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UNITED STATES DEPARTMENT OF COMMERCE

OFFICE OF TELECOMMUNICATIONS
STATEMENT OF MISSION

The mission of the Office of Telecommunications in the Department
of Commerce is to assist the Department in fostering, serving, and
promoting the Nation’s economic development and technological
advancement by improving man’s comprehension of telecommunica-
tion science and by assuring effective use and growth of the Nation’s
telecommunications resources. In carrying out this mission, the
Office:

Performs analysis, engineering and related administrative functions
responsive to the needs of the Director of the Office of Telecom-
munications Policy in the performance of his responsibilities for the
management of the radio spectrum;

Conducts research needed in the evaluation and development of
telecommunications policy as required by the Office of Telecom-
munications Policy, Executive Office of the President, pursuant to
Executive Order 11556;

Conducts research needed in the evaluation and development of
other policy as required by the Department of Commerce;

Assists other government agencies in the use of telecommunica-
tions;

Conducts research, engineering, and analysis in the general field of
telecommunication sciences to meet government concerns;

Acquires, analyzes, synthesizes, and disseminates information for
the efficient use of telecommunications resources.



FOREWORD

As a nation, we have come to regard the electromag-
netic spectrum as an important national resource. Because
the spectrum has become crowded in recent years, it is
increasingly important that it be well managed.

This report discusses three possible approaches to
the problem of measuring spectrum-space usage, and relates
them to previously proposed metrics. Although each of the
metrics proposed has disadvantages as well as advantages,
it is hoped that some insight is gained by their discus-
sion. If the report serves to stimulate dialogue on these
matters, it will serve a useful purpose.

This report was prepared by the Policy Support Divi-
sion of the Office of Telecommunications, U.S. Depart-
ment of Commerce. It is one of a series of such reports
prepared in support of the Office of Telecommunications

Policy, Executive Office of the President.
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METRICS FOR SPECTRUM-SPACE USAGE

by
Donald R. Ewing®* and Leslie A. BerryT

ABSTRACT

A generally accepted spectrum use metric (unit of spectrum-
space use) would expedite efficient allocation and management of the
spectrum resource. It would be useful for quantitative studies of spec-
trum congestion, and for economic analysis of the resource. Such a
metric would benefit the operation of a market or quasi-market in
spectrum rights.

Several metrics have previously been proposed, but none has
been generally adopted.

In this paper the position is taken that use of the spectrum-
space means denial of frequency bandwidth, geographic area, and
time to other prospective users. This denial may be physical or
administrative in nature. Further, both transmitters and receivers
use spectrum-space in this sense.

Three alternative spectrum-space metrics are defined based
on physical denial of spectrum-~space. Their relative merits and their
relationship to previously proposed metrics are discussed.

The situation-specific metric calculates the space a system
denies to actual existing systems competing for the same space. It is
the most realistic metric for a completely specified situation, but
because of this it is not persistent.

The uniform metric computes the spectrum-space a system
denies to standard reference systems. It is computable, persistent,
and objective; however, the choice of some of the reference para-
meters is apparently arbitrary.

The autonomous metric depends only on the characteristics of
the evaluated system. It is persistent, and non-arbitrary, and is
proportional to the spectrum-space denied in an important special case.
However, we do not know how to compute it for multiple-transmitter
or multiple-receiver systems, so it is not yet practical.

*The author is with the Policy Support Division, Office of Telecommuni-
cations, U.S.Dept. of Commerce, Boulder, Colorado 80302.

tThe author is with the Institute for Telecommunication Sciences,
Office of Telecommunications, U.S.Dept. of Commerce, Boulder,
Colorado 80302.
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1. THE NEED ¥FOR A UNIT OF MEASURE OF SPECTRUM USE

Efficient allocation and management of the radio spectrum re-
source calls for a unit of measure of the resource -- a spectrum space
metric (Gifford, 1966; JTAC, 1968; Powers, 1968; Hinchman, 1969).
A metric would expedite quantitative studies of relative congestion,
studies of economic value of the resource, and assignment of prior-
ities. Such a metric would be an important adjunct to a market
(DeVaney et al., 1969), or quasi-market (Gifford, 1966; Levin, 1971)
in spectrum rights.

It is widely accepted that power, bandwidth, antenna directivity,
and area of service are all factors of spectrum-space use. A signifi-
cant problem is to properly combine these and other factors into a
metric.

Several metrics have been proposed -~ Gifford's (1966) PODAF
(Power Density over an Area within a Frequency band), Powers' (1968)
spectrum acre (bandwidth X area X time), and the TAS (time, area,
spectrum) package of DeVaney et al. (1969) -- but none has been gen-
erally adopted. Perhaps this is because they oversimplify the actual
physical situation. We believe that part of this oversimplification is
that they are defined primarily in terms of the transmitter portion of
the radio system, and do not give equal visibility to the legitimate use
of spectrum-space by receivers.

Other authors have been concerned with developing measures of
relative value or efficiency of spectrum use rather than amount.
Norton's E ffective Service Sum (JTAC, 1968, p.S8-94), Hoxie's Rela-
tive Value Index (NAE, 1970), and Cohn's Spectrum Utilization E ffici-
ency (JTAC, 1968, p.S8-85) are examples of this approach. Of these
only the Effective Service Sum does not include an implicit spectrum

metric. The Effective Service Sum takes service as the basic




commodity, and tries to maximize the dollar value of services pro-
vided using spectrum.

Hoxie's Relative Value Index (NAE, 1970) is the product of
factors representing economic efficiency, technical efficiency and
sociopolitical priority. How technical efficiency is to be evaluated is
not specified, but the value index is proportional to time/ bandwidth.

Cohn's Spectrum Utilization Efficiency (JTAC, 1968, p. S8-85)
is the ratio of the spectrum space used by an "ideal" system to the
spectrum space used by the evaluated system. Spectrum-space is de-
fined to be the bandwidth X time X physical volume that the radio sys=-
tem denies to other users. It is recognized that receivers as well as
transmitters deny space to others. The objection to this measure of
spectrum efficiency is the difficulty of defining an '""ideal" system.
However, our proposals for a measure of spectrum-space use are
closely related to the spectrum-space measure Cohn used to compute
Spectrum Utilization Efficiency.

At any rate, the absence of agreement on a unit of measure of
spectrum-space usage indicates that further development is necessary.
In this paper, we develop several alternatives for such a metric. One
feature of all the metrics we propose is balanced consideration of the
use of space by both transmitters and receivers. Another feature is
that the basic definitions incorporate realistic information about the
emission and selectivity characteristics of the systems, yet reduce to
some of the simple measures suggested before if perfect transmitter
and receiver characteristics are assumed.

After discussion of the desirable characteristics of spectrum
use metrics, and explanation of the complementary nature of use of
the spectrum by transmitters and receivers, we define three possible
metrics which range from a situation-specific metric whose computa-

tion requires detailed information about all relevant systems, to a
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generalized, easily calculated metric with somewhat limited flexibility.
Each attempts to measure physical use of the spectrum, in contrast to
administrative use of the spectrum. Although several conceptual prob-
lems remain, we present the metrics in the hope that they might add
insight to the problem of finding useful ways to measure spectrum

usage.

2. DESIRABLE CHARACTERISTICS OF SPECTRUM-SPACE METRICS

A metric of spectrum-space usage should be realistic, prac-

tical, and relevant. These adjectives are meant to imply that the
metric describes the situation as it is understood (perhaps only intui-
tively) by people experienced in the field. In this sense, a good metric
is not likely to seem novel nor surprising; but merely a systematic,
structured exposition of the conventional wisdom.

