-linearity in the
sawtooth modulation. A signal-to-noise advantage is obtained by the
use of the narrow-band amplifier.

Table I gives the distances, heights and effective areas of the reflectors
as well as the sawtooth repetition rates that were used in the experiment.
The frequency excursion of the sawtooth modulation was 5.8 me.

It will be noted that three reflectors were used; this was done to pro-
vide a long path (comparison of reflections from R1 and R3) for wave-
lengths at which the absorption was relatively low, and a short path
(comparison of 1 and R2) for wavelengths at which the absorption was
high. The small reflector, R1, was one foot on a side; the large reflectors,
R2 and R3, were about 5.6 feet on a side. Tig. 3 is a set of side-by-side
measurements showing the reflecting properties of the large reflectors
relative to the small one for the wavelengths at which they were used.

APPARATUS

A schematic diagram of the waveguide and electronic apparatus is
shown in Fig. 4; Fig. 5 is a photograph of the waveguide equipment so
mounted that it moves as a unit with the horn antenna. The antenna is
adjusted in azimuth and elevation by means of the milling vise at the
bottom of the photograph. The box at the left contains the transmitting
tube, a low voltage reflex klystron® which has an average power output
of about 12 milliwatts over its 5.1- to 6.1-mm tuning range. About 2 mil-
liwatts of the klystron output is fed through a 6-db directional coupler
to a balanced converter that contains two wafer-type millimeter rectifier
units. The remainder of the power proceeds into a 3-db coupler which

TRANSMITTED DELAYED
T SIGNAL RETURN SIGNAL
t
A 1 A — B 7y D __—1-——__—_
5 A A j/: 7'! I} j ,/: s
1 1 <
R IARD 24BNV Z4 R e
21 4 4 i / | H re
ol 1/, i W/ i ! | K
¥ i VL s P - -
I e
w7 v il v Y. 7 -~
_— T, - DI TS >
~h :T‘L‘ TIME —> i T2 <72>1
NEAR REFLECTOR FAR REFLECTOR

Fig. 2 — Transmitted and reflected frequency-modulated signals.

* This klystron was developed by E. D. Reed, Electron Tube Development
Department, Murray Hill Laboratory. :

t These millimeter-wave rectifiers were developed by W. M. Sharpless, Radio
Research Department, at the Holmdel Laboratory.
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TABLE 1
Reflector ‘ Distance ‘ Height | Bffegtive Area | Sawteoth | Intermediate
km n m2 ke ke
R1 d; = 0.59 6.7 0.05 33 750
R2 de = 1.36 21.5 0.67 14.4 750
R3 d; = 2.87 75 0.79 6.8 750

has the antenna on one arm and an impedance composed of an adjustable
attenuator and shorting plunger on another arm. This impedance is ad-
justed to balance out reflections from the antenna so that a negligible
amount of the power flowing toward the antenna enters the converter
which is on the remaining arm of the coupler. The delayed energy that
re-enters the antenna after reflection from a corner reflector passes
through the 3-db coupler to the converter.

The intermediate frequency amplifier shown in Fig. 4 operates with a
bandwidth of 300 ke centered at f=750 ke. The output of the amplifier
is fed to a square law detector and meter for accurate measurement and
to an oscilloscope for checking operation of the equipment. Oscillograms
of the pulses obtained from the three corner reflectors are shown in Fig. 6;
these are all on the same time scale. The gap between the pulses is the
delay, 7, shown schematically in Fig. 2.
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Fig. 3 — Calibration of corner-reflectors R2 and R3 using R1 as a standard.
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Fig. 4 — Schematic diagram of frequency-modulation radar.

Fig. 5 — Waveguide apparatus and antenna.
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Fig. 6 — 750-ke pulses corresponding to the data in Table I.

Fig. 7 shows the conical horn-lens antenna supported by two bearings
to allow adjustment of azimuth and elevation angles. The aperture of
the antenna is fitted with a polyethylene lens 30 inches in diameter. The
antenna has a gain of about 51 db and a beam width of about 0.5 degrees
in the middle of the 5- to 6-mm wave band. This narrow beam, together
with well-elevated reflectors, essentially eliminated ground reflections
from the measurements.

Fig. 7 — Conical horn-lens antenna and mount,
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Fig. 8 — Calculated and measured absorption by air at sea level. The dots
represent the experimental data; the vertical lines indicate the spread in the meas-
ured values. Curves A and B are calculated curves of oxygen absorption using
line-breadth constants of 600 and 1200 me, respectively, and a temperature of
293° K. (Courtesy of T. F. Rogers, Air Force Cambridge Research Center.)

RESULTS

The data to be discussed are shown in Fig. 8; they were taken at Holm-
del, N. J., during the months of December, 1954, and January, 1955, on
days when the temperature was between 25 and 40 degrees Fahrenheit;
the absolute humidity was less than 5 grams/meter® during the measure-
ments. It is believed, therefore, that the resonance of the oxygen mole-
cule is the main contributor to the absorption. '

The spread in the measurements is indicated by vertical lines through
the average values. Each point represents an average of six or more meas-
urements taken on different days. In the range 49 to 54.5 kme, (5.5 to
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Fig. 9 — Calculated curves of oxygen absorption at various altitudes for a
line-breadth constant of 600 megacycles and a temperature of 293° K. (Courtesy
of T. F. Rogers, Air Force Cambridge Research Center.)

6.1 mm) the measurements were highly consistent, due mainly to the
longer path that was used. Errors in the absolute values of the absorption
are estimated not to exceed £0.05 db/km in the 49 to 54.5 kme region,
+0.25 db/km in the 55.5 to 59 kme region. The errors in absolute absorp-
tion are governed mainly by the structural and thermo-mechanical sta-
bility of the corner reflectors.

. . 7
R AW A [ /
l\ /Mv( }1’ V%l \\ /\/’/
e “\NJ““ WA A~

3:20 3:30 340 3:50 4:00 4110 4:20 4130
TIME OF DAY, P.M.

Fig. 10 — Attenuation of 6.0-mm radiation caused by a light rain.
Round-trip path length = 2.72 kilometers
Average rainfall rate = 5 millimeters per hour



916 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1956

TasLe IT

Approximate Optical Visibility

‘miles Attenuation due to Land Fog DB/KM

114 0.06
4 0.13
M 0.22

In Fig. 8, measured values are compared with the theory of Van Vleck
as calculated by T. F. Rogers using line-breadth constants of 600 me
and 1200 mc per atmosphere. The fit with the 600-me curve is good from
49 to 55.5 kme, but discrepancies are evident between 56.5 and 59 kme.
For completeness, Rogers’ calculations for the absorption at higher alti-
tudes are reproduced in Fig. 9.

A few continuous recordings of rain attenuation have been made at a
wavelength of 6.0 mm; a record taken during a light rain is shown in
Fig. 10. The median value of the signal is —6.7 db which corresponds to
an attenuation of 2.5 db/km for this 5 mm per hour rainfall. During more
intensive rainfalls, short-term attenuations in excess of 25 db/km have
been observed.

On one occasion, it was possible to measure attenuation by land fog.
The measurements given in Table IT were made at a wavelength of 6.0
mm. No information regarding water content or drop size was available
for this fog.

CONCLUSION

A frequency-modulation, two-way transmission technique has proven
reliable for measurement of atmospheric attenuation at millimeter wave-
lengths. Prerequisite to the success of the method are corner reflectors
with good mechanical, thermal and electrical stability.

The frequency-modulation method has been demonstrated by absorp-
tion measurements in the free atmosphere in the 5.1- to 6.1-mm band.
The data thus obtained are in good agreement with Van Vleck’s theory
of oxygen absorption; the line-breadth constant appropriate to the meas-
urements lies between 600 and 800 mc per atmosphere.
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A New Interpretation of Information Rate

By J. L. KELLY, JR.
(Manusecript received March 21, 1956)

If the tnput symbols to a communicatton channel represent the outcomes
of a chance event on which bets are available at odds consislent with their
probabilities (i.c., “fair’” odds), a gambler can use the knowledge given
him by the received symbols to cause his money to grow exponentially. The
mazimum exponential rate of growth of the gambler’s capital is equal to
the rate of lransmission of information over the channel. This result is
generalized to include the case of arbitrary odds.

Thus we find a sttuation in which the transmission rate is significant
even though no coding is contemplated. Previously this quantity was given
significance only by a theorem of Shannon’s which asserted that, with suit-
able encoding, binary digits could be transmilted over the channel at this
rate with an arbitrarily small probability of error.

INTRODUCTION

Shannon defines the rate of transmission over a noisy communication
channel in terms of various probabilities." This definition is given sig-
nificance by a theorem which asserts that binary digits may be encoded
and transmitted over the channel at this rate with arbitrarily small
probability of error. Many workers in the field of communication theory
have felt a desire to attach significance to the rate of transmission in
cases where no coding was contemplated. Some have even proceeded
on the assumption that such a significance did, in fact, exist. For ex-
ample, in systems where no coding was desirable or even possible (such
as radar), detectors have been designed by the criterion of maximum
transmission rate or, what is the same thing, minimum equivocation.
Without further analysis such a procedure is unjustified.

The problem then remains of attaching a value measure to a communi-

1 C. E. Shannon, A Mathematical Theory of Communication, B.S.T.J., 27,
pp. 379-423, 623-656, Oct., 1948.
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cation system in which errors are being made at a non-negligible rate,
i.e., where optimum coding is not being used. In its most general formu-
lation this problem seems to have but one solution. A cost function must
be defined on pairs of symbols which tell how bad it is to receive a cer-
tain symbol when a specified signal is transmitted. Furthermore, this
cost function must be such that its expected value has significance, i.e.,
a system must be preferable to another if its average cost is less. The
utility theory of Von Neumann® shows us one way to obtain such a cost
function. Generally this cost function would depend on things external
to the system and not on the probabilities which describe the system, so
that its average value could not be identified with the rate as defined
by Shannon.

The cost function approach is, of course, not limited to studies of com-
munication systems, but can actually be used to analyze nearly any
branch of human endeavor. The author believes that it is too general to
shed any light on the specific problems of communication theory. The
distinguishing feature of a communication system is that the ultimate
receiver (thought of here as a person) is in a position to profit from any
knowledge of the input symbols or even from a better estimate of their
probabilities. A cost function, if it is supposed to apply to a communica-
tion system, must somehow reflect this feature. The point here is that
an arbitrary combination of a statistical transducer (i.e., a channel) and
a cost function does not necessarily constitute a communication system.
In fact (not knowing the exact definition of a communication system
on which the above statements are tacitly based) the author would not
know how to test such an arbitrary combination to see if it were a com-
munication system. ‘

What can be done, however, is to take some real-life situation which
seems to possess the essential features of a communication problem, and
to analyze it without the introduction of an arbitrary cost function.
The situation which will be chosen here is one in which a gambler uses
knowledge of the received symbols of a communication channel in order
to make profitable bets on the transmitted symbols.

