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FOREWORD 

The Law Enforcement Standards Laboratory (LESL) of the National Bureau of Standards (NBS) fur­
nishes technical support to the National Institute of Justice (NIJ) program to strengthen law enforcement and 
criminal justice :in the United States. LESL's function is to conduct research that will assist law enforcement 
and criminal justice agencies :in the selection and procurement of quality equipment. 

LESL is: 1) Subject:ing existing equipment to laboratory testing and evaluation and 2) conducting 
research leading to the development of several series of documents, including national voluntary equipment 
standards, user guides, and technical reports. 

This document covers research on law enforcement equipment conducted by LESL under the sponsor­
ship of NIJ. Additional reports as well as other documents are being issued under the LESL program:in the 
areas of protective equipment, communications equipment, security systems, weapons, emergency equipment, 
:investigative aids, vehicles, and clothing. 

Technical comments and suggestions concerning this report are :invited from all interested parties. They 
may be addressed to the Law Enforcement Standards Laboratory, National Bureau of Standards, 
Gaithersburg, MD 20899. 
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Lester D. Shub:in 
Program Manager for Standards 
National Institute of Justice 
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COMMUNICATIONS RANGE PREDICTIONS 
FOR MOBILE RADIO SYSTEMS 

W. A. Kissick and J. M. Harman* 

National TelecommunIcatIons and Information Administration, Boulder, CO 80303 

In earlier work, azimuthal power gain radiation patterns of mobile antennas mounted in six different locations on a test 
vehicle were measured with and without typical lights and siren mounted on the roof. The patterns were measured in each 
of four public safety frequency bands and, in addition, the patterns of several covert antennas and a slot antenna were 
measured. This report extends that work by computing the cumulative distnbution of power gain for each of the measured 
radiation patterns. The usefulness of this information is further extended by computing estimates of propagation range for 
each case-based on nominal assumptions of certain system and environmental parameters. These new results also provide a 
realistic way of comparing antenna performance, since the orientation of the vehicle and the direction to a base station are 
unknown. 

Key words: antenna measurements; antenna patterns; cumulative distnbutions; mobile antennas; power gain; radiation pat­
terns. 

1. INTRODUCTION 

Of the equipment used by law enforcement and other public safety personnel, mobile radio systems are 
a necessity. There is usually one, and often more than one, transceiver mounted in each patrol car or emer­
gency vehicle. Adequate mobile radio performance is a requirement, and important features of that perfor­
mance are coverage and range. The focus of the work presented in this report is the mobile antenna, its 
location on a patrol car and how the radio frequency and antenna location affect azimuthal coverage and 
nominal range. 

The power gain radiation patterns for vertical (whip) antennas mounted in six different locations on a 
vehicle were measured at four discrete frequend.,'}s [1]1. In addition, the patterns of three disguised antennas 
operating at three discrete frequencies mounted in one location and the pattern of a covert (!llot) antenna were 
also measured. In all cases, the measurements were made with and without the lights and siren mounted on 
the roof of the test vehicle. Figures 1 and 2, from [1], show the antenna locations and the dimensions of the 
test vehicle. 

In order to assess or rank the performance of the various antenna locations, with and without the lights 
and siren and at the various radio frequencies, a way of presenting and comparing the azimuthal antenna 
patterns is needed. It is very difficult to compare the radiation patterns directly because an important feature 
is the number and depth of nulls in the pattern. Any direct comparison of the radiation patterns either must 
be subjective or computationally intensive. However, the cumulative distributions of the patterns can be 
compared objectively. One can easily determine the percentage of the full azimuth for which the antenna gain 
remains above a specific level- an aggregate measure of the number and depth of the nulls. This approach is 
well-suited to the situation where both the orientation of the vehicle and the direction to the distant terminal 
are unknown . 

.. Institute for Telecommunication Sciences. 
1 Numbers in brackets refer to references in section 5. 

1 



Covert Antenna 

FIGURE 1. Vehicle antenna Uxations [1]. 
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2. CUMULATIVE GAIN D~S'fRlBlJJT~ONS 

Using the data measured by Jesch [1], this report presents cumulative distributions for each of 56 antenna 
configurations. Measurements were originally made at each of six antenna locations on the vehicle at frequen­
cies of 840, 460, 150, and 40 MHz, both with and without the lights and siren in place. In addition, measure­
ments were made using disguised or covert antennas at 416, 413, 162, and 40 MHz, also with and without the 
lights and siren in place. 