Frequency allocation and assignment have long dealt with fre-
quency, bandwidth, and physical space, so these must be the fundamen-
tal dimensions (JTAC, 1964, p. 5) of spectrum-space. Figure 1 depicts

"occuping' these three dimensions of the spectrum-space.

a transmitter
For spectrum allocation purposes, it is the interference region
that is of interest rather than the service region. That is, assignments
are made far enough apart to avoid harmful interference, rather than
close enough together so that service regions are immediately adjacent
to each other. So a realistic metric is one that measures the space
denied to other users, rather than the space that is served by the
system. Combined, these criteria imply that a spectrum-space metric
should be proportional to the bandwidth X physical area(or volume) X

time that a specific assignment denies to other potential users. This

is analogous to the economic concept of '"opportunities forgone."
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Fig.1 A TRANSMITTER "OCCUPYING"
SPECTRUM - SPACE

A metric should be objective and specific, so that any party at
interest can compute its value for a present or proposed radio system.
Simplicity of calculation is desirable, although it is understood that
simple calculations may be less accurate.

Ideally, a metric definition should recognize that the para-
meters involved are random variables that exhibit statistical variation.
In this paper, we do not explicitly include this statistical character;
but there are no conceptual difficulties in extending the formulations to
allow for statistical variation.

For some purposes, a measure of a system's use of the
spectrum-space should be persistent. That is, it should not change

with time, frequency, or space. Neither should it change as a result



of the actions of others. One of the metrics we propose in this paper
does not satisfy this criteria; the other two do. We will discuss the
difference after the measures have been defined.

Finally, a metric should recognize the dual nature of spectrum-
space usage by transmitters and receivers. Although this dual usage
has been recognized, previous suggestions for spectrum-space metrics
have been stated in terms of transmitters, thus failing to reflect the
realities of spectrum allocation. It is in the formulation of comple-~
mentary transmitter and receiver metrics that this paper makes it

contribution.

3. THE COMPLEMENTARY NATURE OF SPECTRUM-SPACE
USE BY RECEIVERS AND TRANSMITTERS -

What constitutes "use' of spectrum-space? There are at least
two points of view about this question: one shows up explicitly in spec-
trum assignments and previously suggested spectrum metrics, and the
other is implicit in standard procedures. The first position is,
"Transmitters use the space by filling it with power', and the second
is, "Receivers use the space by denying radiating rights to others'.

These two views will be developed in detail below.

3.1 Transmitters as users

Traditionally, radio transmitters have been considered the users
of the spectrum resource. They use the spectrum=-space by filling
some portion of it with radio power ~- so much power that receivers of
other systems cannot operate in certain location‘s, times, and frequen-
cies because of unacceptable mt;rference. Notice that the transmitter
denies the space to receivers only. The mere fact that the space con-

tains power in no way prevents another transmitter from emitting power



into the same location; that is, the transmitter does not deny operation
of another transmitter.

The developments in radio broadcasting in the United States
before government control illustrate the thesis that transmitters are
the users. Since there were no administrative restraints, receivers
used no spectrum-space; that is, no system was denied because of the
presence of reception rights. Transmitters used the resource by
radiating power. If another potential user wanted the space, he tried
to fill it with an overwhelming amount of power. The result was the
power race and the chaos which the United States sought to abolish
with the creation of the Federal Communications Commission, which
was given the authority to regulate and set transmitter standards, but
was not given comparable authority over receivers.

Even today there are service bands where the transmitter is
the only recognized user. The amateur bands are the clearest
example. Anyone who meets the requirements for an amateur trans-
mitter license is allowed to transmit. No attempt is made to control
the number or location of stations so as to prevent interference. Re-
ceiver owners have no explicit nor implicit rights to good reception of
a particular transmitter.

Some recent attempts to define spectrum usage and spectrum
rights are based on the concept " transmitters are the spectrum users'’.
The "PODAF", a measure of spectrum usage proposed by Gifford
(1966), is based entirely on transmitter characteristics; it is the
power density over an area and frequency bandwidth produced by the
transmitter. Power's (1968) definition of the "spectrum acre' begins

. . - 1t
"A ssume that the spectral measure of a given transmission... (em-

phasis added). Similarly, the spectrum rights proposed by DeVany,

et al. (1969) are defined in terms of transmission. The rights pro-

posed were that within a given location-frequency area, a user would
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be allowed to do anything as long as he did not allow power above a

certain level to escape across the boundary of this area. The empha-

sized words are essentially a restriction on transmitters.

None of these proposed measures has been generally accepted
even though they are consonant with current U. S. licensing proce-
dures which allow the license holder to operate a transmitter of given
characteristics at a given frequency and location. We think one reason
for the non-acceptance is that they do not account for all of the
spectrum-space available and used, even in a congested region. For
example, a map of the service areas of broadcast transmitters would
show large vacant spaces between the service areas. These are called
""'spectrum wastelands'' by Hinchman (President's Task Force on Com-
munications Policy, 1969). The "wastelands' exist because the fre-
quency managers implicitly grant reception rights to many existing
receivers by rejecting applications for transmitters that would inter -
fere with them. The "wastelands' are in fact the spectrum-space used

by the receivers.

3.2 Receivers as users

Receivers use spectrum because they deny it to transmitters
(ITAC, 1968, p.S8-85). At the present time this denial is implemented
administratively. The mere physical operation of the receiver inter-
feres with no one except as it inadvertently acts as a transmitter or
power source. Even then the space used physically is relatively small.
Rather, it is the administrative or regulatory protection given to the
receiver that "uses'' the spectrum resource. The authorities deny
licenses to transmitters in an attempt to guarantee interference-free
reception within a certain space. This denial constitutes use of the
space by the receiver. The radio astronomy bands are a familiar

example of the recognition of receiver use of the spectrum space.
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Receiver rights are typified as '"defensive'' rights or "protec-
tion'" rights. In simple form the holder of the rights would be guar-
anteed that no signals greater than some specified level will penetrate
his boundary more than some small fraction of the time (DeVaney et
al., 1969). The boundary may be in frequency, geography, or any of
the other possible dimensions of the spectrum-space. A spectrum
metric for receiver usage of spectrum would involve these same
factors.

However, receiver use is seldom stated explicitly in the United
States (although the Government Master File does contain data on
receiver locations and characteristics). No certificate is issued show-
ing the specific protection given. Rather, each transmitter application
is examined to see whether it will infringe on the unwritten rights of
protected receivers. If it does, the written rights of the transmitter
are redefined so that the protection rights of the receiver are guar-
anteed. In some cases, such as the television allocation table, the
receiver protection is built into the specifications of the transmitter
rights even before transmitter applications are accepted.

The standard AM broadcasting band provides an exceptional ex-
ample of explicit definition of these defensive rights. No new transmit-
ter is allowed to put a signal above a specified power into an area al-
ready assigned (JTAC, 1968, p.S7-11). The defensive barrier is erect-
ed at multiple boundaries graduated in a stepwise fashion. There are
two geographical boundaries, the A and B contours, and the fre-
quency boundaries extend three channels on either side. The signal
strength that another transmitter can put across each of these bound-~
aries is limited to specific amounts which vary with frequency. The
applications for a new transmitter must show that these barriers will
not be violated. If, after operation actually begins, it can be shown

that the barriers have been violated, the transmitter owner can be



required to change the characteristics of the transmitter to protect the
previous reception rights.