THE GAMBLER WITH A PRIVATE WIRE

Let us consider a communication channel which is used to transmit the
results of a chance situation before those results become common
knowledge, so that a gambler may still place bets at the original odds.
Consider first the case of a noiseless binary channel, which might be

2 Von Neumann and Morgenstein, Theory of Games and Iiconomic Behavior,
Princeton Univ. Press, 2nd Kdition, 1947.
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used, for example, to transmit the results of a series of baseball games
between two equally matched teams. The gambler could obtain even
money bets even though he already knew the result of each game. The
amount of money he could make would depend only on how much he
chose to bet. How much would he bet? Probably all he had since he
would win with certainty. In this case his capital would grow expo-
nentially and after N bets he would have 2" times his original bankroll.
This exponential growth of capital is not uncommon in economics. In
fact, if the binary digits in the above channel were arriving at the rate
of one per week, the sequence of bets would have the value of an invest-
ment paying 100 per cent interest per week compounded weekly. We
will make use of a quantity @ called the exponential rate of growth of
the gambler’s capital, where

.1 Vy
G = limglogy,
where Vy is the gambler’s capital after N bets, V, ishis starting capital,
and the logarithm is to the base two. In the above example G = 1.
Consider the case now of a noisy binary channel, where each trans-
mitted symbol has probability, p, or error and ¢ of correct transmission.
Now the gambler could still bet his entire capital each time, and, in
fact, this would maximize the expected value of his capital, (Vy),
which in this case would be given by

(V) = 29)" Vo

This would be little comfort, however, since when N was large he would
probably be broke and, in fact, would be broke with probability one if
he continued indefinitely. Let us, instead, assume that he bets a frac-
tion, £, of his capital each time. Then

V= Q0+ 0"1 — 6"V,
where W and L are the number of wins and losses in the N bets. Then
. W L
G = %Llil [Flog 1+ —l—]vloa a - f)jl
= glog (1 + ¢) + plog (1 — £) with probability one
Let us maximize G with respect to £. The maximum value with respect

to the Y; of a quantity of the form Z = > X, log Y, subject to the
constraint »_, ¥; = Y, is obtained by putting

Y
Yi—X.Xi,



920 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1956

where X = 3, X;. This may be shown directly from the convexity of
the logarithm.
Thus we put

1+46 =2
1= =
and

Gmax =1+ plogp + qlog g
=R

which is the rate of transmission as defined by Shannon.

One might still argue that the gambler should bet all his money
(make £ = 1) in order to maximize his expected win after N times. It
is surely true that if the game were to be stopped after N bets the answer
to this question would depend on the relative values (to the gambler)
of being broke or possessing a fortune. If we compare the fates of two
gamblers, however, playing a nonterminating game, the one which uses
the value £ found above will, with probability one, eventually get ahead
and stay ahead of one using any other £. At any rate, we will assume
that the gambler will always bet so as to maximize G.

THE GENERAL CASE

Let us now consider the case in which the channel has several input
symbols, not necessarily equally likely, which represent the outcome of
chance events. We will use the following notation:

p(s) the probability that the transmitted symbol is the s’th one.

p(r/s) the conditional probability that the received symbol is the
7’th on the hypothesis that the transmitted symbol is the s’th
one.

p(s, r) the joint probability of the s’th transmitted and r’th received
symbol.

g(r)  received symbol probability.

q(s/r) conditional probability of transmitted symbol on hypothes1s
of received symbol.

s the odds paid on the occurrence of the s’th transmitted symbol,
i.e., @, is the number of dollars returned for a one-dollar bet
(including that one dollar).

a(s/r) the fraction of the gambler’s capital that he decides to bet on
the occurrence of the s’th transmitted symbol after observing
the r’th recetved symbol
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Only the case of independent transmitted symbols and noise will be
considered. We will consider first the case of ‘“fair” odds, i.e.,
.o L
10
In any sort of parimutual betting there is a tendency for the odds to be

fair (ignoring the “track take’). To see this first note that if there is no
“track take”

Z 1_ 1
&
since all the money collected is paid out to the winner. Next note that if
1
oy > ——
p(s)

for some s a bettor could insure a profit by making repeated bets on the
s™ outcome. The extra betting which would result would lower a; .
The same feedback mechanism probably takes place in more compli-
cated betting situations, such as stock market speculation.
There is no loss in generality in assuming that
2a(s/r) =1

i.e., the gambler bets his total capital regardless of the received symbol.
Since

1
e
he can effectively hold back money by placing canceling bets. Now

Vy = H la(s/r)a) "+ Vo

where W,, is the number of times that the transmitted symbol is s and’
the received symbol is r.

Log %‘-’ = ; W log a.a(s/r)
.1 Vu )
G = %Lril i log v, = ; p(s, r) log a.a(s/r)
with probability one. Since
1
g = ——

p(s)
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here

G = ‘TL:, p(s, ) log(ig(g—;)

= Xs: p(s, r) log a(s/r) + H(X)

where H(X) is the source rate as defined by Shannon. The first term is
maximized by putting

_ psn) _plsn) _
W = st T e 1

Then Gm.x = H(X) — H(X/Y), which is the rate of transmission de-
fined by Shannon.

WHEN THE ODDS ARE NOT FAIR
Consider the case where there is no track take, i.e.,
1
=Ll
A
but where «; is not necessarily

1
p(s)
It is still permissible to set Y _, a(s/r) = 1 since the gambler can effec-

tively hold back any amount of money by betting it in proportion to
the 1/a; . Equation (1) now can be written

¢ = 3 p(s,7) log als/r) + 3 p(s) log a
@ is still maximized by placing a(s/r) = ¢(s/r) and
G = —H(X/Y) + T p(s) log o
= H(a) — HX/Y)
where

H(@) = 3 p(s) log a,

Several interesting facts emerge here
(a) In this case @ is maximized as before by putting a{s/r) = q(s/r).
That is, the gambler ignores the posted odds in placing his bets!
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(b) Since the minimum value of H(«) subject to

»io

s O
obtains when

1
7 )
and H(X) = H(a), any deviation from fair odds helps the gambler.
(¢) Since the gambler’s exponential gain would be H(a) — H(X) if
he had no inside information, we can interpret B = H(X) — H(X/Y)
as the increase of Guax due to the communication channel. When there
is no channel, i.e., H(X/Y) = H(X), Guax is minimized (at zero) by set-
ting
1
= —

Ds
This gives further meaning to the concept “fair odds.”

WHEN THERE IS A ‘“TRACK TAKE”

In the case there is a “track take” the situation is more complicated.
It can no longer be assumed that Y, a(s/r) = 1. The gambler cannot
make canceling bets since he loses a percentage to the track. Let b, =
1 — Y. a(s/r), ie., the fraction not bet when the received symbol is
the ™ one. Then the quantity to be maximized is

G = Z p(s, r) log (b, + asals/r)], )

subject to the constraints
b + 2 a(s/r) = 1.

In maximizing (2) it is sufficient to maximize the terms involving a
particular value of » and to do this separately for each value of r since
both in (2) and in the associated constraints, terms involving different
r’s are independent. That is, we must maximize terms of the type

G. = q(r)}:s q(s/r) log [br + asa(s/r)]

subject to the constraint

by + 2 a(s/r) = 1
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Actually, each of these terms is the same form as that of the gambler’s
exponential gain where there is no channel

G = E p(s) log [b + asa(s)]. ®3)

We will maximize (3) and interpret the results either as a typical
term in the general problem or as the total exponential gain in the case
of no communication channel. Let us designate by N the set of indices,
s, for which a(s) > 0, and by N the set for which a(s) = 0. Now at the
desired maximum

322;) = —I;(iz?:)as loge =k for seh
az((i) _ p(z)% log e < k | for seN’
where k is a constant. The equations yield
k = loge, b= i : i

a(s) = p(s) — ZI,)' for sen
where p = D ap(s), ¢ = 2 (1/as), and the inequalities yield
p(as = b = 1———2 for seN’

We will see that the conditions

s <1
p(8as > l1—-»p seA
1—o¢
1 - Y4 ’
p(Sas = for se\
1—o¢

completely determine .
If we permute indices so that

p(s)a, = p(s -+ 1)a3+1
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then A must consist of all s < ¢ where ¢ is a positive integer or zero.
Consider how the fraction

_1—-1p
Ft_l—a'g

varies with £, where

11 t
p:=2p(s), 0:=Z—1-; Fo=1
1 1 O
Now if p(1)ar < 1, F; increases with ¢ until ¢; = 1. In this case ¢t = 0
satisfies the desired conditions and X is empty. If p(1)ex > 1 F; de-
creases with ¢ until p(t + 1)aiyy < F:or ¢, = 1. If the former occurs,
ie., p(t + Daw < F;, then Fyyy > F; and the fraction increases until
o: = 1. In any case the desired value of ¢ is the one which gives F; its
minimum positive value, or if there is more than one such value of ¢,
the smallest. The maximizing process may be summed up as follows:
(a) Permute indices so that p(s)a, = p(s + Dasn
(b) Set b equal to the minimum positive value of

1 _ p‘ 3 11 1
where’ P = Z p (s, oy = Z —
1— o 1 1 Qs

(e) Set a(s) = p(s) — b/a, or zero, whichever is larger. (The a(s)
will sum to 1 — b.)
The desired maximum G will then be

t
Crnax = 21: p(s) log p(s)ae + (1 — p)) logi — 7;:

where ¢ is the smallest index which gives

l—pt

1-0';

its minimum positive value.

It should be noted that if p(s)a, < 1 for all s no bets are placed, but
if the largest p(s)as > 1 some bets might be made for which p(s)a, < 1,
i.e., the expected gain is negative. This violates the criterion of the
classical gambler who never bets on such an event.

CONCLUSION

The gambler introduced here follows an essentially different criterion
from the classical gambler. At every bet he maximizes the expected
value of the logarithm of his capital. The reason has nothing to do with
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the value function which he attached to his money, but merely with the
fact that it is the logarithm which is additive in repeated bets and to
which the law of large numbers applies. Suppose the situation were
different; for example, suppose the gambler’s wife allowed him to bet
one dollar each week but not to reinvest his winnings. He should then
maximize his expectation (expected value of capital) on each bet. He
would bet all his available capital (one dollar) on the event yielding the
highest expectation. With probability one he would get ahead of any-
one dividing his money differently.

It should be noted that we have only shown that our gambler’s capital
will surpass, with probability one, that of any gambler apportioning his
money differently from ours but still in a fixed way for each received
symbol, independent of time or past events. Theorems remain to be
proved showing in what sense, if any, our strategy is superior to others
involving a(s/r) which are not constant.

Although the model adopted here is drawn from the real-life situation
of gambling it is possible that it could apply to certain other economic
situations. The essential requirements for the validity of the theory are
the possibility of reinvestment of profits and the ability to control or
vary the amount of money invested or bet in different categories. The
“channel” of the theory might correspond to a real communication
channel or simply to the totality of inside information available to
the investor.

Let us summarize briefly the results of this paper. If a gambler places
bets on the input symbol to a communication channel and bets his money
in the same proportion each time a particular symbol is received his,
capital will grow (or shrink) exponentially. If the odds are consistent
with the probabilities of occurrence of the transmitted symbols (i.e.,
equal to their reciprocals), the maximum value of this exponential rate
of growth will be equal to the rate of transmission of information. If the
odds are not fair, i.e., not consistent with the transmitted symbol proba-
bilities-but consistent with some other set of probabilities, the maximum
exponential rate of growth will be larger than it would have been with no
channel by an amount equal to the rate of transmission of information.
In case there is a “track take” similar results are obtained, but the
formulae involved are more complex and have less direct information
theoretic interpretations.
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Conditions brought about by nationwide dialing increase intertoll trunk
maintenance problems substantially. Under this switching plan with full
automatic alternate routing there is a considerable increase tn the amount
of multiswitched business, and -as many as etght tnlertoll trunks in tandem
are permissible. In addition, operator checks of transmission on the connec-
tions are lost on most calls. These factors impose more severe limitations on
transmission loss variations in the individual trunks and throw on the
mainienance forces additional burdens of detecting defects in the distance
dialing network.

New methods of analyzing iransmission performance to locaie the points
where matnlenance effort will be most effective continue to be studied. The
automatic testing arrangements described in this paper enable the main-
tenance forces to collect over-all transmission loss data quickly and with a
minemum of effort. They also facilitate the collection of such dala on groups
of trunks in a form to make statistical analyses easier. The use of these
lesting arrangements will permit the mainienance forces to keep a closer
walch on intertoll trunk performance and will assist in disclosing trouble
palterns.

INTRODUCTION

The advent of nationwide dialing, especially with full automatic
alternate routing, has presented additional problems in the maintenance
of intertoll trunks. Transmission requirements are more rigorous, the
intertoll trunk connections are more complex, and certain irregularities
in the performance of the distance dialing network are difficult to detect.
Automatic test equipment has been provided to aid and increase the
efficiency of over-all testing. This equipment is capable of automatically
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testing the operational (signaling and supervisory) functions of dial-type
intertoll trunks, and of making two-way transmission loss measurements
and a noise check at ecach end. The test results may be recorded at the
originating end by means of a Teletypewriter.