Figures 3 and 4 show the original power gain radiation patterns in the upper portion and cumulative 
distributions for the same datu in the lower portion. Figure 3 depicts the measurements at 840 MHz with the 
antenna mounted in position 1, both with and withcut the lights and siren in place. Figure 4 depicts measure g 

ments with an 840 MHz antenna in positions 1, 2, and 3 with the lights and siren mounted. 
The left ordinate scale of the clLTl1ulative distribution shows the absolute gain in rlecibels (dB) from the 

original measurements. The abscissa scale is in percent of azimuth directions as the vehicle is rotated through 
360°. As the orientation of the vehicle is changed, the signal available to and from the antenna increases and 
decreases due to the amount of interference created by the antenna's immediate surroundings. Using the 
power gain pattern, the reader can determine an orientation of the vehicle to achieve maJtimum signal. 
However, by using the cumulative distribution, one CfUl see instantly to what extent the radio frequency signal 
is degraded by the antenna's location on the vehlc1e and/or by the lights ,md siren. For example, in figure 3 
the coverage is almost uniform in all directions without the lights ~U1d siren bar, but is v~ry dependent on the 
azimuth involved with the bar installed. In addition, one can. see from the distribution that, with the lights and 
siren bar in place during a full rotation of the vehicle, the signal may be degraded more than 10 dB. As the 
antenna position al1d frequency are changed, the [ligna! may be degraded more than 20 dB. 

The cumulative distribution simply shows graphically the percentage of vehicle orientations for which 
the antenna gain is above or below a certain level. .As an example, assUTne the hC'rizontalline across the data 
in figure 5 represents a :minimally acceptable transmitted signal. By d,:awing a vertical line from the point 
where the horizontal line intersects antenna positions 5 and 6, we see that communication is probable with the 
vehicle orientated in less than 50 percent of it;; possible directio:t!3. If the I.;apability of the equipment is such 
that communication from a specific location is marginal and the d~f,ired direction is known, the operator may 
achieve an improved signal by usmg the powef gain radiati!)n pmtern to orient the vehicle in the most 
advantageous direction, as was previously s!Jmvn i3 figl1f'e 3. 

Use of rhe power gain pattew alone, however, will not give the operator a maximum or minimum 
distance over which the equipment being uned should. be, able 1.0 communicate. Fol' thi~ determination, the 
cumulative distribution becomes a vai.m~b10 tool. If the capahiliticR of the equipment and the terrain over 
which communication fill',t take pli'cfJ are known, a n~nge e': dbr'l.'\ce:> I.nay ht' ~~ssigned to the distribution 
allowing the operatO:'i' to see withiq 'VIEwt ar,:'l Vl1TI.il',:wll','ti.mls rf£,;' pmhablc 
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The range of a radio signal transmitted fmm an antenna mounted on a vehicle to a distant base station 
depends not only on the gain of that antenna but also on the transmitter power, the receive antenna gain, the 
receiver sensitivity, and the transmission loss. The transmission loss, in turn, depends on several other vari­
ables, such as the intervening terrain profile, the antenna heights, and the radio frequency. 

There are a number of VHF IUHF propagation models that can be used to make communications range 
predictions. More correctly, the propagation model is used to make the transmission loss prediction, and that 
prediction, together with a power budget for the radio link, allows one to make the communication range 
prediction. For the case at hand-land mobile radio in the situation where the actual terrain profile is 
unknown - a propagation model that includes the effects of irregular terrain in a statistical fashion is needed. 
This need is filled by an "area" type propagation model. The other type of propagation model, called a 
"point-to-point" model, uses the detailed knowledge of the terrain profile between transmitter and receiver to 
make a transmission loss prediction. A point-ta-point model can produce a more precise prediction, but that 
prediction is ouly good for a fixed radio link operating over the specified path. An area model produces a 
prediction that is useful over all tenain profiles that have the same "roughness" or "irregularity." 

As mentioned above, the point-to-point model is not appropriate here, but is described to provide the 
reader with some background. The terrain features typically needed by a point-to-point model are shown in 
figure 6. These include the terrain elevation (EL V) at each end of the path, the antenna heights (HT), the 
distance to each horizon (HZ D), the horizon elevations (HZ EL V), and the path distance (DIST). In the 
point-to-point model, all of these parameters are determined from the actual terrain profile and used in the 
model to make a transmission loss prediction. 
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Another parameter which can be extract~d from a terrain profile is the terrain irregularity, h. It is the 
difference between the lO-percentile and the 90-percentile of all the elevations of the terrain between the end 
points as shown in figure 7. With an area model, all that is needed from the terrain profile to make a 
transmission loss prediction is the path distance, the terrain irregularity, and the antenna heights. This method 
of making transmission loss predictions is best suited for those cases where the actual terrain profile is not 
known, e.g. for broadcast and mobile applications. 