Even in this case, however, the rights are not couched in terms
of reception. The barriers are not erected around a market area
chosen by the licensee, but instead are defined by contours of specified
signal strength produced by his transmitter.

Now, let's look at some implicit grants of reception rights.
One of the common ways of granting these is by setting up ""guard
bands' between assigned transmitter channels. For example, in the
U.S., adjacent television channels are not assigned in the same city
because receivers do not have sufficient selectivity to reject strong
signals in adjacent channels. Thus, TV receivers are using (by deny-
ing to others) a wider bandwidth than transmitters. Similarly, co-
channel assignments are separated far more in geographical space than
the coverage area of a transmitter to protect the quality of reception.

The unassigned bandwidth and geographic space are unaccount-
ed for "wastelands' if the measure of usage depends only on trans-
mitter characteristics. They imply the need for a unit of measure of
receiver use of the spectrum-space. The complementary nature of
transmitter and receiver use of the spectrum-space has been recogni-

", .. There must be

zed in discussion of radio communications rights:
emission rights to radiate energy on specified bandwidth, at a speci-
fied time, within a designated area, at some maximum power level;
admission rights that exclude others from radiating energy greater

than some predetermined level on a frequency at a time, and in an area

to which one's rights pertain..." (Levin, 1971, p. 90).

3.3 There are two spectrum-spaces

The preceeding discussion indicates that receiver and transmit-

ter usage of the spectrum resource results in complementary denial;



transmitters deny use of a time~frequency~geographic region to
receivers wishing to receive another signal and a protected receiver
denies a time-~frequency-geographic region to transmitters whose
operation would interfere with it. An obvious way to incorporate these
facts into a unit of measure of spectrum space is to partition the re-
source intc two spaces -~ the transmitter space and the receiver space

-- and define dual units to measure the usage of each space.

4. ASSUMPTIONS AND BASIC FACTORS USED IN THE
DEFINITION OF SPECTRUM METRICS

We have emphasized that spectrum-space use results from
either physical or administrative denial to other users. However,
we should be aware that there is not always a clear distinction between
these two types of use. An illustration of this point may be made by
a pulse radar with a rotating antenna, where the transmitter and
receiver are co-located. The pulse dura‘.on may be measured in
microseconds, so that the transmitter emits electromagnetic power
only a small fraction of the time. However, the receiver requires the
interpulse periods to process the radar returns. Similiarly, in the
space domain, the transmitter directs energy in a given direction only
a portion of the time. Although it is clear that the spectrum-space
denied is not entirely denied physically, there may be confusion as to
what space is denied physically and what space is denied administratively.

The remainder of this paper is devoted to spectrum-space
metrics which emphasize physical denial. Hopefully, their definition
and discussion will give insight into the nature of spectrum-space

use and its measurement.

-10-



Ag a result of the discussion in Sections 2 and 3, we take the
term, ""spectrum-space'’ to imply the dimensions of geographic area
{or volume), frequency bandwidth, and time, and ''spectrum-space

"spectrum-space denied to other users' (as contrasted

used" to mean
to ""spectrum space in which-a service is provided'). It has long been
accepted that the former space (''the interference region'') is larger
than the latter (''the service region'') and that it is the one more appro-

priate for spectrum assignment purposes.

Within these general specifications, we consider three ways of
determining the amount of space used:

The Situation Specific Denial Metric. The measure can be the

volume of spectrum space that a system denies actual existing systems

that are competing for the space.

The Uniform Denial Metric. The measure can be the volume of

the spectrum space denied by a transmitter (receiver) to an idealized,
reference receiver (transmitter). Once the reference is chosen, this
measure depends only on the characteristics of the station being
evaluated.

The Autonomous Metric. A measure might depend only on the

characteristics of the particular station (receiver or transmitter) which
is denying space to others. The most important characteristics are the
emission or admission characteristics of the station, and the grade of
service required. Such a simple measure is especially appealing if it
is proportional to the amount of spectrum space denied.

In sections 5, 6, and 8, we develop spectrum metrics for both
the transmitter and receiver spaces for all three of these alternatives,
and show the relationship of the metrics to each other. All the metrics
are defined in terms of the basic characteristics of transmitters and

receivers that we will now describe.
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For the purpose of determining its spectrum use, a transmitter
can be characterized by its location in geography and frequency, and by
its emission power density function € (¢, f; fT) which has the units
watts per radian per Hertz. This function shows the spectral power
density at frequency f radiated in the azimuthal direction ¢, when

the transmitter is tuned to frequency £ We are confining ourselves

T
to a two-dimensional surface for simplicity of exposition. The exten-
sion to a third spatial dimension is given in section 7.

In most practical problems the power density emission function

of the transmitter can be approximately separated into the product of a

function of frequency and a function of azimuth:
¢ (@, f3£) = pf; £1.) g (@) (1)

where p(f; fT) is the spectral power density at the antenna terminals
and gT(qD) is the transmitting antenna gain function (at its nominal
design frequency). Figure 2 shows an illustrative plot of a transmitter
spectral power density function. Most of the power is in a narrow band

centered at the tuned frequency, £ There are spurious emissions at

"

the harmonic frequencies, ZfT s 3fT s s e
a0 Transmitter Spectral
Power Density
P{f;f)
dB 20 T
0 —
fT ZfT 3fy Freg.

Fig.2 TRANSMITTER SPECTRAL POWER DENSITY
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Similarly, a receiver can be characterized by its location, and
its admission function « (<,Dl s I £R), which shows what fraction of the
power density at frequency f arriving from direction (p’ will reach
the demodulator of a receiver tuned to frequency fR. It has no units.

The receiver admission function can be approximately

separated
‘ gR(¢')
a(@”, Giy) ~ —er (2)

alf; £5)
where q(f; £R) is the selectivity function of the receiver and gR(QD')

is the receiver antenna gain pattern. Figure 3 shows an example of a

receiver's selectivity function.

0 qf;fg)

Relative Receiver
dB 20— Selectivity

fR Freq.

Fig.3 RELATIVE RECEIVER SELECTIVITY

Much of the power emitted by the transmitter is lost before it
reaches the receiver. This is usually described in terms of the basic
transmission loss. '"Basic transmission loss' is defined to be the loss
between isotropic antennas. We will denote it by 4(f,d) where d is

the distance between the transmitter and receiver. In practical

~13-




situations, the basic transmission loss will depend on the terrain along
the path, and other factors such as atmospheric conditions, ionospheric
conditions, and the presence of rain, dust, or fog. It will vary with
time because these conditions vary with time. We will assume that
£(f,d) represents the basic transmission loss for average conditions
for the frequency of interest.

A general expression for the power coupling between a trans-

mitter T and a receiver R is

e(p,f;f )
P = J L TET = J[te" g f e
® plf; £.) Gl
~ gr(@) gp (@) j 2%, d) q(?;fR)

O

df

In this equation, ¢ is the azimuth angle from T to R and ¢ is the
azimuth angle from R to T. The first factor in brackets is the spec-
tral power density arriving at the receiver having suffered basic trans-
mission loss 4(f,d). Figure 4 shows a sample plot of transmission
loss as a function of distance {(Rice et al., 1967). The second factor in
brackets shows what fraction of that power density affects the receiver.
By integrating over all frequencies with non-zero power density, we
get the total received power, P.

Suppose now that transmitter T and receiver R are not in
the same system. Thus there is a potential for an interference situa-
tion. For any receiver there is some threshold amount of power in an
unwanted signal that will interfere with acceptable reception of the
wanted signal. We will assume that this threshold power level is
known for each receiver of interest, and will denote the threshold
usually

power level of receiver R by P In real situations, P

R° R

-14-



depends on the power available in the wanted signal, but we will neglect

this dependence.