Automatic trunk testing has been used for many years in the local
plant for checking the signaling and supervisory features of interoffice
trunks. The automatic intertoll trunk testing equipment serves a similar
function with respect to these operational features of the intertoll trunks.
Because published material is available on automatic operational test-
ing,* these features will not be discussed in detail in this paper; more
emphasis is given to the transmission testing features which are new.

MAINTENANCE ARRANGEMENTS FOR INTERTOLL TRUNKS

Except in the very small offices, intertoll trunks usually have a test
jack appearance in the toll testboard for maintenance purposes. Cord
ended testing equipment in the toll testboard positions enables the
attendants to perform various operational tests and to make transmis-
sion loss, balance, noise or crosstalk measurements. Facilities are pro-
vided for communication with distant offices and with intermediate
points where carrier or repeater equipment may be located. Testing of
carrier or repeater equipment as individual components or systems is
an important aspect of the trunk maintenance problem but is beyond
the scope of the present paper.

The maintenance of intertoll trunk net losses close to their specified
values is currently a most important transmission problem. Various
aspects of the problem are discussed in a companion paper.f

Although the manual testing equipment mentioned above is vital to
trunk net loss maintenance, the need for reduction in time and effort
required to make measurements has led to the provision of semi-auto-
matic testing arrangements. These arrangements permit a testboard
attendant to check transmission in the incoming direction by dialing
code 102 over a trunk. The trunk is connected to a source of one milli-
watt test power at the far end and a measurement of the received power
indicates the net Joss. The equivalent of a semi-automatic two-way test
may be obtained by making a code 102 test in each direction. If com-
plete information on the test results is desired by one testboard at-
tendant, the attendant at the other end of the trunk must report back
his results.

* R. C. Nance, Automatic Intertoll Trunk Testing, Bell Labs. Record, Dec.,

54,
1 H. H. Felder and E. N. Little, Intertoll Trunk Net Loss Maintenance Under
Operator Distance and Direct Distance Dialing, page 955 of this issue.
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In both the manual and semi-automatic methods of measurement, the
results must be recorded manually. For statistical analysis of trunk
transmission performance in terms of “bias” and “distribution grade”,
as discussed in the companion paper,* deviations of the measured losses
from the respective specified losses must be computed and summarized
manually.

The automatic testing equipment described in this paper has been
developed as an additional maintenance tool. It will not supplant exist-
ing arrangements discussed above but rather is intended to increase the
capabilities of plant personnel to do an effective maintenance job. The
following features of the equipment contribute particularly to this end:

1. Large numbers of trunks can be tested and the results recorded
without the continuous attention of a testboard attendant.

2. The attendant is informed by an alarm whenever the loss of a
trunk deviates excessively from the specified value.

3. Computation and summarizing of net loss deviations into class
intervals are done automatically, thus facilitating statistical analysis of
trunk performance.

4. Data can be collected quickly in large volume for indicating the
performance of groups of trunks. Confusion occurring with manual
measurements because of changing conditions with time is reduced.

5. Stability of an individual trunk may be checked by a series of
repetitive tests.

6. Semi-automatic two-way trunk tests can be made by one attendant
when required.

To do an equivalent job entirely by manual methods would require
an appreciable increase in the amount of manual test equipment and in
the number of test personnel. A comparison of the times required for
operational and transmission tests by manual, semi-automatic and auto-
matic methods is shown in Fig. 1. The time shown for the code 102 test
does not include coordination time required if information on test re-
sults in both directions is required at one end.

GENERAL DESCRIPTION OF AUTOMATIC TESTING EQUIPMENT

Automatic intertoll trunk testing requires automatic equipment at
both ends of the trunk.At the originating or control end, an automatic
test circuit sets up the test call and controls the various test features. In
the distant offices, test lines reached through the switching train provide
appropriate automatic test terminations. The automatic equipment for

* H. H. Felder and E. N. Little, Intertoll Trunk Net Loss Maintenance Under
Operator Distance and Direct Distance Dialing, page 955 of this issue.
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use at the control end, adapted for transmission testing, is presently
available only for No. 4 type toll switching offices.

Fig. 2 is a block schematic of the arrangement for automatic intertoll
trunk testing, including transmission tests. In the originating No. 4 toll
crossbar office an automatic outgoing intertoll trunk test circuit is used
which consists of an automatic outgoing intertoll trunk test frame and
one or more associated test connector frames. These frames have been
provided in all No. 4 type offices and perform the functions of setting up
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Fig. 1 — Time required for manual tests versus semi-automatic and fully auto-
matic tests. (1) Average time per test for 52,000 field test measurements in 20
offices under normal operating test conditions (includes test preparation, time
waiting to be served, testing time, and recording of results). (2) Average time per
test for test measurements made in rapid sequence during light load period. The
semi-automatic code 104 test includes a noise check at the far end only.
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the test call and making operational tests on the intertoll trunks. For
automatic transmission tests an automatic transmission test and control
cireuit, provided in a separate frame as an adjunct to the test frame, is
brought into play. A Teletypewriter, mounted in the transmission test
frame, is adapted for use with the equipment in the originating office for
recording test results. The Teletypewriter is used to make a record of
trunks having some defect in their operational features, busy trunks
passed over without test and, during transmission tests, to record the
results of the transmission measurements. The test frame and associated
transmission test and control circuit and Teletypewriter are used prin-
cipally by the toll test board forces and, therefore, are usually located
near the toll test board. Figure 3 shows such an installation.

The intertoll trunk test connector frames in the originating office, not
shown in Fig. 3, are frames of crossbar switches and there may be several
such frames in a large office. Each crosspoint on the switches of the test
connector frames represents an individual intertoll trunk. When a trunk
is to be tested, the test frame closes the crosspoint of the test connector
switches which serves that particular trunk. This extends the selecting
leads (trunk sleeve and select magnet leads) of the trunk to the test
frame for use in setting up the call. A class contact on the test connector
crosspoint also operates one of several class relays in the test frame when
the crosspoint is closed. The function of the class relay is discussed later.

The test frame has an appearance on the incoming link frame of the
office switching train. The intertoll trunks to be tested appear on the
outgoing link frames of the office switching train. When a trunk is to be
tested, the test frame engages the office common control equipment (de-
coder and marker), through a connector, and requests a path between the
test frame appearance on the incoming link frame and the particular in-
tertoll trunk which is to be tested. The common control equipment is
able to set up this path since the test frame has closed a test connector
cross-point to bring the selecting leads of the trunk to be tested into the
test frame. The common control equipment uses the select magnet lead
to identify the trunk to be tested and thus is able to set up the path to
that particular trunk. The test frame uses the trunk sleeve lead for busy
test purposes and for controlling the test call.

In the distant offices separate groups of test lines provide automatic
test terminations for operational and transmission tests, respectively.
These are reached through the switching train as indicated in Fig. 2. The
three digit service code 103 is reserved in toll switching offices for reach-
ing the operational test lines and code 104 is reserved for reaching the
transmission test lines. A transmission measuring and noise checking
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TFig. 3 — Automatic intertoll trunk testing equipment.

circuit, sometimes referred to as “far end equipment,” is associated
with the group of code 104 test lines for performing the transmission
measurements. When simultaneous transmission test calls arrive in the
distant office from different originating offices, the calls wait on the
code 104 test lines and are served by the transmission measuring and
noise checking circuit, one at a time, in their proper turn.

After the trunk test frame has obtained a path through the switching
train in the originating office to the trunk to be tested as explained
above, it pulses forward over the trunk the desired test line code, either
code 103 or code 104. In response to the code, the switching equipment
in the distant office sets up a path through the switching train to one of
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the code 103 or code 104 test lines. A steady off-hook signal is returned
over the established connection to the test frame at the originating office
to indicate that the test may proceed.

The process of setting up a test call, as described above, simulates
very closely the procedures followed in setting up a normal call from an
incoming trunk in the originating office to a desired number in the
distant office. Therefore, any irregularities in the operational features
while setting up the test call will be detected by the test frame and will
result in appropriate trouble indication at the test frame at the originat-
ing end.

The automatic testing arrangements will operate with offices where
terminating calls are switched either on a terminal net loss (TNL) or
on a via net loss (VNL) basis. This is done by including appropriate
pads for use at VNL offices. :

FEATURES OF INTERTOLL TRUNK TEST FRAME
Control of Test Connector

When the trunk test frame is put into operation, it closes the first
crosspoint of the first test connector crossbar switch on the test con-
nector frames to prepare for testing the first trunk in the test sequence.
When the trunk test is completed, the test frame advances to the next
crosspoint for testing the next trunk. This progression continues through
all the test connector frames until all intertoll trunks in the office have
been tested. The test frame stops when the test cycle is completed. Par-
ticular circuit selection keys are provided on the test frame so that the
test connector can be directed manually to any point for testing an
individual trunk or for starting a test cycle at some intermediate point
in the test sequence, rather than with the first trunk. As the test frame
progresses through a test cycle, it also displays on lamps a 4-digit “trunk
identification number” corresponding to the test connector crosspoint
which is closed. When a trouble is encountered, the attendant uses this
4-digit number to identify the trunk being tested as a particular trunk
to a particular destination. The Teletypewriter prints the trunk identifi-
cation number as a part of each trunk test record.

Busy Test

Before starting a test, the test frame tests the trunk sleeve lead for
busy. If the trunk is busy, the test frame waits for the trunk to become
idle. A “pass busy” key is provided which, when operated, cancels the
waiting period and causes the test frame to immediately pass over busy

~
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trunks to save time. The circuits are arranged so that, if desired, the Tele-
typewriter may print a record of busy trunks passed over without test.
By means of a timing key this record can be delayed two minutes or four
minutes to wait for the trunk to become idle. This is used when it is
preferable to wait a reasonable time for trunks to become idle to secure
tests on a larger proportion of the trunks.

Truhk Classes

A class relay, operated by a contact on the test connector crosspoint
as previously mentioned, indicates to the test frame the type of trunk
being tested so that it can properly handle the test call. There are 33 of
these relays. A flexible cross-connection in the path of the class contact
on each test connector crosspoint permits each crosspoint to be assigned
to the particular one of the 33 class relays which represent the charac-
teristics of the intertoll trunk associated with that crosspoint. Twenty-
eight of the class relays are used in connection with trunks on which auto-
matic transmission tests are made and indicate, among other things, the
specified loss of the trunk being tested. These relays are provided in such
a manner that, for any trunk, a class can be chosen which agrees with the
specified loss of the trunk to within 40.1 db over therange 3.8 db to 12.1
db. The specified loss is used by the automatic transmission test and
control circuit when computing the deviation of the measured loss from
the specified value, as covered later.

Test Cycles

The test frame may be set up by means of control keys to perform
various kinds of test cycles. Some of these test cycles are described
briefly below.

Code 103 Tests. A complete check is made of all the circuit operating
features including the ringing and the supervisory features while the
connection is established. If this test is passed successfully, one may
assume that the intertoll trunk circuit and the associated signaling chan-
nel will properly handle normal calls although this does not prove that
the transmission performance is satisfactory.

Stgnaling Channel Tests. This is an abbreviated code 103 test to verify
the integrity of the trunk and its signaling channel. It can be made quite
rapidly and is useful for checking the correctness of patching after day
and night circuit layout changes.

Pass Idle Test. This is a test cycle which may be run occasionally
during a very light load period to detect trunks which ‘may be falsely
busy.
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Repeat-2 Tests. This consists essentially of two code 103 tests on the
same trunk in rapid succession. It is used to insure that a connection
through the switching train in the distant office will be properly broken
down when a call is completed.