3.1 Propagation Model and Assumptions 

The propagation model used to make the transmission loss predictions is based on the ITS ITM (Institute 
for Telecommunication Sciences Irregular Terrain Model) [2], called RAPIT (Radio Propagation over Irreg­
ular Terrain). The RAPIT model is available as a dial-up, time-share service offered by ITS in Boulder, 
Colorado.2 The interested reader is referred to Hufford et al. [2] for a detailed discussion of the ITM and area 
type VHF IUHP propagation models for irregular terrain. 

2 Interested parties should contact Mr. J. E. Adams at 303-497-5301 or at NTIA/ITS.S4, U.S. Department of Commerce, 325 Broadway, 
Boulder, CO 80303. 
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In order to make transmission loss predictions for this work, values for a number of variables (inputs) 
must be assumed. The most important assumptions are as follows. Wave polarization was considered to be 
vertical. The ground constants used in the model to compute the effects of ground reflections were assigned 
average values of 0.005 mho/m for conductivity and 15.0 for relative permittivity. The climate region was 
assumed to be "continental temperate." The surface atmospheric refractivity was assigned the value associ­
ated with sea level conditions. The antenna heights were given values of 1.5 m (4.9 ft) for the mobile 
transmitter and 30.0 m (98.4 ft) for the base station receiver. The assumed mobile transmitter power was 100 
watts, and the receive antenna was given a value of 0 dBi gain for a receiver sensitivity of 0.4 J.L V into a 
typical 50 .n resistance. 

In addition to the above assumptions, three values of Ah (see fig. 7) were used: 25 m (82 ft) to represent 
smooth terrain, 100 m (328 ft) to represent average terrain, and 600 m (1968 ft) to represent rough terrain. 
And finally, two values of reliability were assumed: 50% to represent marginal conditions and 90% to 
represent good conditions. Reliability, as it is used here, can be interpreted to mean "first try success probabil­
ity." In other words, for each short message transmitted, this is the probability that it is received on the first 
transmission. Most VHF /UHF propagation models use several characteristics to quality the transmission loss 
prediction. The ITM uses three characteristics: time, location, and confidence. If one sets the confidence to 
90% and combines the time and location parameters, the result is the reliability as defined above. The 
interested reader is again referred to Hufford et al. [2] for a thorough treatment of these propagation charac­
teristics. 

3.2 Range Computation 

The maximum range of a radio link (transmitter to receiver) is the distance at which the received signal 
is at the minimum required to achieve adequate performance. For this work, an assumed nominal receiver 
sensitivity defines the minimum received signal level. It is assumed that the mobile unit is the transmitter and 
that it transmits to a distant base station receiver. 

The relationship between transmitter and receiver power for the radio link can be expressed as 

where 

Pr(d)=minimum received power at the receiver terminals at distance d, in dBW, 
Pt = transmitter output power, in dBW, 
Lt = transmission line and other losses between the transmitter output and the antenna, in dB, 
L t = transmission line and other losses between the transmitter output and the antenna, in dB, 
G t = transmit antenna gain, in dBi, 

(1) 

Lb( d) = maximum basic transmission loss between the lossless, isotropic transmit antenna and the lossless, 
isotropic receive antenna, in dB, 

Gr = receive antenna gain, in dBi, and 
Lr = transmission line and other losses between the receive antenna and the receiver input terminals, in 

dB. 

The distance d is the value sought. The propagation model will provide the basic transmission loss as a 
function of d, Lb(d). The distance d is actually the (maximum) distance at which the maximum basic transmis­
sion loss is attained. Rearranging eq (1) one obtains 

(2) 

The values for transmitter power, receive antenna gain, and the two transmission line losses are assumed as 
follows: 

P t =20 dBW (100 W) 
Gr=O dB 
L t =Lr =l dB. 

The value for the minimwn received power, Pr(d), is computed from the assumed receiver sensitivity of 0.4 
J.L V into 50 .n, 

P r(d)=VZ/4R= -151 dBW. (3) 
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Equation 2 can now be written to include the assumed values. The transmit antenna gain is the value given on 
the left ordinate of the cumulative gain plots and it will remain a variable in the equation. In addition, several 
other parameters that are inputs to the propagation model will be included as variables of Lb. Equation 2 
becomes 

where 

ReI = communication reliability, percent, 
Ah = terrain roughness, m, 
f=radio frequency, MHz. 