If we set P =P_, equation (3) can be used to determine the

R
minimum non-interfering separation of T and R, assuming all other
characteristics of T and R are fixed (including the orientations ¢
and (,o')., In the denial type measures we will define, we will find this
minimum separation for each azimuth, and for each tuned frequency of
the denied system. The ffjinimum separation that T requires a re-
ceiver like R in direction ¢ is denoted by d(go,fR), and the minimum
separation that R requires a transmitter like T 1in direction go' is
denoted by d(cp' , fT) .

Finally, either a transmitter or a receiver may want to operate

only part of the time. We will denote the time used by T.

(o]
[

120

Free Space

160

Percent of Hours

200

240 -

280 — Hourly Medians for
30m Ant. Heights
- and Freq. 2 GHz

0, L J
0 200 400 600 800 1000

Path Distance in Kilometers
Fig.4 BASIC TRANSMISSION LOSS vs
DISTANCE AND TIME AVAILABILITY

I

Basic Transmission Loss in Decibels
I
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The denial metrics which we define based on (3) assume that
the characteristics of the stations remain fixed. This is not always
true. For example, a radar may have a rotating antenna (so that ¢
varies periodically with time) or an airborne transmitter may rove all
over the globe. In these cases, we revert to our basic guideline that
the metric must measure the bandwidth X area X time denied others,

rather than mechanically evaluating formulas.

5. THE SITUATION SPECIFIC DENIAL ME TRIC

Oiften, there are only a few types of systems competing for
assignments in a specific spectral location and geographic region. The
spectrum-space that an authorized system denies to each competing
system can be calculated. This is the approach to the situation-
specific metric. The combined spectrum-space that a system denies

to all competing systems is the measure of its spectrum-space usage.

5.1 Spectrum-space used by the transmitter

The transmitter is characterized by its spectral density function
p(f; fT) and its antenna pattern gT(<p). Suppose the typical receiver R
in a competing system has selectivity function q(f; fR), antenna pattern

gR(cp'), and power threshold P Solve equation (3) for d((p,fR), the

R*
minimum non-interfering distance separation in direction ¢ for re-
ceiver tuned frequency fR Figure 5 is a plot of d((,D,f_R) for an
illustrative transmitter with a directional antenna. It can be seen
from figure 5 that the geographical area that T denies R is given by
2T
Alg) = | be(e,5) do (4)

(o]
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Received Power = PR

d (¢ fg)

Fig.5 PLOT OF MINIMUM NON-INTERFERING
DISTANCE FROM A TRANSMITTER TO A RECEIVER.

The area in (4) can be computed for each frequency fR (hence

for all frequency separations f__ - fR), and the resulting areas are

T
summed. The result multipled by T is our definition of the situation

specific metric M,, for the spectrum-space used by transmitter T,

T

@ ® 217
_ — 1 2
M =7 [ Ag) ag, =7 | | Ld(e,1) g af (5)
o o o
where d = d((p,fR) satisfies (3).
Notice that this measure is correct only for a fixed receiver
pointing angle ©" (relative to T). This is one reason that we call

this metric "situation specific''. Another reason is that it is the

measure of the space denied to a receiver with a specific selectivity
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function. There are often other receivers with different selectivity
functions which are potential users of the spectrum-space. Thus the
situation specific metric for T with respect to another receiver

would likely result in a different value.

5.2 Spectrum-space used by the receiver

T'o ensure that receivers have satisfactory reception, fre-
quency assignment authorities will deny applications for transmitters
too near these receivers in frequency, geography, and time. The
space within which applications are denied is the space used by the
evaluated system's receivers. Its calculation is analogous to the cal-
culation of the transmitters use.

In this case, transmitter T is chosen to be a typical trans-

mitter in a system competing with R. The metric is defined by
w 277
=T 1 2 ! !
My fo jo L@ (g 6) a0 di (6

where d = d((pl, fT) must satisfy (3) for the admission function of the
evaluated receiver and the emission function of the denied transmitter.
Formally, the only difference between the metrics M_ and

R
MT is the interchange of admission and emission functions but it is
likely that the numerical value is different. At any rate, the space
measured is different; it is the receiver space denied to transmitters.
As before, there may be several kinds of transmitters denied
which results in several values of MR. A way of making the metric
single -valued (i.e., well-defined) will be discussed after we have

interpreted the calculations graphically.
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5.3 Graphical interpretation and the case of more than one
competing system

We will consider only the transmitter metric in this section.
For the receiver metric, there is an analogous discussion.

For simplicity assume that the receiving antenna is isotropic,
so that gR(Qp') = 1. The minimum separation between the transmitter
T and the ''typical' receiver in direction @ from T can be computed
using figures 2, 3, and 4 in equation (3). If this is done for all direc=~
tions, the result will be a plot such as that shown in Figure 5. The
area inside the boundary can then be estimated for each receiver tuned
frequency f_, and the result A(fR) plotted against fR as shown in
Figure 6 (fT remains fixed). The area under the curve in figure 6
multiplied by the time T is then the measure MT of spectrum resource

denied by the system being evaluated with respect to the competing

system receiver R.

The calculations of the measures are sufficiently complicated
that a computer would usually be used to evaluate the metrics. This is
especially true if there are several competing systems. Figure 7
shows an array of plots (such as Figure 6) that might result from an
evaluation of the space denied to four competing systems. The column
on the left is the transmitter space denied by the evaluated system's

transmitter to the four competing systems' receivers. Notice that both

the shape and the magnitude of the space may be different for different
systems. The column on the right shows the receiver space denied by
the evaluated system's receiver to the transmitters of other potential
users. Although the information in this form is useful for studying
potential interference situations, we would like the measure to be

single -valued for most purposes.
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Arec x Bandwidth Denied

A(fR), Area Denied To Reference Receiver At Frequency fg

l
fr
Tuned Frequency Of Reference Receiver, fr

Fig.6 AREA THAT TRANSMITTER T DENIES RECEIVER (R)

We will maintain the concept that the measure is the spectrum-
space denied to competing systems. The choice of A(fR) can be made

as illustrated in figure 8 where the transmitter space curves of figure 7

are plotted together. The envelope of these different curves represents

the outer limits of the resource denial to the competing system's

receivers. It is the area bounded by this envelope that would represent

the single-valued measure of the spectrum resource denied. The effect
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Spectrum ~Space Denied Spectrum- Space Denied

by Transmitter T by Receiver R
Transmitter
Receiver Type 1 Type L
A(fR) A A(f.r) /m\
d s |
fr )
Type 2 Type 2
A(fR) /\ . (fT) /\/\
| i
fr fr
Type 3 Type 3
Alfg) Alfg)
L | | 3
fr fr
Type 4 Type 4
A(fg) A (fT)
/1\ L
Frequency of Frequency of
Denied Receiver Denied Transmitter

Fig.7 FAMILY OF SPECTRUM-SPACE DENIAL PLOTS FOR VARIOUS
COMBINATIONS OF RECEIVERS AND TRANSMITTERS
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Solid Line Represents
Deniai Envelope

Area Denied To Reference Receiver At Freq. fR

Fig.8 MEASURE OF COMPOSITE DENIAL OF
SPECTRUM-SPACE BY TRANSMITTER T TOC
THE FOUR RECEIVER TYPES OF Fig. 7.