Repeat Test. A “‘repeat test’” key on the test frame cancels the advance
of the intertoll trunk test connector. Since the test frame cannot then
advance to the next test connector crosspoint, it tests the same trunk
repeatedly. This is useful for verifying a trouble condition and for de-
tecting an intermittent trouble, or for obtaining data on stability versus
time.

Manual Tests. When the test frame is set up for making manual tests,
it engages the office common control equipment to set up a path through
the switching train to the trunk to be tested but does not pulse forward
code 103 or 104. Instead the attendant can pulse forward the proper
code to reach the toll test board at the distant end. This permits dial
type trunks to distant offices, not equipped with test lines, to be tested
manually.

Code 104 Tests. A 3-position key controls transmission testing. When
the key is normal, the test frame makes operational tests. When the key
is operated to the transmission and noise position, a two-way transmis-
sion loss measurement is made and is followed by a noise check at each
end of the trunk. When the key is operated to the transmission only
position the noise checks are omitted. The latter position is used when
it is permissible to omit the noise checks to save time. When making code
104 tests, the test frame sets up and breaks down the test connection in
the same way as when making code 103 tests and, while the connection
is established, it receives supervisory signals from the far end. Thus
most of the trunk operating features, except for ringing, are also checked
as an incidental part of the transmission test. Irregularities in the circuit
operating features can result in a trouble indication in the same way as
when making operational tests.

Trouble Indications

During a test, progress lamps display the progress of the test call and,
when trouble is detected, one of a number of trouble indicating lamps
may also be lighted. The progress and trouble indicating lamps indicate
the general nature of the trouble.

When the Teletypewriter is not in operation, a trouble indication
causes the test frame to stop, to hold the trunk busy and to sound an
alarm while awaiting the attention of the attendant. It is the usual
practice for the attendant to make a repeat test on the same trunk to



AUTOMATIC TESTING OF INTERTOLL TRUNKS 937

verify the trouble condition. He notes the nature of the trouble from
the progress and trouble indicating lamps and then causes the test
frame to resume testing by advancing it to the next trunk with a manual
advance key. .

When the associated Teletypewriter is provided and operating, it isnot
always necessary to sound an alarm and thus interrupt the regular work
of the attendant. Instead the Teletypewriter may print a trouble record.
For this purpose troubles are grouped into 18 categories. When a trouble
is detected, the Teletypewriter prints a record of the trunk identification
number together with a letter in a separate column indicating one of
these categories. The test frame then usually makes a repeat test on the
same trunk to verify the trouble except when the connection must be
held, as discussed later. If the second test is satisfactory, the trouble was
of a transient nature and the test frame resumes testing, leaving a single
line trouble record on the Teletype tape. If the troubleisstill present on
the second trial, a second record is printed on the next line for the same
trunk.

If the nature of the trouble, as indicated by its category, is such as to
render the trunk unfit for service, the test frame will stop after the second
trial, hold the trunk busy, and sound an alarm to attract the immediate
attention of the attendant. Jf, however, the trouble is of a minor nature
that can be tolerated temporarily, the test frame advances automatically
to the next trunk after the second record is printed, and resumes testing
without sounding an alarm. By periodic inspection of the Teletype record
the attendant can note those trunks needing maintenance attention by
means of the double line trouble records. A test cycle can thus be com-
pleted with the minimum of supervision on the part of the attendant.

When the nature of a trouble is such that its identity is likely to be
lost if the original connection is broken down, e.g., failure of a holding
ground, the test frame will not attempt a second trial but stop, hold the
trunk busy, and sound an alarm. Failure to complete a transmission test
satisfactorily is included in this class because such failures can be due
to the testing equipment itself.

AUTOMATIC TRANSMISSION TESTS

Basic Scheme of Measurement

An automatic transmission loss measurement consists essentially of
adjusting the loss of a pad at the receiving end of the trunk to bring the
test power level at the pad output to a fixed value. A functional diagram
of the arrangement is shown in Fig,. 4.
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The standard one milliwatt source of test power is used at the sending
end. The receiving end includes an amplifier, a set of adjustable resistance
pads which are relay controlled and an amplifier-rectifier with a measur-
ing relay (M) in its output circuit. Relay () is a polarized relay of a
type widely used in the telephone plant.

* The amplifier has a fixed gain of 19.9 db and it includes considerable
negative feedback so that its gain is constant. The pad components are
_ precision resistors to insure accuracy.

The amplifier-rectifier consists of a two-stage amplifier followed by a
rectifier tube and a detector tube for controlling relay (m). This circuit is
designed so that the margin between the input power which will hold
relay (m) operated and the input power which will insure that relay ()
will release is less than 0.1 db. The gain is adjusted, by means of a poten-
tiometer, so that relay (m) will operate when the test power level at the
output from the receiving pads in Fig. 4 is one milliwatt or higher and
so that it will release when the power level at this point is 0.1 db or more
below one milliwatt. This close margin between operate and release
permits relay (M) to be used as an accurate measuring device with a pre-
cision comparable with that of manual transmission measuring equip-
ment using direct reading meters. Negative feedback, built into the
amplifier portion of the amplifier-rectifier, insures gain stability and the
amplifier-rectifier will maintain its gain adjustment over a long period.

When making a transmission loss measurement, the power from the
sending end operates relay (M) in the amplifier-rectifier. The loss in the
receiving pads is then increased, by means of control circuitry, until the
power level at their output is reduced to one milliwatt. In making this
adjustment, relay () is used as the power level indicating device. When
this adjustment is finished the trunk loss will be

Intertoll Trunk Loss = 19.9 db — Receiving Pad Loss.

Adjustment of Receiving Pads

The receiving pads, shown in Fig. 4 consist of 9 individual pads
having losses of 10, 5, 4, 2, 1, 0.5, 0.4, 0.2 and 0.1 db. Each pad is in-
serted into the input circuit to the amplifier-rectifier by the operation
of a corresponding pad control relay. Adjustment of the pad loss takes
place in steps.

When relay (M) operates on arrival of the test power, the control
circuit operates relay 10 to insert the 10 db pad. If this reduces the test
power level at the output from receiving pads to a value below one milli-



AUTOMATIC TESTING OF INTERTOLL TRUNKS 939

watt, relay (M) in the amplifier-rectifier will release. The control circuit
then releases relay 10 also to remove the 10 db pad before it proceeds
to the next step. If the test power level remains one milliwatt or higher
after the 10 db pad is inserted, relay (a) remains operated. The control
circuit then locks relay 10 in its operated position to retain the 10 db
pad before it proceeds to the next step. In the next step, pad control
relay 5 is operated to insert the 5 db receiving pad. The 5 db receiving pad
will then be rejected or retained, as described above, depending upon
which position relay (M) takes after the 5 db pad is inserted. This
process continues until all 9 individual receiving pads have been tried in
descending order ending with the 0.1 db pad. When this process is com-
pleted, the combination of the 9 pad control relays which remain locked
in the operated position determines, additively, the receiving pad loss
and consequently, this combination is related directly to the trunk loss.
At the originating or control end this combination of operated relays will
be translated to the measured loss of the intertoll trunk being tested,
when the results of the measurement are recorded. The method of trans-
mitting the measured loss from the far end to the originating end is
discussed later.

The transmitting and check pads shown in Fig. 4 are a separate set
of pads also controlled by the pad control relays. At the start of the test
the total loss in these pads is 19.9 db. Whenever a pad control relay
operates to insert a receiving pad, it removes an equal loss from the
transmitting pads. Therefore, when the receiving pad adjustment is
finished, the loss remaining in the transmitting pads will be equal to the
loss of the trunk. Also, the sum of the losses in the two sets of pads is
always 19.9 db regardless of the trunk loss being measured, provided all
pad components and all pad control relay contacts are in perfect order.
This condition permits a precise accuracy check to be made, as discussed
later. ‘

Whenever the control circuit leaves pad control relay 4 or 0.4 in its
operated position to retain the 4 db or 0.4 db pad, the subsequent 2 db
and 1 db or 0.2 db and 0.1 db pad control relays are disabled. There will
will then be no action as the control circuit passes through the 2 db and
1 db or the 0.2 db and 0.1 db steps. This limits the maximum receiving
pad loss to 19.9 db, which is the maximum range of the automatic meas-
urement. This range amply covers the range of losses of intertoll trunks
in a usable condition. Loss measurements attempted outside the range
of 0 t0 19.9 db will cause failure of the built-in checks, mentioned later,
and will result in an alarm at the control end of the trunk.
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Accuracy Checks

If the receiving pad adjustment has been successful, the power level
at the pad output will be very close to one milliwatt and the measuring
relay (m) will be just on the verge of moving from its front to its back
contact, or vice versa. Errors may creep in, however, to prevent these
things from being true. Some such sources of error are:

(1) One or more of the pad control relays might fail to lock in the
operated position when they should, or fail to release when they should.
It would then be impossible to adjust the total receiving pad loss to the
correct value.

(2) The trunk loss might change suddenly while the pad adjustment
is in progress and make it impossible, with the pads remaining to be
tried, to bring the power level at the pad output to one milliwatt.

(3) The amplifier or amplifier-rectifier gains might increase or de-
crease due to a defective component,

(4) The milliwatt test power supply might deviate from the standard
value.

(5) Defective components or faulty control relay contacts might cause
the individual pad losses to be incorrect.

To detect errors of the type in items (1) and (2) a “trunk check” is
made immediately after the pad adjustment is finished. Referring to
Fig. 4, two 0.5 db pads, A and B, are provided in the input circuit to the
amplifier-rectifier, pad A being normally out. Before the sending end re-
moves the test power, pad A is inserted, momentarily. The resulting
decrease in input power to the amplifier-rectifier should cause relay (a)
to release. Both pads A and B are then cut out. The resulting increase in
input power should cause relay (M) to operate. If relay (m) fails to pass
either of these checks the receiving pad loss is in error by 0.5 db or more
and another trial is needed to secure a more accurate adjustment. Pre-
mature removal of the test power at the sending end would, of course,
cause relay (m) to fail on the second check and result in another trial.

Immediately after the trunk check and while pad B is still cut out, the
receiving end rearranges its circuit locally as shown in Fig. 5 for a “loop
check” to guard against errors of the types mentioned in items (3), (4)
and (5) above. This rearrangement inserts a 0.3 db pad in place of the
0.5 db pad B, which is cut out. The local milliwatt supply then applies
power to the amplifier-rectifier at a level about 0.2 db higher than
necessary to operate relay (a). Relay (m) will fail to operate and pass
this check if the combined effect of any decrease in the value of the milli-
watt test power supply, any decrease in the amplifier and the amplifier-
rectifier gains and cumulative errors in the receiving pads and check
pads adds more than 0.2 db loss. After the above check, a 0.5 db loss is
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added in the looped circuit. This reduces the input power to the ampli-
fier-rectifier about 0.2 db below that which causes relay (M) to release.
Relay (m) will remain operated and fail to pass this check if the com-
bined effect of increases in the milliwatt test power supply or amplifier
and amplifier-rectifier gains and cumulative errors in the pads exceeds
0.2 db gain. By means of the loop check the maintenance forces will be
notified whenever the measuring equipment drifts more than 4+0.2 db
from the initially calibrated setting.

After the loop check the receiving end restores its circuit to the
original connections shown in Fig. 4 and by means of relays not shown,
cuts.out all of the receiving pad loss. Relay (am) then reoperates. The
circuit rests in this condition to await the removal of the test power at
the sending end.

When the sending end removes the test power, relay () releases. If
all accuracy checks have been passed successfully, the receiving end then
prepares for the next phase of the test. If, however, the accuracy checks
failed in any respect, the receiving end restores its circuit to the original
condition at the start of the measurement and returns a signal to the
sending end to request reconnection of the test power for another trial.