(4) 

This equation is used to compute values for the range scales appended to the right side of the cumulative gain 
(G t) plots. For each radio frequency, this is accomplished as follows: 

1. Choose a value of G t (on the left ordinate scale) and compute Lbu the total transmission loss. 
2. Run the propagation model using the assumptions on antenna heights and the values of Ah and 

reliability to obtain a prediction of Lbt versus distance d. 
3, Identify the distance d at which the Lbt computed in step 1 is reached. 
4. The distance value determined in step 3 is plotted on the right ordinate scale at the same level as the 

G t value chosen in step 1. 

4. RESULTS AND INTERPRETATIONS 

A cumulative distribution of the gain values for each power gain antenna pattern has been developed. 
The full set of distributions is presented in Appendix A to this report. The cumulative distribution of an 
antenna pattern is a practical, objective way of comparing the performance of different antenna configura­
tions. Using the number of assumptions and the propagation model discussed earlier, the nominal communica­
tion range as a function of the antenna gain shown on the left-hand ordinate scale has been computed and is 
given on the right-hand ordinate scales. The range scales give an estimate of the communication range for the 
gain represented on the left-hand ordinate and for the assumptions about other system or environment 
parameters. There are six range scales based on two parameters-terrain roughness and communication 
reliability. Recall that reliability is defined as the probability that a short message will be successfully received 
on the first attempt. Figure 8 is an example of how to 'Use the cumulative gain curves and the communication 
range scales. 

Referring to figure 8, antenna position 1 will provide the highest gain, about 7 dBi. Although the 7 dBi 
gain is possible for only about 1 % of the azimuth, one might ask what the maximum possible range would be. 
To answer the question, one could draw the lines labeled "limit A" The vertical line indicates (on the 
abscissa) the % of azimuth for which the indicated gain is equalled or exceeded. The horizontal line is used 
to read the range scales. Over smooth terrain with a reliability of 50%, the range estimate is about 57 km and 
over rough terrain with a 90% reliability the range estimate is about 1.3 km. If one wanted to know what the 
maximum possible range would be for the same antenna position but for the situation where the vehicle was 
oriented in the least advantageous way, one would use the lines labeled "limit C." The indicated gain is about 
-4 dBi and the range over smooth terrain with a reliability of 50% is about 40 km. Conversely, if one 
required a range of 30 km and a reliability of 90% over smooth terrain, the horizontal line can be drawn as 
in "limit B.~' One can then conclude that communication would be possible for about 74% of the vehicle 
orientations. 

Use of the cumulative gain curves to compare the performance of different antenna positions is straight­
forward. If a required minimum gain value is known and a cumulative gain curve meets or exceeds that value 
for at least 85% of azimuth, the antenna position represented by that curve will probably provide sufficient 
performance. In general, the "flatter" the curve and the higher the curve, the better the antenna performance. 
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The communication range scales must be used with some caution. These values represent estimates and 
are best us~d in a relative fashion, for example, to compare the increase or decrease in range as a function of 
antenna gain. As discussed in section 3.1, a number of other system parameters were assumed to arrive at the 
values on the scales. The assumed mobile transmit power was 100 W which ic; greater than some police 
agencies use. To use a different value, for example 50 'N, which is a 3 dB reduction from the assumed value, 
the transmit antenna gain must be reduced by 3 dB before the range scale is read. The assumed receive 
antenna gain of 0 dBi is conservative. If your base station antenna has a gain greater than 0 dBi, as most do, 
that value may simply be added to the transmit antenna gain before entering the tables. The transmit antenna 
height was assumed to be 1.5 m (4.9 ft). This i .. a nominal value and th~ results may be considered valid for 
transmit antenna heights of 1 to 3 m (3.28 to 9.84 ft). The base station receive antenna height was assumed to 
be 30 m (98.4 ft). The range estimates will not be valid for antenna heights that differ more than 5 or 10 m 
(16.4 to 32.8 ft) from this value. The assumed receiver sensitivity of 0.4 J.L V into 50 .0 is probably typical for 
most equipment. If one wants to use a different value, the difference between it and the assumed value in 
decibels can be added or subtracted from the transmit antenna gain value. The chosen or assumed values for 
climate zone, atmospheric surface refractivity, and the ground conductivity and relative dielectric constant 
are applicable to most conditions in the United States:. 
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APPENDIX A-CUMULATIVE DISTRIBUTION RESULTS 

This appendix contains a full set of cumulative gain distributions based on power gain measurements 
previously reported on. The left ordinate scale gives the gain of the mobile antenna and the right ordinate 
scales give the expected communication ranges. The utility of the cumulative distribution is that the perfor­
mance of different antenna configurations can be objectively compared. A reasonable design criteria would 
be to ensure that the minimum gain needed is achieved for at least 80 to 85% of the azimuth dfrections. 
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