. . . bdf"ad(f)*max
of this choice for A(fR) is the same as by defining @, R Ti1<is<n

- 3 . )
)Ld( i@,fR )j‘ where there are n competing systems with receivers

i
Rl’ ...,R . Thus it is possible for the measure to be compietely
determined by its denial tc some one system that is especially suscept-

able to interference; this will be the case, for example, when

A1) 7 o, D ) for 1<y = m
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5.4 Limitations of the situation-specific metric

The situation-specific metric would be very useful for frequency
management or spectrum engineering because it is a calculation of the
interference expected between existing systems in the region of interest.
However, there are limitations to its use as a general-purpose spec-
trum metric because it does not completely satisfy two of the criteria
listed in Section 2. These limitations are stated below in terms of the
transmitter metric, but similar statements could be made for the
receiver metric.

-~ the metric is somewhat subjective, since the person

computing it determines the list of competing systems
to be evaluated.

- the reference receiver's orientation with respectto T
is fixed. This forces an assumption about the reference
receiver's antenna gain in the direction of T.

- the value of the metric can be dominated by one com-
peting system--~one particularly susceptible to inter -
ference from T.

~ the metric can change whenever a new system is
developed for the same spectrum=-space region.
In short, the metric is not persistent. This limitation suggests
the concept of using a standard reference receiver {or transmitter)

which is the basis of the uniform metric discussed in the next section.

6. THE UNIFORM DENIAL METRIC

We can develop a spectrum metric which is persistent, and
inherently single-valued, by using the equations in the previous section
to compute the spectrum-space denied to idealized reference receivers
and transmitters. The underlying idea of the uniform metrics is that
of reference receivers and transmitters which can be used for all

regions of the spectrum-space thus avoiding the limitations of the
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situation-specific metrics. Spectrum-space used is now considered

to be the spectrum-space denied to such reference receivers and

transmitters. Equations (5) and (6) are still used to define the uniform

metrics; however, equation (3) now has simplified forms. Ewvaluation

of the metric for a sample radar system appears in Appendix A.

6.1 The uniform metric for a transmitter

For the transmitter metric, we will define an idealized '"probe'
receiver which has an isotropic, loss-free antenna (gR(ﬁ’P’) = 1), and
a perfect, narrow selectivity function, so that q(f; fR) =1 if
fR -b/2=sf< fR + b/2 and q(f; fR) = ® otherwise. The receiver
bandwidth b is chosen to be much smaller than the bandwidth of the
transmitfer being evaluated; indeed, small enough that the spectral
density p(f; fT) of the transmitter is essentially constant over the band-
width of the reference receiver.

With these assumptions on the reference receiver, the power
coupling equation (3) becomes

P, = &pln) plgify) b/ Llp,d) -

where PR is the interference power threshold of the reference receiver.
Recall that (7) must be solved for d = d( Q@,fR) to evaluate (5) for the
transmitter metric.

The power threshold PR of the reference receiver in (7) is

somewhat arbitrary. However, it may logically be related to the aver-

age ambient noise power density since this is the power that would "use"
the space in the absence of any system. Specifically, we may choose
PR/b to be the average ambient noise power density. The average
ambient noise power density varies with frequency approximately as
shown in Figure 9 [13]. The fact that this definition of PR/b varies

with frequency is not critical since it will be the same for all systems

in the same part of the frequency spectrum.
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Spectral Power Density Relative to 1 Watt/ Hertz
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- 1. Atmospheric noise, summer, 2000-2400 hrs, Washington, 0.C., __]
omnidirectional antenna near ground
-40 i 2. Atmospheric noise, winter, 0800-1200 hrs, Washington, D.C., ™
omnidirectional antenna near ground —
/2 3, Man-made noise, business area, omnidirectional antenna —
near ground ]
4. Man-made noise, gquiet rural area, omnidirectional
‘80 antenna near ground ]
5, Quiet sun, isotropic (0 dB gain) antenna —
6. Disturbed sun, isotropic (0 dB gain) antenna —
— 7. Sky neise, narrow beam antenna (degrees from vertical) —
’|20 — 4 8. Galactic noise, omnidirectional antenna near ground —
-160 —
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Fig.9 MEDIAN RADIO NOISE POWER SPECTRAL DENSITY
FROM VARIOUS SOURCES

6.2 The uniform metric for a receiver.

An analogous definition can be made of the space denied to a
reference transmitter by a particular receiver R. In this case, we
assume that the reference transmitter has an isotropic antenna
(gT(Q_Q) = 1), and a perfect, narrow spectral density function. Specifi-
cally, p(f, fT) =0 unless fT -b/2=f< fT + b/ 2, and within this

interval p(f; fT) = P’I‘/b’ where P, is the emitted power of the

T
reference transmitter.
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With these assumptions equation {3) becomes

P, g ")
P - T R . (8)
q(fT;fR) &(fT, )

where PR is the interference threshold of the evaluated receiver.
Again, equation (8) must be solved for d = d(QP’,fT) to evaluate
equation {6) for the uniform metric for receiver R.

Equation (8) shows explicitly what is intuitively obvious -- that
the space denied by a receiver to a transmitter depends on the power
PT emitted by the reference transmitter. In this case there is no
'matural" reference level to use as there was in the case of a reference
receiver, so the choice will have to be arbitrary. How important is
this choice ?

For many applications, we are really interested in the amount
of spectrum-space used by a receiver relative to the spectrum-space
used by other receivers. It can be shown (Appendix B) that if the trans-
mission loss 4 (f,d) is proportional to a power of distance d, then
the relative value of the uniform metric is independent of the choice of
PT. An important case where this condition holds is the case of free-
space loss where the loss is proportional to d® (for frequency fixed).
However, in general, even the relative value of the spectrum-space
used by receivers depends on the choice of PT because loss near the
earth's surface is not proportional to a power of d {especially not for
all distances). Thus the '"best" choice for PT remains an open
question. Once a choice has been made, however, this measure of

spectrum space use is persistent because it depends only on the char-

acteristics of the evaluated receiver, including its power threshold.
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6.3 The uniform metric, the spectrum acre, and the TAS

The uniform metric for a transmitter assumes that the refer=-
ence receiver has a rectangular bandpass (i.e., selectivity function).
Similarly, the uniform metric for a receiver assumes that the refer-~
ence transmitter had a rectangular power spectral density function.

In both cases the emission (or admission) function of the evaluated
equipment (transmitter or receiver) was arbitrary; it did not need to
be "rectangular'.

Suppose on the other hand that the equipment which we wish to
evaluate has such '"perfect'" characteristics. Suppose that a transmitter
has a perfect power spectral density function of bandwidth B. Then we

can show (Appendix C) that the uniform metric M,_, =T BA(fT) where

T
A(fT) is the area (4) denied to a competing receiver with tuned fre-
quency fR = fT. Analogously, if we want to evaluate the metric for a

receiver with a perfect rectangular bandpass of bandwidth B, then the
uniform metric is MR =T BA(fR) where A(fR) is the area denied to
a competing transmitter.

Thus the uniform transmitter metric M,_, for a perfect trans-

mitter is Power's spectrum acre, the product ;[%time, area, and fre-
quency [3]. The TAS package is a similar product except it was pro-
posed that the area involved be some simple, arbitrary shape {for
example, a square) rather than the actual area denied to others U5l
Neither the spectrum acre nor the TAS explicitly recognize the receiver
metric, however. It appears that the area involved in the TAS was the
interference area of the transmitter rather than the service ares.
(Formally, this is just a difference in the threshold value PR of the
reference receiver.) Thus, the TAS appears to account for receiver
use of the spectrum-space by incorporating receiver use into the trans-

mitter use, much the same as frequency managers currently define

rights to the spectrum-space.
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6.4 Adjustments to the uniform metric.