Intertoll Trunk Loss Measurement and Noise Check

An intertoll trunk loss measurement consists of two successive one-way
measurements, as described above, one for each direction of transmis-
sion. The transmission test call is set up to one of the code 104 test lines
in the distant office. If the transmission measuring and noise checking
circuit at the far end is already engaged because another call arrived
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Fig. 5 — Arrangement for loop check.
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just previously from some other originating office, this call waits on the
test line. When the transmission measuring and noise checking circuit
is ready to serve this call, it connects to the test line on which this call
is waiting and then returns a steady off-hook signal to the originating end.
This notifies the originating end that the transmission test may begin.

The philosophy of a two-way transmission measurement is as follows.
The near end sends test power over the trunk and the far end measures
the loss as previously described. In this process the loss of the trans-
mitting pad at the far end is adjusted to a value equal to the trunk loss
in the near to far direction. The far end then returns test power, first
directly over the trunk and next, through the transmitting pad. The
power levels received at the near end are a measure of first, the trunk
loss in the far to near direction and next, the sum of the losses in the two
directions. Measurement of these levels provides data for recording the
loss in each direction at the near end.

The two-way transmission measurement takes place in four steps as
shown in Fig. 6. These steps are described below.

Siep 1

The near end sends one milliwatt and the far end adjusts its pads and
checks the measurement. After about 3 seconds the near end removes
the test power and then pauses for a short interval to wait for a signal
denoting whether or not the accuracy tests were successful.

If they were unsuccessful, the far end will restore itself to the condi-
tion prevailing at the start of Step 1 and will also return a short (about
14 second) on-hook signal to the near end. The near end then reconnects
the test power for three seconds for another trial. The test frame at the
near end stops and sounds an alarm after a third unsuccessful trial.

Tf the far end is successful in any one of the first three trials, an on-hook
signal will not be returned to the near end when the test power is re-
moved. The near end, after the short pause, then sends a short spurt of
test power which reoperates the measuring relay at the far end. This
signal at the far end, after a successful Step 1, indicates to the far end
that this is a full automatic test.

Step 2

For Step 2 the near end connects a far-near amplifier, a set of far-near
receiving pads and an amplifier-rectifier. The far end disconnects its
receiving equipment and returns one milliwatt over the trunk. The far-
near receiving pads at the near end are now inserted in the proper com-
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bination to reduce the power level at their output to one milliwatt. The
combination of the nine far-near pad control relays remaining operated
after the adjustment is finished will be translated later to measured loss
of the intertoll trunk in the far to near direction. After about 3 seconds
the far end removes the test power and pauses for a short interval. This
completes Step 2. Tlach end then prepares for Step 3.

Step 3

Tor Step 3 the near end retains the far-near amplifier and the setting
of the far-near receiving pads and adds a near-far amplifier and a set of
near-far receiving pads in tandem in the input circuit to the amplifier-
rectifier. The far end, after the short pause, again sends one milliwatt
but this time it sends through the transmitting pad which was adjusted
in Step 1 to represent the near-to-far trunk loss. The near-far receiving
pads at the near end are now automatically arranged to reduce the power
level at their output to one milliwatt.

In the adjustment of Step 2 the over-all loss, including the trunk in
the far-to-near direction, the far-near amplifier and the far-near receiv-
ing pads, was made 0 db. Consequently, the net loss being measured in
Step 3 is simply that of the transmitting pad at the far end, which is the
same as the trunk loss in the near-to-far direction. Therefore the com-
hination of the 9 near-far pad control relays remaining operated after
Step 3 is finished can be translated to measured loss of the intertoll trunk
in the near-to-far direction. After about 3 seconds the far end will re-
move the test power to complete Step 3 and it will then pause for a short
interval before proceeding with Step 4.

At the near end there are also two sets of check pads, not shown, which
are associated with the far-near and near-far receiving pads, respectively,
as indicated in Fig. 4. During Step 2 and Step 3 the near end makes the
trunk check previously described to verify the accuracy of the pad loss
settings and, in addition, in Step 3, rearranges its circuit in the manner
shown in Fig. 5 for the loop check. Thus at the near end the two sets of
check pads, the far-near and near-far amplifiers, and the two sets of
receiving pads are all connected in tandem for the loop check.

During the short pause following Step 2 and Step 3 the far end re-
connects its amplifier and amplifier-rectifier as shown for Step 1 in
Fig. 6. If the near end is unsuccessful in the trunk check in Step 2 or
in either the trunk check or loop check in Step 3, it will restore the
circuit to the original condition at the beginning of Step 2 and will also
send a short spurt of test power to the far end as shown for Step 1 in
Fig. 6. This reoperates the measuring relay (m) at the far end momentar-
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ily. The far-end then repeats Steps 2 and 3 for another trial. The test
frame at the near end will stop and sound an alarm after a third unsuc-
cessful attempt.

If the trunk loss in the near-to-far direction exceeds 10 db, the loss in
the transmitting pad at the far end will exceed 10 db. Under this condi-
tion the far end will, prior to Step 3, remove 10 db loss from the trans-
mitting pad to increase the test power level on the trunk. This is done to
improve the test power level-to-noise ratio and to reduce the error when
measuring losses of intertoll trunks having apparatus whose loss is de-
pendent on signal amplitude. The far end will also return to the near
end a short on-hook signal. This on-hook signal at the near end, just
prior to Step 3, is an “add 10" signal and causes the near end to add 10
db to its loss measurement in Step 3, to compensate for the loss which
was removed at the far end.

Immediately after Step 3, if the transmission test control key on the
test frame is in the transmission only position, the test frame will cause
the teletypewriter to record the results of the measurements and will
then break down the connection and advance to the next trunk. If the
transmission test control key is in the transmission and noise position, the
test frame will wait after Step 3 for each end to complete a noise check
in Step 4.

Step 4

For Step 4 the near-end removes its near-far amplifier and the near-far
and far-near receiving pads and increases the gain of the amplifier-recti-
fier for a noise check at the near-end. Likewise, the far-end removes the
receiving pads and increases the gain of the amplifier-rectifier for a noise
check at the far end. Each end rests in this condition while the amplifier-
rectifier at each end integrates the noise voltage over a 5-second interval.
If the integrated value of noise voltage at either end exceeds a pre-
determined value, the amplifier-rectifier at that end will operate measur-
ing relay (M) in its output which causes a high noise condition to be
registered at that end. If neither end registers a high noise condition,
the test call proceeds to completion without a noise indication being
recorded at the near end.

‘When the transmission measuring and noise checking circuit at the
far end completes the noise check, it releases itself from the test line and
is then free to serve a new call while the test line returns an on-hook
signal to notify the originating end that the test is completed. This will
be either a steady on-hook signal if the far end has not registered a high
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noise condition, or a 120 TPM flashing signal if the far-end has registered
a high noise condition. The near end is thus advised of the results of the
noise check at the far end. The test frame, on receipt of this signal,
causes the Teletypewriter to complete the record and then breaks down
the connection and advances to the next trunk.

The amplifier, which precedes the amplifier-rectifier includes a net-
work which provides I'1A noise weighting during the noise check. The
amplifier-rectifier is adjusted in the noise checking condition (that is,
when its gain is increased) so that a noise indication will be given when
the noise exceeds about 35 or 40 or 45 dba. Since this test is intended
only as a rough check to detect any abnormal noise condition, the noise
rejection limit used in any given office will be governed by the types of
intertoll trunk facilities terminating in that office. No correction is made
for the measured loss of the trunk at the time of the noise check, hence
the noise is checked at the receiving switchboard level. For the usual
types of noise the results of the noise check agree roughly with those
which would be obtained by an average observer using a 2-B Noise
Measuring Set for a similar ““go-no go” type of check.

As is evident from the previous description, each end is expected to
complete the various steps of its functions within allotted time intervals.
Timing intervals at the far end are controlled by a multivibrator circuit.
Timing at the near end is controlled by a similar multivibrator in
the intertoll trunk test frame. To insure that the test circuits always
perform as they should and that the timing circuits are functioning
properly, checks are built into the circuits so that anything which pre-
vents the successful completion of a 2-way measurement on schedule
causes the automatic outgoing intertoll trunk test frame at the near end
to stop, hold the trunk busy and sound an alarm while awaiting attention
of the attendant. The transmission measuring and noise checking circuit
at the far end will, however, release itself from the test line so that it will
be free to handle other calls.

Semi-Automatic Test

One-milliwatt test power supply outlets have been provided in toll
offices for some time for making a one-way transmission measurement
frequently referred to as a code 102 test. A test board attendant can reach
the one milliwatt test power supply by pulsing forward code 102 or by
requesting an operator at the distant end of a manual trunk for a con-
nection. The test power is applied at the distant end for about 10 seconds
during which time the attendant measures the loss in the receiving
(far-to-near) direction. This is a fairly fast semi-automatic test but, of
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course, has the disadvantage that it is a one-way test and cannot be
used for all purposes.

In order to provide a semi-automatic two-way test, the far-end equip-
ment is arranged so that a test board attendant can make a code 104
measurement unassisted. This measurement is carried out in 3 steps as
shown in the lower portion of Fig. 6.

Step 1

The attendant connects a test cord to the test jack of the intertoll
trunk and pulses forward code 104 using his test position dial or key set.
When the far end is ready, it returns an off-hook signal which retires
the test cord supervisory lamp. He then connects the other end of the
cord to the one milliwatt test power supply. The far end then adjusts
the receiving and transmitting pads in the same way as for a full auto-
matic test. After about 3 seconds the attendant disconnects the test
power and at that time observes the cord supervisory lamp; a single flash
indicates that the far end was unsuccessful and is requesting a second
trial. If the supervisory lamp remains steadily dark he connects the
cord to the receive jack of his transmission measuring circuit to prepare
for Step 2.

Step 2

The far end will pause about 2 seconds after the attendant removes the
test power to give him time to prepare for Step 2. During this pause the
far end will not receive a short spurt of test power as in the case of a full
automatic test. Consequently, after the 2 second interval the far end
will return one milliwatt for 10 seconds on a semiautomatic test to give
the attendant time to complete a measurement. The received power is
read directly on the meter of the transmission measuring circuit and is
the loss in the far-to-near direction. When the far end removes the test
power, the meter reading drops back to the position of no current (in-
finite loss) and at that time the attendant observes the cord lamp. A
single flash at this time is an “add 10” signal and indicates that 10 db
should be added to the next measurement. A steady dark lamp indicates
that the next measurement should be recorded without correction.

Step 3

After about 2 seconds delay to give the attendant time to record the
first measurement, the far end again returns 1 milliwatt, this time
through the transmitting pad set up in Step 1. The meter now reads the
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loss of the trunk plus the loss of the transmitting pad at the far end.
Since the transmitting pad loss equals the trunk loss in the near-to-far
direction, the difference between the measurements in Step 3 and Step 2
is the trunk loss in the near-to-far direction. After about 10 seconds the
far end removes the test power and starts the noise check in the same
way as if this were a full automatic test.

When the far end removes the test power after Step 3, the attendant
leaves the connection intact until the cord supervisory lamp lights to
indicate completion of the noise check at the far end. A flashing lamp
indicates that the noise at the far end exceeds the preseribed limit and a
steadily lighted lamp indicates the noise at the far end is below this
value. A noise test at the near end may be made by the attendant if he
judges, after a listening test, that a noise test is desirable. For this test
he uses the standard noise measuring equipment.

PRESENTATION OF TEST RESULTS

When making operational tests and a Teletypewriteris not beingused,
troubles are registered by means of an audible alarm and accompanying
display lamps. When making transmission loss measurements, however,
a complete record of the measurements on all trunks tested, both good
and bad is frequently needed. A Teletypewriter then becomes a practical
necessity; otherwise the attendant would be required to supervise the
automatic equipment continuously and to record, from a lamp display
or similar indication, the results of each measurement as it was made.
Having provided the Teletypewriter for transmission testing, its ability
to print letters to represent trouble indications is utilized to avoid halt-
ing the progress of the tests when operational troubles are experienced,
except when completely inoperative conditions are encountered.

Computer Circuit

As mentioned earlier intertoll trunk transmission performance is
rated in terms of bias and distribution grade which are calculated from
the deviations of the measured losses of the intertoll trunks from their
specified values. For such calculations the maintenance forces are, there-
fore, more interested in the deviations than they are in actual measured
losses. Accordingly, the automatic transmission test and control circuit
at the near-end has a computer built into it which will compute the
deviation for each measurement so that the deviation can be recorded
by the Teletypewriter.

The computer is a bi-quinary relay type adder similar to those used
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for other purposes in the telephone plant, for example, in the computer
of the automatic message accounting system. It obtains the specified net
loss of the trunk being tested from the class relay which remains operated
throughout the test. When a computation is to be made of the deviation
in the far-to-near direction, for example, the control circuit extends to
the adder a number of leads from the contacts of the far-near pad control
relays. Some combination of the 9 far-near pad control relays remains
operated after the far-near pad adjustment is finished and therefore some
combination of the leads extended to the adder will be closed. These
leads furnish to the adder the measured loss of the intertoll trunk in the
far-to-near direction. The adder then subtracts the specified loss from
the measured loss and presents the answer together with the proper
sign, + or —, to the teletypewriter for a printed record. The deviation
in the near-to-far direction is computed in the same manner by extending
corresponding leads from the near-far pad control relays to the adder
at the proper time.

Devialion Registers

In determining bias and distribution grade by the method discussed
in the companion article,* the deviations from specified net loss are cal-
culated for each measurement. These deviations are grouped together in
0.5 db increments from 48 db to —8 db, all deviations exceeding 7.8
db or —7.8 db being considered as +8.0 db and —8.0 db respectively.
For example, all deviations of 4+0.3 db to +0.7 db, inclusive are con-
sidered to be 4+0.5 db and are so tallied on the data, or stroke, sheet.

To assist in this work the automatic test equipment includes thirty-
three manually resettable counters corresponding to the 0.5 db incre-
ments from +8.0 db to —8.0 db inclusive. Just prior to a transmission
test cycle all these counters are reset to zero. At the time a deviation
computation is made, the computer also causes the proper counter to
register one count. After the test run on a group of trunks, the counter
readings can be transcribed directly as the final tally on the stroke sheet
and may be used to determine the bias and distribution grade. A “total
tests” counter keeps a tally of all the computations. At the end of the
test run the total count serves as a check of the total count of the other
33 counters.

Check for Excessive Deviations
In addition to obtaining data for the calculation of bias and distribu-
tion grade, the maintenance forces would also like to know promptly

* H. H. Felder and E. N. Little, Intertoll Net Loss Maintenance Under Opera-
tor Distance and Direct Distance Dialing, page 955 of this issue,
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when the loss of an intertoll trunk deviates an abnormal amount from
its specified value. The maintenance practices currently require that,
whenever an intertoll trunk is found to have a deviation of 45 db or
more in either direction, the trunk should be removed from service im-
mediately and the cause of the abnormal deviation corrected. Accord-
ingly, the computer circuit includes an alarm feature which sounds
an alarm to attract the immediate attention of the attendant whenever
the computed deviation is £=5.0 db or greater.

The maintenance forces may also like to know promptly about trunks
with wide deviations but which are not so bad as to require immediate
removal from service. For this purpose the computer also includes a
limit checking feature. This can be set, by means of optional wiring, to
detect deviations in excess of £3.0 db, 4.0 db or 5.0 db. Whenever
a deviation exceeds the limit for which the computer is wired, this
feature performs as follows:

(1) When the Teletypewriter is not in operation the test frame stops
and sounds an alarm.

(2) When the Teletypewriter is recording all measurements, the
letter U is added in a separate column at the end of the test record. The
letter stands out on the record to permit quick spotting of trunks with
abnormal deviations.

(3) By means of a control key, a transmission test record can be
printed only for those trunks whose deviation exceeds the computer
checking limit or which are “noisy” at either end.

Teletypewriter Record

The Teletypewriter is put into operation by means of a key on the
test frame. When this key is normal, no records are printed. Under this
condition a trouble causes the test frame to stop and sound an alarm.
When the Teletypewriter is operating it prints various records and a mi-
nor operational trouble may result only in a record, without an alarm.
Each record occupies a separate line on the tape. Each line starts with the
four-digit trunk identification number in the first column. Fig. 7 shows a
short specimen of the the Teletypewriter record.

‘When the pass busy key on the test frame is in its nonoperated posi-
tion, the Teletypewriter will print the trunk identification number, fol-
lowed by the letter B, for each trunk passed over without test because it
was busy. This is done on both operational and transmission test cycles.
When the pass busy key is operated no record is made of busy trunks
passed without test.

During operational tests no record is printed for trunks which are
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satisfactory. Troubles during either operational or transmission test
cycles result in a record of the trunk identification number followed by a
cue letter in a separate column denoting the nature of the trouble. This
may be a single line record or a double line record for a repeat test on the
same trunk as previously discussed. IFor example, in Fig. 7, the letter Y
in the second line indicates that on trunk 1267 the far end was unable
to complete its transmission measurement successfully. The letter A in
lines 3 and 4 indicates that the test frame was unable to establish a con-
nection over trunk 1293 on either its first or second attempt. The record
of transmission tests is printed in several columns. Reading from left
to right (see Fig. 7) these are (1) trunk identification number, (2) speci-
fied net loss, (3) deviation in the far-to-near direction together with the
sign, and (4) deviation in the near-to-far direction together with the
sign. In columns 2, 3, and 4 the decimal points are omitted and the
ten’s digits are omitted when they are zero (0). Column 5 will contain
an N if the far end is “noisy” or the letter U if the deviation in the far-to-
near direction exceeds the computer check limits, preference being given
to N if both conditions occur on the same trunk. Likewise column 6
contains an N if the near end is “noisy” or a U if the deviation in the
near-to-far direction exceeds the computer check limits. Transmission
test cycles will, of course, include a trouble record whenever an opera-
tional trouble is encountered or whenever the transmission test cannot
be completed successfully.
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Fig. 7 — Teletypewriter test record.



AUTOMATIC TESTING OF INTERTOLL TRUNKS 953

APPLICATION

Maximum benefits can be derived from the automatic testing equip-
ment by locating it at points having a considerable number of intertoll
trunks. This suggests that the near-end installations be placed in offices
in larger cities and far-end installations be placed at points with enough
trunks available to near-end equipment to justify the far-end equipment.
As has been indicated the far-end equipment can operate with either an
automatic transmission test and control circuit or with a test board
attendant at the opposite end. Therefore, once an office has been supplied
with far-end test equipment, all incoming and two-way dial type intertoll
trunks from offices provided with near end equipment can be tested on
a fully automatic basis and all incoming and two-way dial type intertoll
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trunks from other toll offices can be tested on a semi-automatic basis
from the toll test board in the distant office.

Fig. 8 shows a possible application of automatic test circuits. In such
an application, all No. 4 type toll crossbar offices would have both near-
end and far-end equipments. Other offices would have far-end equipment
only when they have a sufficient number of direct trunks to No. 4 type
offices to justify its use. The several types of tests which would be pos-
sible are indicated in the illustration.

It can be seen that a well distributed number of near-end and far-end
test circuits will make it possible to test automatically a large percentage
of the intertoll trunks throughout the country. This is particularly true
in the more populous sections, where the concentration of trunks results
in the probability of toll centers having trunks to more than one office
furnished with near-end equipment.
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Intertoll Trunk Net Loss Maintenance
‘under Operator Distance and Direct
Distance Dialing

By H. H. FELDER and E. N. LITTLE
(Manuscript received March 15, 1956)

Nearly all of the components of an intertoll trunk contribute in some degree
to its variations in transmission loss. Automatic transmission requlating de-
vices 1n carrier systems and tn many voice-frequency systems control in-
herent variations in the intertoll trunk plant. These variations in transmis-
ston come mainly from unavoidable causes such as temperature changes. The
success of these devices depends on how precisely the trunk is lined up and
the manner in which the maintenance adjustments are made. When the na-
tionwide dialing plan with automatic alternate routing vs in full swing, main-
tenance requirements will be more severe because of the material increase in
switched business and the number of possible links in tandem, and because
operator checks will not be obtained on most calls. Therefore, the maintenance
forces will have to keep closer waich on intertoll trunk transmission perform-
ance and insure that the necessary adjustments are made in the right places.
This article discusses some of the maintenance technigques now used and sug-
gests fields for further study.
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INTRODUCTION

Currently there are over 230,000,000 long distance calls made in the
Bell System per month. They range from relatively simple connections
involving a single intercity trunk to complex connections involving sev-
eral intercity trunks in tandem, perhaps totaling 4,000 miles in length.
In each case there is a toll connecting trunk at each end. Almost half of
this traffic involves distancés over 30 miles. The transmission engineer’s
problem is how to provide uniformly good and dependable transmission
so that every one of these calls will be satisfactory to the customers in-
volved. To accomplish this requires among other things that:

1. The design loss of every trunk must be the lowest permissible from
the standpoint of echo, singing, crosstalk and noise.

2. The actual loss of every trunk must be kept close to the design loss
at all times. :

Meeting the first requirement is a matter of system design and circuit
layout engineering. The factors involved have been covered in a previous
article.! Meeting the second requirement is an important function of the
maintenance forces and is discussed in this article.

THE PROBLEM OF NET LOSS MAINTENANCE

The transition from manual operation under the “general toll switch-
ing plan’” to dial operation under the “nationwide dialing plan’’® 4 is re-
quiring material changes in intertoll trunk design and also in techniques
for maintaining these trunks. While precise maintenance is becoming in-
creasingly necessary, it is also becoming more difficult to achieve. There
are three important reasons for this.

First, the nationwide dialing plan increases both the possible number
of trunks used in tandem for a given call and the variety of the connec-
tions in which any particular trunk may be used. This increases
the chances of impairment due to deviations from assigned loss in indi-
vidual trunks since these deviations may combine unfavorably in multi-
switched connections. To minimize this, the transmission stability of the
individual trunk links must be better than under the old plan.

Second, more and more of the trunks are being put on carrier because

S 1 H. R. Huntley, Transmission Design of Intertoll Telephone Trunks, B.S.T.J.,
ept. 1953.
p 12 H. 8. Osborne, A General Switching Plan for Telephone Toll Service, B.S.T.J.,

uly, 1930.

i A. B. Clark and H. S. Osborne, Automatic Switching for Nationwide Tele-

phone Service, B.S8.T.J., Sept., 1952.

542.1. J. Pilliod, Fundamental Plans for Toll Telephone Plant, B.S.T.J., Sept.
1952,
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it is the best solution to the transmission and economic problems. How-
ever, carrier involves many more variable elements and requires higher
precision of adjustment than voice-frequency systems need. These in-
crease the difficulty of maintaining trunk losses close to design values on
a day-by-day basis.

Third, as operator distance and direct distance dialing grow, there is
constantly diminishing opportunity for operators to detect and change
unsatisfactory connections or to report unsatisfactory transmission con-
ditions to the appropriate testboards for action.

Thus the maintenance problem is in two parts:

1. How can we reduce departures from design standards even in the
face of increasing complexity of plant?

2. What substitute can we find for operator detection of troubles, and
can we find even better means of detection?

The ways in which switching plans and the use of carrier reflect upon
the problem of trunk net loss maintenance is discussed in more detail in
the following sections.

EFFECT OF SWITCHING PLANS

Manual Operation

For many years long distance traffic has been handled on a manual ba-
sis under the “general toll switching plan” illustrated in Fig. 1. Between
two points indicated by toll centers, TC’ and TC”, it was theoretically
possible to get as many as five trunks in tandem. This rarely occurred be-
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cause handling switched connections manually was so complicated and
expensive that direct trunks were provided wherever they were econom-
ical and alternate routes were assigned and used sparingly. The result
was that the manual switching plan was characterized by a minimum of
switching.