Our measures of spectrum use above are descriptive of the
amount of spectrum-space denied by individual transmitters and receivers.
These measures will describe the amount of spectrum used by a system
consisting of one transmitter and one receiver, even if there is overlap
of the geographical areas denied to the reference receiver and trans-
mitter, respectively. However, there is a problem in measuring
spectrum use by a system consisting of multiple transmitters and/ or
receivers. If a system has say, multiple receivers and the spectrum-
space volume denied by these receivers are not disjoint, then the
amount of spectrum used by the system is not simply the sum of use by
its component parts. Rather, it should be the union of spectrum-space
volume denied, and the measure of system use should be less than the
sum of the use by component receivers. An analogous situation may
occur with a system having multiple transmitters.

As an example of a multireceiver system, let's consider
television receivers in an urban area. Nearly every home has a VHF
receiver. Each receiver uses a bandwidth-area (in addition to that
assigned to local transmitters) in that it denies this area to transmitters.
But the frequency-area denied to transmitters by your television
receiver is nearly the same frequency-area as that which your neighbor's
receiver denies. Thus the spectrum used by these receivers overlaps
to a large extent.

A mobile system is another common type of system that can be
thought of in terms of the overlap problem. Here the area denied toa
reference transmitter or receiver includes, but is larger than, the area
denied by a single stationary transmitter or receiver. From the view-
point of frequency-space denial, it doesn't matter whether the system

has one or one thousand mobile units. The amount of spectrum used is
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that amount denied to reference transmitters and receivers assuming
that the geographical area is filled with many imaginary fixed transmit-
ters and receivers. Thus the problem of measuring the use of the
spectrum by a mobile system is a special case of the overlap problem.
The procedure for calculating the total spectrum-space used by
receivers with overlapping protection areas illustrates the general
principle. For example, suppose the evaluated system has three

receivers located at R RZ’ and R3 as shown in figure 10. For a

1’
particular frequency separation, the geographic area denied by each

Solid Lines Indicates
Geographical Envelope

Fig. 10 OVERLAPPING RECEIVER DENIAL AREAS.
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receiver is indicated by the light lines, with overlapping protection
areas shaded. If equation (6) were evaluated separately for each of the
receivers, and the results added together to get the total system use of
receiver space, the shaded areas would each be counted twice. To avoid
this requires an extra step. After d(%@,fR) has been found for each
receiver, the envelope of the boundaries of protected areas (shown by
the heavy line in figure 10) is used as the boundary of the area denied.
Similarly, Figure 11 illustrates overlap in the frequency dimen-
sion. In this case a system may have two receivers tuned to different
frequencies with the selectivity functions shown. The guard band pro-
tection required by the two receivers overlaps as shown. To avoid

adding this area twice, a composite selectivity function as indicated by

the heavy line should be used when evaluating equation (6).

Receiver Selectivity , q

Solid Line Represents Receiver Selectivity Envelope

l I
le fR2 Frequency

Fig. Il OVERLAPPING FREQUENCY GUARD BANDS
OF TWO RECEIVERS
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Another adjustment which must be made in our definition of the
uniform metric arises from the fact that for some equipments the emis-
sion or admission functions are not constant, but vary with time. One
example is a narrow-beam radar which sweeps over an area. The
metric as defined by equations (5) and (6) evaluated for one position of
the beam does not adequately reflect the spectrum-space denied. A
closer approximation may be obtained if we assume that the antenna
gain is the maximum gain in all directions (simultaneously). Appendix A
shows a sample calculation for this type of system.

Furthermore, with radar, the time when pulses are actually
emitted is less than the time needed to receive and process returns.

We reemphasize that the time T in equations (5) and (6) is the time
denied to others rather than the time that power is emitted. In general,
the metrics should be interpreted as measuring spectrum space denied
rather than spectrum space occupied.

This example brings us to investigating the distinction between
a spectrum-space metric and rights to spectrum-space [5]. We have
noticed that possession of rights to the spectrum (i.e., holding a
license) does not imply the ""use'' of the space except in the sense that
competing systems are denied access. However, any system of rights
to the spectrum-space is intimately connected with denial of space
to competing systems. Thus a rights system and our metrics have the
denial concept in common. There is an important distinction, however.
A spectrum-space right, say for a transmitter, requires detailed
specification as to the portion and extent of spectrum-space which can
be accessed. On the other hand, a metric for that transmitter consists
only of one number which reflects the amount of spectrum space denied

because of the spectrum-space right Ls].
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7. DENIAL METRICS FOR THREE SPATIAL DIMENSIONS

The spectrum-space resource actually is not limited to 2-
dimensions in geographical space as we have heretofore assumed.
Rather, the resource has three spatial dimensions. This is especially
important when we consider the growth in space communications and
aircraft use of the spectrum resource.

If we wish our equations to reflect this third spatial dimension,
we must make some changes in the formulation of the equations defining
the denial metrics. Let © be the ""elevation angle" of a reference
receiver with respect to a transmitting antenna, and iet 6’ be the
elevation angle of a reference transmitter with respect to a receiving
antenna. If the antenna is on the earth's surface this has the usual
meaning. Otherwise 8 and 6’ simply represent the third dimension
in a spherical coordinate system. In this case, however, 9 and 8’
are measured from =-T/2 to T/2 rather than from 0 to T in order
to be consistent with the concept of elevation angle.

Several parameters in our equations now depend on the elevation
angle, such as the antenna gains, the emission and admission functions,
and the distance to the reference receiver or transmitter. Below, we
reformulate the equations (3), (4), (5), and (6) to account for three
spatial dimensions. The necessary notational changes in (1), (2), (7),

and (8) are easily made.

® e®,0,()
P = T a(d,0, £ ) df
R 2(£f, d)
o - (3Y)
®,0) g,0@",0") plfity) df
~ g »®0) g o'
T R o AEd) q(fifp)
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In Equations (4'), (5'), and (6'), d must satisfy (3').

g 217
3
ViEg) = / f1/3 d™(8,0,f,) do de (4')
I—T (6]
- 4
® .ZTI 2m
_ 3
MT = T// /1/3d ®,0,f_) dep do df (5")
o YT J, R R
2

© o0 217
2 3
My = ’T/[ [1/3 d (Q,m,fT) dep do dfT (6')
O E o
"2

8. THE AUTONOMOUS METRIC

The spectrum metrics developed in sections 5 and 6 both have
objections. The situation-specific metric is not persistent, since its
value depends critically on the characteristics of the most interference-
prone competing system. Furthermore, its evaluation depends on the
solution of an integral equation (3). These objections are removed in
the uniform metric by using measures of the space denied by idealized
reference systems. However, in this case, the objections center on
the somewhat arbitrary nature of the reference systems.

Both of these metrics depend on the transmission loss 4, which
in reality is only known statistically, and which varies greatly depend-~

ing on the terrain, climate and other geographic and temporal features.
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These limitations are probably an inherent part of any metric which is
intended to compute the actual amount of spectrum-space denied to other
users.