Under manual operation, operators passed information over every
trunk in the connection, as well as over the completed connection, before
it was turned over to the customers. If anything was radically wrong with
a trunk, the operators recognized it and substituted another trunk. When
this was necessary, they could report the defective trunk to the appropri-
ate testboard for action. Under these conditions, if trunk losses wandered
appreciably from their specified values, the consequences were seldom
serious.

Dial Operation

With dial operation, not only is the plan more complex (as shown on
Fig. 2), with an abundance of alternate routes, but intertoll trunk switch-
ing is so fast and reliable that the number of switching points has little
effect on speed of service. Thus the dial operating plan can take full ad-
vantage of alternate routing and the use of trunks in tandem will occur
much more frequently than with manual operation.
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Tig. 2 — Nationwide dialing plan — dial operation.
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Here again the alternate routing follows a definite plan.® As shown in
Fig. 2, a call from toll center, T'C’, to toll center, TC", will follow the
direct route, if it is available and not busy. A second choice will be via a
higher ranking office in the chain from TC’’ to the regional center, RC".
A third choice may be available to a still higher ranking office. Thus, if
the originating office cannot use its direct route, the call will be advanced
over the alternate routes according to a predetermined pattern. If all
other alternatives fail, the call will follow the heavy solid line 7-link route
shown on Fig. 2, or, in special cases, the 8-link route via RC"".

These attempts involve many operations but the automatic equipment
completes them quickly. This makes it feasible to provide small, high
usage, direct trunk groups between two points, with the realization that
in busy periods alternate routes can handle the overflow traffic with neg-
ligible time delay. Thus over a good part of the day, the direct trunks
or first choice trunks will handle the traffic. In the busy periods, use of
alternate routes with a number of links in tandem will be a frequent
occurrence. Therefore, it is important to have losses on alternate routes
not greatly different from those on direct routes so customers will not
experience noticeable contrasts.

Operators will seldom talk to each other over the complete connection,
and even less over the individual trunks. Only on person-to-person or col-
lect calls will they talk even to the called party. On station-to-station
calls they merely dial or key up the desired number and rely on super-
visory signals to disclose the progress of the call.

On operator dialed calls, the operator may sometimes pick up the in-
tertoll trunk in her switchboard multiple, but in many cases she will
reach it over a tandem trunk. In the former case she can identify the in-
tertoll trunk forming the first link in the connection but assistance would
be needed at intermediate testboards to identify succeeding trunks. In
the latter case, testman assistance would be required at the originating
office in order to identify even the first trunk of the connection. In either
case the need for holding the customer’s line during identification, to
avoid breaking down the connections makes such means of identifica-
tion impracticable with presently available techniques.

On direct distance dialed calls there are no operators involved and pres-
ent means of identification of trunks in trouble after the connection has
been established are even more impracticable. This is because the calling
party must release the connection before he can report a trouble, thus
destroying any possibility of trunk identification.

5 R. I. Wilkinson, Theory for Toll Traffic Engineering in the U. S. A,, B.8.T.J,,
March, 1956.
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Thus under dial operation there is a need for better trunk stability.
Therefore, a greater burdenis placed on the plant forces to locate unsatis-
factory trunks so that proper maintenance action can be taken before
customers experience difficulty.

EFFECT OF CARRIER OPERATION

Carrier is the principal transmission instrumentality which makes it
possible to go ahead with nationwide dialing with assurance that people
can talk satisfactorily over the complex connections set up by the switch-
ing systems. But it brings with it formidable problems of maintenance.
The high attenuation per mile of the line conductors at carrier frequencies
increases the number of variable elements as well as the precision with
which they must be adjusted. The interrelation between the elements
adds to the complication.

Table I illustrates this by giving some figures comparing 100 miles of a
voice-frequency cable trunk with 100 miles of a typical trunk on K car-
rier, which is widely used on cable facilities. The figures apply in both
cases to one direction of transmission.

The ten-to-one ratio in the number of electron tubes represents a
greater chance of trouble developing in the carrier trunk due to aging or
failure of electron tubes. In the carrier trunks there are more automatic
adjustable features. FFor instance, in a typical K2 carrier system there are
five flat gain regulators and one twist regulator in one twist section of
approximately 100 miles, against a single regulator in a voice-frequency
trunk 100 miles long. These regulators are depended upon to keep the
loss variations to tolerable amounts. Any malfunction can have a serious
effect on trunk loss. Furthermore, they must be adjusted to the desired
regulating range and therefore they are points at which maladjustments
may be made.

The channels of any one carrier system or of a 12-channel group are
commonly routed by the circuit layout engineers to a number of terminal

TaBLE 1
V-f K2 Carrier
Trunk Trunk

Total Conductor Loss -db............. ... ...ciiivieiin.. 35 378
Gain Required to Reduce to Via Net Loss -db............ 31 377.4
Percentage of Line Loss Represented by a 2 db Variation. .. 5.7 0.53
Number of Electron Tubes. . ...........ccviiiiiiie.. 3 28
Number of Amplifiers............. ... ..o i 3 7
Number of Automatic Regulators........................ 1 6
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Fig. 3 — Typical carrier channel assignments.

points even though circuit requirements to a given point are sufficient to
utilize 12 or more channels. This is done to minimize the chances that all
of the trunks between two points will be interrupted by a system failure.
A simple case is illustrated by Fig. 3 which shows trunks between Alpha
and Gamma connected at an intermediate point, Beta, in such a manner
that a failure in any one of the systems A, B, C, or D will affect only
half the trunks.

This routing problem, however, complicates the maintenance problem.
For example, if trunk T1 were found to have excess loss in the Alpha-
Gamma direction it could be corrected by raising the channel gain at
Gamma. On the other hand, a correct diagnosis might have disclosed that
the trouble was due to a repeater in system A. If this were the case,
merely compensating for the excess loss in T1 by changing the channel
gain would still leave all other trunks associated with system A in
trouble. Later on, if the repeater difficulty were corrected, and no further
action were taken, the net loss of T1 would then be too low.

Thus, the flexibility which is so desirable to minimize interruptions of
whole cireuit groups leads to a difficult problem in the administration of
trunk loss adjustment and maintenance. Furthermore, because of the
larger numbers and greater dispersion of trunks and terminal points, the
situation in the actual telephone plant is much more complex than in the
above example. Also, the diagnosis of trouble conditions is made more
difficult by the normal variations of channel losses in the carrier systems
and consequently of the trunk losses about their design values. This can
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be better appreciated when some quantitative aspects of the problem
are considered.

QUANTITATIVE ASPECTS OF THE PROBLEM

When the nationwide dial switching plan began to take shape some 8
or 10 years ago, intensive study of the transmission maintenance prob-
lem was undertaken. The existing situation was examined to determine
whether or not the plant would continue to be satisfactory under the
changed conditions. This was done by analyzing the results of many
thousands of transmission measurements which had been made on a rou-
tine basis in toll test rooms all over the Bell System. Both the measured
and the assigned losses were available so the differences between them
could be derived and analyzed statistically.

Although the distribution of differences expressed in db for an office
did not necessarily follow precisely a normal probability law, the distri-
butions were close enough to normal law so that they could be treated as
normal. The results were similar throughout the System. The differences
within an office were random as also were the means of the differences
from office to office. However, the means tended to be biased in the direc-
tion of excess loss. The performance of trunks in multi-link connections
which would be set up by the switching machines could therefore be esti-
mated with reasonable accuracy. In the statistical analysis of measure-
ments on the group of trunks, the performance was expressed in terms
of “distribution grade” and “bias.” In telephone transmission mainte-
nance terminology, bias is the algebraic average of the measured trans-
mission departures in db from individual specified net losses for the group
of trunks. The distribution grade is the standard deviation of the differ-
ences between measured and specified trunk losses about this-bias value.
The distribution grades found in these studies were about as follows:

For trunks under 500 miles — about 1.8 db.

Tor longer trunks — about 2.5 db.

Table IT illustrates the effects of the distribution grades on connections
involving various combinations of these trunk links, assuming that bias
can be neglected.

The design loss objective for a 4-link connection, say 1,000 miles long,
is about 7 or 8 db (including 2 db of connecting trunk or pad loss at each
end). Table IT shows that, in an appreciable percentage of the 4-link con-
nections involving the above type of plant, the variations can be ex-
pected to exceed the design loss. Variations of this magnitude can result
in transmission impairment due to echo, hollowness, singing, crosstalk,
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TasLE IT

Number of Intertoll Trunks in the Connection .. 2 4* 6* 8*

Distribution Gradeindb........... 2.5 4.4 5.0 5.6
Per cent of Connections Departing
from Average

+2dbormore. .................. 42 65 69 73
44 dbormore. .................. 11 36 42 47
4+8dbormore. .................. 0.2 7 11 15

* Includes two trunks over 500 miles long.

noise or low volume. Furthermore, undesirable contrast may be encoun-
tered on successive calls between the same two telephones.

The results of the study as well as experience with the beginning of
automatic alternate routing show that the performance of the existing
trunk plant must be improved. Three immediate objectives have been
set:

1. Reduction of distribution grades to about 14 of the values men-
tioned above, i.e., about 1.0 db.

2. Maintenance of office bias within £0.25 db.

3. Removal from service of individual trunks differing widely from

_their design losses (in the order of 4 or 5 db).

To achieve these objectives requires effort along four lines. First,
systems should be designed to have sufficient stability once they are
adjusted. This involves the inclusion of stable circuit elements and the
provision of automatic regulating devices to compensate for unavoidable
transmission variations arising from natural causes. These features have
been applied to existing systems within limits imposed by economic con-
siderations and the state of the art. Further extension of these features
will be required in the future in order to meet the above objectives.

Second, before a trunk is placed in service, each of its component parts
and the over-all trunk should be adjusted to give the correct loss. From
the transmission maintenance point of view, it is extremely important for
each trunk to start out with all of its adjustments correctly made.

Third, existing and incipient troubles, and deterioration or maladjust-
ment of components, must be detected and corrected by routine mainte-
nance of individual systems used in making up trunks. Such activity
must make up for the inability to design systems to have the desired
stability. ’

Fourth, significant departures from trunk design losses must be de-
tected by over-all transmission measurements, and must be corrected be-
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fore service reactions occur. Such measurements will also be of aid in de-
termining the effectiveness of efforts along the first and third lines.

As discussed earlier, the presence of the operator on every call was of
material assistance in the detection of unsatisfactory trunks. On operator
or direct distance dailed calls, there will be little or no operator conversa-
tion over the intertoll trunk connection. As a substitute, the maintenance
forces may need to make more frequent checks of the transmission per-
formance of the trunks unless the stability of individual systems and
components of systems can be improved. Manual methods have been
used by the maintenance forces in the past to measure trunk losses. Semi-
automatic measuring methods have been developed to reduce the time
and effort required. In many cases the necessary number of measurements
will be economical only when made by automatic devices. One form of
such gear is described in a companion paper.®

The ability to measure over-all trunk losses simply and frequently is
of direct aid in detecting when loss deviations exceed maximum toler-
ances. Such measurements in themselves, however, are insufficient to
detect incipient troubles or to indicate the component part responsible
for unsatisfactory transmission. An attempt has been made to achieve
these objectives by using statistical analysis of the measured data as
an aid to diagnosis. The following sections discuss the application of such
analysis.

Use of Transmission Loss Data

It has been shown that considerable variation can be expected in trunk
losses even in the absence of trouble conditions. For any given group of
trunks selected for analysis, the performance is described by the distri-
bution grade and the bias. If a group of trunks is found to have bias, it
is usually an indication of some assignable cause. One such cause might
be a change in gain of an amplifier common to the group. Another cause
might be improper gain adjustment for channel units of a carrier termi-
nal associated with the group.

If a group of trunks is found to have a greater distribution grade than
the distribution grade for all the trunks in the office, this may indicate
excessive instability in a component part common to the trunks in the
group. If analysis of all the trunks terminating in an office shows a higher
distribution grade than is usually found in similar offices, the fault may
be due to maintenance routines being inadequately or improperly ap-
plied.

6 H. H. Felder, A. J. Pascarella and H. F. Shoffstall, Automatic Testing of

Transmission and Operational Functions of Intertoll Trunks, page 927 of this
issue.
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Statistical analyses must thus be made of data for small groups as
well as for large groups of trunks. Furthermore, the groups which arc
studied must have elements or factors in common in order for the statis-
tics to have significance. Analyses of periodic measurements of losses for
the same trunk or groups of similar trunks can likewise indicate signifi-
cant changes in performance.

As yet, the problems of properly selecting the trunks to be analyzed
and of correlating the results of the analyses with particular system ele-
ments needing maintenance attention have been solved only partially.
In addition to the need for proper procedures, there is the need for thor-
ough training of maintenance personnel. The complexity of the telephone
plant today is increasing the importance of all maintenance personnel
having a thorough knowledge of how individual systems function and
how the performance of the various system elements reacts upon over-
all trunk performance.

Procedure for Analyzing Measurements

In an effort to facilitate the application of statistical analysis of trunk
performance by plant personnel, a special data sheet and associated
templates have been devised. These are shown in Figs. 4, 5, and 6. The
method of analysis gives only approximate results but has been found
to be sufficiently accurate for reasonably large amounts of data. It is
simple, rapid and easily comprehended by the plant personnel. The
procedure to be followed consists first of subtracting the specified loss
from the measured loss for each of the trunks under study. A stroke is
placed on the chart for each of the resulting deviations at the intersection
of the appropriate classification and tally lines. For example, the first
deviation between —3.25 db and —3.75 db would be stroked on the
horizontal line for that band, just to the left of the vertical line for tally 1
(See Fig. 4). The second deviation in that band would be stroked just to
the left of the tally 2 line. This is continued until all the deviations have
been recorded.

The last stroke in each 14 db band indicates the number of dev1at10ns
found having values within that band. As shown on Fig. 4, for the
analysis by the template method this value is written in the first column,
marked “Line Tots. (A).” These values are added and should equal the
total number of measurements in the study (533 in the example).

Next, the column “Cum. to 14” is filled out. Beginning at the top
line, totals are accumulated to the point where adding the next line total
will result in a value exceeding 14 the grand total of measurements (266
in the example). Similarly a value is obtained accumulating the totals
from the bottom. In Fig. 4 these values are 246 and 166, respectively.
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Fig. 5 — Combined template on stroke chart.

By use of this information the approximate bias is determined. The
scale of the bias values on the stroke sheet is shown in 14 db steps along
the left-hand edge of the “Line Tots. (A)” column, and bias is deter-
mined to the nearest 14 db. If the two cumulative totals differ from each
other by less than 25 per cent of the larger value, an arrow indicating
the bias is placed midway between the two class lines representing these
cumulative totals. Its value is read on the bias scale. If the two cumula-
tive totals differ from each other by 25 per cent or more of the larger
value, an arrow indicating the bias is placed 34 of the distance between
the two class lines representing these cumulative totals and nearer the
larger value. In Fig. 4, since 246 minus 166 (80) is greater than 25 per
cent of 246 (61.5), the arrow is placed 34 of the way from the line repre-
senting 166 toward the line representing 246; i.e., at the —14 db point
on the bias scale. A second arrow is placed at the corresponding point on
the tally 1 line.

As shown in Fig. 5, a combined template is then placed over the chart
so that the center line of the template coincides with the two arrows.
Along the center line of the template there is a scale indicating numbers
of measurements from 50 through 700. The template is moved horizon-
tally so that the point on the scale corresponding to the grand total of
measurements (533 in the example) is placed on the 1 tally line. Envelope
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curves for distribution grades from 0.38 db to 3 db are shown on the
template. The smallest envelope having not over 8 per cent of the grand
total of measurements outside of the envelope represents the approxi-
mate distribution grade. In the example, this is the 1 db curve, for which
22 points or 4.1 per cent of the total fall outside of the curve. Using a
cut-out template corresponding to the distribution grade, a trace is
placed on the stroke sheet, as shown on Tig. 6.

In cases where the small number of measurements or the character
of the dispersion makes it difficult to fit the data with any of the en-
velope curves of the template, RMS methods of determining the distri-
bution grade and bias afford a better estimate. In the example on Fig.
6, the bias is thus found to be —0.18 db and the distribution grade is
found to be 1.14 db.

When the automatic transmission test and control circuit described
in the companion paper is used for measuring net losses, the bias and dis-
tribution grade can be determined more quickly and easily. This circuit
measures the transmission in terms of deviations from the specified loss
and records these by a teletypewriter. In addition, registers indicate the
total number of measurements and the number of deviations falling in
the 14 db bands shown on the stroke chart. The final strokes for each
band can thus be placed on the chart directly without the need for
stroking each measurement. From this point on, the analysis and the
final tracing of the envelope curve which is selected are the same as in
the case illustrated by Fig. 6.

EFFECTIVENESS OF OVER-ALL TRUNK TESTS AND ANALYSES
Simple Layouts

With simple trunk layouts particularly those involving one voice-
frequency or carrier link, plant forces have been able to use over-all
trunk measurements and analyses as a direct aid in maintenance. Early
field trials of the stroke chart method were made at two operating tele-
phone company offices. The testers made up stroke sheets from their
routine measurements and interpreted the results to find clues as to
what to investigate. Stroke sheets made at successive routine testing
periods also showed them what improvements they were obtaining in
the operation of the trunks.

Both offices started with distribution grades of about 1.8 db and with
biases of about 34 db. The trunk plant was then given a thorough cleanup
and realignment more rigorous than that called for in the ' maintenance
practices at the time. Similar rigorous circuit order tests were followed
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as circuit order changes were made. Many small troubles were found and
cleared. As the result of such rigorous circuit order work and the use of
statistical analyses, the distribution grades at the end of the trial were
reduced to about 1 db and the biases were brought close to zero.

The maintenance activities were conducted by the regular test forces
during normally available maintenance time. Although the initial work
involved in cleaning up the trunks necessitated some slippage in the
periodic maintenance tests, troubles requiring realignment were eventu-
ally reduced to the point where it became possible to carry on the periodic
testing work concurrently with the more rigorous circuit order work.

Complex Layouts

During the field trial of the automatic transmission test and control
circuit discussed in a companion paper, there was an opportunity for
studying transmission data taken on intertoll trunks of greater length
and complexity of layout. These trunks were composed of two or more
carrier links and connected Washington, D.C. to several outlying points;
namely, Atlanta, Georgia; Boston, Massachusetts; Hempstead, New
York; New York, New York; Oakland, California; and Richmond, Vir-
ginia. A total of 231 trunks were in the groups. When the trial began,
without preliminary rigorous circuit order work on the trunks involved,
the distribution grade was 2.26 db and the bias was +0.35 db. Mainte-
nance investigation was initiated only when trunks were found to have
departed more than a prescribed amount from their specified net losses.
Initially this value was 4 db and later it was reduced to 3.5 db.

As many of these wide deviations were investigated and corrected as
available manpower permitted. The layouts were so complex, however,
that it was found impracticable to give prompt attention to all of them;
and in many cases it was impossible to check carrier systems that were
suspected of being the source of some of the deviations. At the end of
the trial the distribution grade had been reduced from the original 2.26
db to a range of about 1.8 to 2 db. The bias had not been changed sig-
nificantly from the original 4-0.35 db.

These results indicated very little improvement from the limited re-
adjustments found practicable during the tests. Analysis of the test re-
sults has shown that transmission maintenance methods must be im-
proved in some respects. An example of this was a case where the data
indicated several trunks to be affected by excessive variation from some
common cause. This was traced to a group pilot being out of limits. If
routine maintenance methods had indicated this difficulty earlier, the
amount of time in which service could have been affected by these trunks
would have been reduced. This is important because of the difficulty of
finding evidence of common trouble sources, with complex layouts.
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The scope of the trial was then limited to a smaller group of intertoll
trunks which could be given close attention. The 42 trunk group between
Washington, D.C., and Atlanta, Ga., was selected and these trunks were
put through rigorous circuit order tests and adjustments approaching
the completeness of initial line-up tests. A test cycle composed of trans-
mission loss measurements made on the 42 trunks in both directions
was performed four times daily for a period of about five months. During
the period covered by this phase of the trial, adjustments were made
only as indicated by carrier pilot variations, by deviations from specified
net loss large enough to operate the limit feature of the automatic trans-
mission test and control circuit, or with other trouble clearance.

The tests for each day were analyzed as a group. On the first day the
distribution grade of the deviations from specified net loss for the group
was 0.8 db and the bias was 4+0.5 db. On the last day the distribution
grade was 1.2 db and the bias was —0.25 db. For the entire group of
measurements (584 test cycles), the distribution grade of the deviations
was 1.26 db and the bias was —0.08 db. This represented a substantial
improvement over the results obtained in the first phase of the trial. It
showed that a great deal can be accomplished by improving the circuit
order procedures and increasing the thoroughness with which they are
carried out.

It was found that combination carrier trunks composed of perma-
nently connected links, thus not having the benefit of control by ter-
minal-to-terminal pilots, have more variability than individual trunks
having over-all pilots. Adjustment of such combination trunks requires
coordinated action at the various pilot terminals through which the
trunk passes, in order that readjustment of the over-all trunk loss can
be made at the point in the system responsible for the deviation. In the
case of many route junctions, the complexity of the layout makes it
difficult to coordinate the necessary measurements at several points so
that the proper point for adjustment can be determined.

NEED FOR EDUCATION

The complexity of carrier system layout as indicated above, has im-
posed a difficult task on the plant transmission maintenance forces. Al-
though our present transmission maintenance practices seem to be ade-
quate for systems in simple layouts, some expansion appears needed for
the more complex layouts. This will require further study.

It is important to keep in mind, however, that the provision of good
practices and training of personnel in following the detailed steps therein
are not in themselves sufficient to assure good transmission maintenance.
There is an additional need for education of plant personnel in fundamen-
tal considerations affecting operation of carrier systems. This must in-
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clude over-all objectives, inherent capabilities and limitations, and the
interrelation of functions of the many basic blocks comprising carrier
systems. Personnel so educated can approach the problems of transmis-
sion maintenance with understanding and avoid the maladjustments
and troubles due to “man-failure’” which are potential hazards in any
complex systems.

SUMMARY AND CONCLUSIONS

In summary, the problem of maintaining satisfactory transmission
over trunks under distance dialing involves, primarily:

1. Improving the over-all trunk net loss stability so that the distribu-
tion grade does not exceed 1 db, as an initial objective.

2. Reducing trunk loss bias for individual offices to less than 40.25 db.

3. Removing from operation those trunks having excessive loss devia-
tions before unfavorable service reactions occur.

To do these things in the face of the increasing complexity of our plant
and the absence of operator surveillance will require that:

1. Individual systems have adequate short term stability to keep day-
to-day variations small.

2. Routine tests and adjustments be made on individual systems and
components to correct for long-term deterioration.

3. Frequent over-all trunk tests be made to locate trunks whose per-
formance is beyond acceptable limits and, as a quality control measure,
to monitor the performance of the trunk plant.

4. Trunk trouble-shooting be performed on a well coordinated basis
to locate and correct the source of trouble. (Compensating maladjust-
ments must be avoided.)

Although facilities are available and methods are known for doing
some of these things, considerable effort is required as follows:

1. Study of performance of individual systems to determine capabili-
ties of present design and major sources contributing to over-all trunk
instability.

2. Study of transmission maintenance procedures, both routine and
trouble-shooting, to determine the proper test intervals and how best
the procedures can be carried out on a coordinated basis.

3. Development of improvements in systems and test facilities as
indicated by the above studies. Convenience is an important factor in
test arrangements.

4. Thorough education of personnel in the over-all make-up, function
and interrelation of systems within the trunk plant, and in the significance
of transmission maintenance in providing uniformly good and depend-
able transmission.
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