In this section, we use the insight gained by developing the above

metrics to define a generalized metric called the autonomous metric

because it depends only on the characteristics of the evaluated system,

and does not require arbitrary choices. Although it is not inherently

a calculation of spectrum-space denied to other systems, this metric

is proportional to the amount of spectl;um space used for the-important

special case of free space transmission loss and two spatial dimensions.
In making the definition for the receiver metric, we assume that

the receiver user can define the protection he requires from interfering

power spectral density as a function of frequency and direction of arri-

val of the interfering signal. We denote this protection power spectral

density as B(cp',f), with units watts/ radian/hertz. The receiver admis~-
sion function OL((p', f; fR) and the threshold of interference, PR would
probably be used to determine 8.

8.1 Definition of the metric

A's indicated in the previous section, the transmitter use will be
directly proportional to the emission power spectral density; the more
energy radiated, the more the resource is used. Receiver use will be
inversely proportional to the protection power spectral density. For a
receiver, the larger the protection power spectral density, the less the

receiver is '"protected', hence the amount of spectrum used is less.

The measures are defined now by summing the differential

spectrum use over all angles and frequencies.
© 21
= 9
My =1 f [ elo,n) do at ®)
o “o
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8.2 Simplified expressions for the metrics

Our next objective is to simplify these general expressions.
The transmitter and receiver measures will be handled separately.

Substituting ~quation (1) into (9) yields

P 21
M, T ./O. p( ,fT) _/; gT(cD) ¢

L2 (11)
= T Pf gT(cp) deo
(o]

where P is the transmitter power.
If the antenna gain function is symmetric about the main axis,

© =0, and there is only one main lobe, then a good approximation to

the gain integral is 24/ Zgo where g, is the maximum gain. See
Appendix D where the approximation is shown. Even when the pattern
does not have one main lobe, this expression is not grossly inadequate.

In the case of an isotropic antenna where g(®) =1 for all ¥, we have
Al
j g(®)de = 21, whereas 2 4/ 2g, =2 J 2
o

Using this approximation we have MT ~ 2 /\/E TP J—g_;_ where
g, is the maximum antenna gain. Notice that the use of the spectrum-
space by a transmitter increases as the square root of the maximum
antenna gain. Thus, for a given power, the more directive the antenna,
the larger is the autonomous metric. This effect is reversed however,

for a point-to-point service, where the power required with a directive
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antenna with gain g, can be reduced by a factor of g, below the
power needed by an isotropic radiation. The net result is that for a
point~to-point transmitter, the measure of spectrum use varies
inversely with the square root of g

If a receiver has an isotropic antenna and a rectangular relative
selectivity function, then the required protection can be specified by
B(Cpl,f) = r where r is a constant representation of the maximum
amount of interfering power spectral density allowed at the receiver.
However, if the receiver has a directional antenna, or filters the incom-
ing signals, the protection power spectral density is B(qo’,f) = rq(f; fR)
g;/ g((p') where q(f; fR) is the selectivity function, gR(cp") is the anten-
na gain function, and g;‘ is the gain in the direction of the desired trans-
mitter. Here, as in the case of the transmitter, we are assuming the
independence of the two functions q(f; fR) and gR(tpl) representing the
selectivity function and the antenna gain function of the receiver
respectively.

If the above assumptions are applicable, then

© 217
den! df _ _1__ df _1_ 1 1 0p! 2
[/B(m' H - r[ a(Giy) g;[ Bg@) et 12
o [¢)

Now, by applying the approximation of Appendix D and defining

[oo}

1 1 __df (13)
6 T or q(f’fR)

Q

ZA/ZT
s
Q go

we have,

Thus, for point-to-point service a directive antenna allows the

spectrum used to be decreased by a factor of J g; over the spectrum

used by an isotropic antenna.

-36-~



Since only relative values of these spectrum measures-are
important, the constants in our simplified expressions are not critical,

and we could simplify the measures to

T
= M =
Mp = TP “/éo R Q@; (14)
8.3 Relation of the autonomous metric and uniform denial metric

The autonomous metrics defined by (9) and (10) are proportional
to the uniform denial metrics for an important special case -~ the case
in which free space transmission loss and two spatial dimensions are
appropriate. We will verify this only for the transmitter metric;
verification for the receiver metric is analogous.

In this case, 4 (d) = Hd2 where H is not a function of d. Sub-

stituting this into (7) we get
2 b , '

which is to be used in (5) to get the uniform metric. The resulting

uniform metric is

M. =7 |i =2 - (f_:f ) df d 16)
T 2 H PR p R’ T R, gT(('n) » . (
(o] o)

The right side of (1 6) differs from the autonomous metric for a trans-
mitter (11) only by the constant 1/2 (b/I—IPR). Therefore, the autono-
mous metric for a transmitter is proportional to the uniform metric.
For other functional forms of the transmission loss or if one
must use three spatial dimensions, then autonomous and uniform metrics
are not proportional. However, the autonomous metric is persistent.
This and its relative ease of computation (since a loss function is not

involved) are its advantages.
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8.4 The overlap problem

The autonomous metric is defined for individual transmitters
and receivers, but, just as in section 6.4, there is the possibility that
a system will have multiple receivers or transmitters whose spectrum-
spaces denied overlap. Clearly, the sum of the metrics for several
overlapping cases will not be proportional to the total space denied. The
solution to the overlap problem for this generalized metric is not ob-
vious, since we do not deal directly with space denied anywhere in its
calculation. So, despite the appealing simplicity of the metric, and its
independence from arbitrary choices, we cannot recommend it at this

time.

9. COMPARISONS OF THE THREE PROPOSED METRICS

The situation-specific metric defined in section 5 is very realis-
tic in terms of potential interference of existing systems -~ that is, it
accurately computes the bandwidth X area X time denied by the system
to competing systems. But it is not persistent, since its value can be
changed by introduction of a new system that is more susceptible to
interference. Indeed, it is not entirely objective, because the values
computed by different persons might depend on the completeness of
their knowledge of competing systems. A related problem is that the
value of the metric may be dominated by one (perhaps unimportant, or
rare) system.

The uniform metric eliminates some of these objections by
substituting reference receivers and transmitters for actual competing
systems. It is therefore objective and persistent. The main objection
to this metric is the apparent arbitrariness of the specifications of some
parameters of the reference systems. These may seem unrealistic
considering the wide range of systems in use in some regions of the

spectrum-space.
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The autonomous metric defined in section 8 is persistent, ob-
jective, easy to compute, and requires no arbitrary reference standards.
Nor do we need to know the transmission loss to compute it. Moreover,
it is proportional to spectrum-space denied for the important special
case when transmission loss is approximately that of free space and
only two spatial dimensions are considered.

However, we do not yet know how to handle the '"overlap"
problem for the autonomous metric. Perhaps more thought will resuit

in modifications which will make this metric practical.

10. CONCLUDING REMARKS

In this paper, we have taken the position that use of the spectrum
space means denying bandwidth, geographic area, and time to other
prospective users. We have defined methods of calculating the volume
metrics (or units of measure) which compute the amount of such denial
using the fundamental system characteristics: the transmitter emission
function, the receiver admission function, and the transmission loss.

An important extension of previous formulations is the recogni-
tion that receivers, as well as transmitters, use spectrum space, and
the definition of metrics for receivers that are complementary or dual
to those for transmitters.

We recommend increased public discussion and refinement of
the various alternative metrics, because some generally accepted metric
is necessary for advancement in studies of economic value of spectrum
resources, objective application of social priorities, and even more

intensive use of the resource via spectrum engineering.
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APPENDIX A: EXAMPLE CALCUILATION OF UNIFORM METRIC

The purpose of this appendix is to give an example of the evalua-
tion of the uniform metric for a radar system. A numerical integration
procedure was used. In this example, only "typical' transmitter and
receiver characteristics are used for transmitter power spectral density
receiver selectivity, and antenna pattern; the data entered is shown in
figures Al, A2, and A3. The 50% of time curve of figure 4 was used

for the loss function.
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Fig. A3 ANTENNA PATTERN (SAMPLE)

The reference receiver is characterized by PR/b = -190 dB
which approximates the ambient noise at 2.8 GHz. The reference
transmitter is characterized by PT/PR =170, 6 dB which was chosen
so that the area denied at 2.8 GHz is the same for both transmitter

and receiver. The basic transmission loss which was used for this

example is the median loss for 2 GHz.

The computatidns are done in two ways. First, we assume the
antenna is fixed, so that the metric shows how much of the spectrum-
space is used at a given instant. Second, we assume that the antenna is
rotating in the horizontal plane, so that the system must deny more of
the spectrum-space. Here we assume the maximum gain in all direc-
tions because this is representative of what must be denied.

The evaluated metrics are shown in tables Al1-A4. Intermediate
steps show the geographical areas denied to a reference receiver (or
transmitter) at various frequencies.

The metrics have units of ''spectral" metersz, since the factors

are time (seconds) X bandwidth (Hertz) X area (metersz).
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Table A-1. Table A -3.

Transmitter Metric(F ixed Antenna) Transmitter Metric(Rotating Antenna)
frequency(MHz) area denied(km?) frequency(MHz) area denied(km?)
2760 .05 x 10° 2760 3.05 x 10°

2770 .15 2770 6,73
2780 .70 . 2780 10, 61
2790 4. 80 2790 22. 89
2800 11.80 2800 106.18
2810 4.80 2810 22.89
2820 . 70 2820 10. 61
2830 .15 2830 6.73
2840 .05 2840 3.05
MT = 18.9 X 10%' ‘'spectral' m® MT = 146. 6 X 10°% "gpectral' m®
(for one day) (for one davy)
Table A -2, Table A -4.

Receiver Metric (Fixed Antenna) Receiver Metric (Rotating Antenna)
frequency(MHz) area denied(km?) frequency(MHz) area denied(km?)
2760 .07 x 10° 2760 3.92 x 10°
2780 .20 2780 7.88
2790 9.20 2790 65,75
2795 10.42 2795 82.23
2800 11.81 2800 106. 35
2805 10.42 2805 82.23
2810 9.20 2810 65.75
2820 .20 2820 2.88
2840 .07 2840 3.92
MR = 28.5 %X 10°Y '"spectral' m® MR = 253.4 X 10 "spectral' m®

(for one day) (for one day)
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APPENDIX B: DEPENDENCE OF UNIFORM METRIC ON
REFERENCE POWER.

The purpose of this appendix is to verify the following statement.

If basic transmission loss is proportional to a
power of distance, then the relative value of the
uniform receiver metric is independent of the

choice of PT (the reference transmitter power).

Let R, and R, be two receivers. We want to show that M_ /M
1 2 R, Ry
is independent of choice of the reference transmitter power PT’ when

2(d) = H d* where H is independent of d. Equation (8) in the text

2/n
dZ _ [ P’l gR(CD') ]

H PR q(fT;fR)

yields

Thus the uniform metric for Ri (i=1, 2) becomes by (6)

. 2l1 ri®") ;
Mp = 5 / [ - alipig,) do’ di,
2/n

We see that 1/2[P /H] is a factor in both M and M_ , so
T Ry Ry

that the ratio of M » to M is independent of P_..
R, R, T

We note also that the analogous statement for transmitters is

true.

If the basic transmission loss is proportional to a power of

distance, the relative value of the uniform transmitter metric
is independent of the choice of P, /b (where PR is the thres-
hold power of the reference recelver, and b is its bandwidth).
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APPENDIX C: UNIFORM METRIC AND TAS.

The purpose of this appendix is to show that for a "'perfect"
transmitter (or receiver), the uniform metric is proportional to the
TAS, and the spectral acre.

The '"perfect' tr ‘nsmitter is characterized by a rectangular
spectral density function p(f) which is zero outside the band of width
B and constant p(fT) within the band. Outside the band, where the
spectral density is zero, the distance d = d(w, fR) to a reference
receiver is zero by equation (7) of the text. Within the band the distance
to a reference receiver is independent of the frequency, i.e., d(%®, fR) =

d(ﬂQ,fT). When we make these substitutions into (5) we have

: frtB/2, 2m
_ T 1 42
Mgp = 7T = d (m,fT) den de

21 5
= TB f %.. da” (en, fT) dep
(0]

[

= 7B A(fT)

by (4), where A(fT) is the area the transmitter denies a reference

receiver at frequency f{ This is time X bandwidth X area, just as the

TAS, and spectral acre Tare.

A '""perfect' receiver is characterized by a rectangular selectiv-
ity function, which is infinite outside a band of width B and 1 within
the band. Outside the band the distance to a reference transmitter will

be zero by (8). Within the band the distance to a reference transmitter

is independent of frequency so that d(ﬁ@l ,fT) = d(';@,fR). When we make
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these substitutions into {6), we have

fn+B/2 2
R
M, = 1
R T/~ ~/ 7—d2mu%)&md%
O

fr-B/2
217
T B/ 1 dZ(CD',fR) den!
A 2

T B A(fR)

where A(fR) is the area denied a reference receiver at frequency
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APPENDIX D: NARROW BEAM ANTENNA APPROXIMATION.

The purpose of this appendi*:& is to establish the approximation
2T
j g{o)dw = 2 N/ Zgo where g(%) is the antenna pattern for a sym-
o
metric narrow beam antenna and g, is the maximum gain.
Let © and 9 be the spherical coordinates used in the text, and
suppose the main beam of an antenna is in the direction ©® = 0. Any

antenna pattern g(%,09) must satisfy

27 pm
J;, J; g(®, 8) sinyp dp d8 = ¢n

by the definition of '""gain''. If the antenna is symmetric about the main
beam axis, as is generally the case with narrow beam antennas, then
g(®w,0) = g(v). That is, the gain depends only on the angle ® from the

main beam axis. In this case, the above equation can be simplified to

m
Io g(®) sinep dp = 2

The antenna patterns of figure D1 were ""designed" so that the
above equation is satisfied. One can compare these patterns with some
actual patterns shown in figure D2.

Our formulations for measures of spectrum use involve the

expression
Ul
L g(®) do

if we are assuming that the pattern is also symmetric about the main

beam axis.
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This expression was evaluated by numerical integration pro-
cedures for the antenna patterns of figure D1 along with the Mill Village
pattern of figure D2. These points are plotted in figure D3 as a function
of the maximum antenna gain in decibels, GO. (The point representing
the 60 dB pattern and the Mill Village pattern coincide.)

For the purpose of comparison, the function ﬁg—o is also
plotted, where go is the gain (not in decibels). We conclude that for
narrow beam antennas, say Go =10 1og10 g, =20dB, J?E; is a
reasonable approximation to f: g(®) d¢. Thus for a symmetric

T
antenna pattern, we have the approximation fj gloydo =24 2 g,

] | /7
o
1000 - J i
./
/S

B4 100 |- /°/ |

5 V2q,

B 0
h'}; .d/<“\\_,/
— e
./
10 7 -
yd
s
L
i | 1 | | | |

10 20 30 40 50 60

Maximum Antenna Gain in dB Above Isotropic
(101og,, g4)

Fig. D3 PLOT SHOWING THE GAIN INTEGRAL APPROXIMATION
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