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As with any task which is infrequently performed, remembering the proper procedures or finding the right technical reference can be a frustrating experience.  Particularly troublesome can

be getting the proper gain and balun loss numbers which are required in OST 55 in order to calculate the theoretical site attenuation.  But unless an accurate theoretical estimate of the site attenuation is obtained it is impossible to get accurate and satisfactory results from the procedure.  Getting the proper gain and balun loss factors to calculate the theoretical site attenuation per OST 55 can be particularly annoying.  The working EMI test engineer continually uses antenna factors for his work, but gain dBi may be a seldom used and less understood concept. The purpose of this article is to clarify the factors of gain, antenna factor and balun loss and set forth the conversion from antenna factor to gain dBi.  The following formulae will be developed for:


G__F_S_¤_dBi______T_E_ = 10 log G__F_S_¤_numeric______T_E_


G__F_S_¤_dBi______T_E_ = 20 log (9.73/l) - AF__F_S_¤_dB______T_E_



= 20 log (.0324 F) - AF__F_S_¤_dB

______T_E_

______T_E_
__F_S_¤_______T_E_AF__F_S_¤_dB______T_E___F_S_¤_ = __F_S_¤_______T_E_20 log (9.73/l) - G__F_S_¤_dBi______T_E_



= __F_S_¤_______T_E_20 log (.0324 F) - G__F_S_¤_dBi______T_E_ 

where




G__F_S_¤_dBi______T_E_      - Logarithmic gain over 





isotropic




G__F_S_¤_numeric______T_E_ - Gain numeric

AF__F_S_¤_dB______T_E_      - Antenna factor, in dB l           - Wavelength, in meters




F           - Frequency, in MHz

In order to gain an appreciation for the physical parameters

which impinge on these factors the derivation of these equations will be briefly reviewed.  First, the derivation of gain from Friis' transmission equation will be developed.  Then antenna factor will be related to gain using Sinclair's concept of effective antenna height.  Finally some practical recommendations will be given.

Because this paper is meant to be an aid to engineers performing site attenuation measurements the terms used here are defined 

and used in a practical sense.  When discussing antennas on a_f    _ __theoretical level gain, antenna factor and balun loss are typically discussed as separate entities.  However, in reality

it is often impossible to measure these quantities separately. For the purposes of the working EMI engineer antenna factor typically means the theoretical loss of an ideal antenna combined with the losses in the antenna balun and any other physical imperfections in the unit.  As the derivations of gain and antenna factor are developed it is assumed that these factors are the combined effect of the antenna.  Hence, everything that happens to the signal between the cable connector and the radiation field will be considered as part of the antenna gain and antenna factor.  At the end of the paper some practical comments will be made to expand further on why this is usually the more reliable practice.

Antenna gain is the ratio of 4__L

 ___________W/P__F_S_¤_in______T_E_, W being the radiation

intensity and P__F_S_¤_in______T_E_ the total input power.  When no direction is specified it is assumed to be the intensity in the direction of

maximum radiation.  This gain is called gain over isotropic because it relates the maximum radiation intensity of a specific 

antenna to that of an ideal antenna which has no loss or direct¡ivity, that is an isotropic antenna.  In a perfect isotropic antenna the gain in dB, G__F_S_¤_dBi______T_E_, is 0.  The total input power is

evenly distributed from the antenna.  So the radiation intensity

for the isotropic antenna is simply the input power divided by 4__L

 ___________. 

For an ideal, lossless isotropic antenna W = p__F_S_¤_in______T_E_/4__L

 ___________ and the

gain numeric is 1.

The derivation of gain for two antennas in free space is fairly

easy and instructive.  Friis' transmission formula tells us that


P__F_S_¤_r______T_E_ = P__F_S_¤_t______T_E_G__F_S_¤_a______T_E_G__F_S_¤_b______T_E_(l/4__L

 ___________R)__F_S ¤_2___T_E_

                                (1)

where

P__F_S_¤_r______T_E_ - Power received P__F_S_¤_t______T_E_ - Power transmitted G__F_S_¤_a______T_E_ - Gain of antenna a G__F_S_¤_b______T_E_ - Gain of antenna b



l  - Transmitted wavelength



R  - Distance separating the antennas

The formula used here is simplified by the assumptions that the

antennas are polarization matched and aligned in each antennas direction of maximum radiation.  This is the normal case in EMI related testing.  The formula can be analyzed to say that in a two antenna system the factors which determine the received power are the gain of each antenna and the path loss between the two antennas.

By converting this equation to a power ratio and taking the logarithmic form we derive:

_f
_î      G__F_S_¤_adB______T_E_ + G__F_S_¤_bdB______T_E_ = 20 log (4__L

___________R/l) - 10 log (P__F_S_¤_t______T_E_/P__F_S_¤_r______T_E_)           (2)

If both antennas are matched into 50 Ohm lines we can replace

the power relationship with a voltage relationship.  Hence:


__F_S_¤_______T_E_G__F_S_¤_adB______T_E_ + G__F_S_¤_bdB______T_E_ = 20 log (4__L

 ___________R/l) - 20 log (V__F_S_¤_t______T_E_/V__F_S_¤_r______T_E_)           (3)

Where

V__F_S_¤_t______T_E_ - Voltage at the input of the transmit antenna measured across 




50 Ohms.

V__F_S_¤_r______T_E_ - Voltage at the output of the receive antenna measured across 




50 Ohms.

If we assume absolutely identical antennas then we may simplify

the formula to:


G__F_S_¤_dB______T_E_ = 10 log__F_S_¤_______T_E___F_S_¤_______T_E___F_S_¤_______T_E_ (4__L

 ___________R/l) - 10 log (V__F_S_¤_t______T_E_/V__F_S_¤_r______T_E_)            (4)

In numeric form:


G = 4__L

___________R/l__F_S_¤_______T_E___F_S_¤_______T_E___F_S_¤_______T_E_ (V__F_S_¤_t______T_E_/V__F_S_¤_r______T_E_)       (5)

So we have that gain dBi is just 10 log of gain numeric.

Now we want to relate all of this to antenna factor.  The

antenna factor is simply the ratio of voltage at the input to an antenna to the resulting field strength.  When we know the relevant impedances we can restate this as the ratio of the input voltage to the field strength.  This ratio is the more common definition.  So we can define the antenna factor as:

AF__F_S_¤_numeric______T_E_ = (E/V)__F_S ¤_2___T_E_                          (6)

where

AF__F_S_¤_numeric______T_E_ - Antenna Factor, numeric E
 - Field strength,





in volts/me¼ter



V
 - Applied voltage, in volts

We can relate the voltage to the field strength by:


V = h__F_S_¤_eff______T_E_E/2


                        (7)

where



h__F_S_¤_eff______T_E_ - Effective height of the antenna 

The field strength is divided by 2 to account for the voltage_f      __drop when measured across 50 Ohms.  This, of course, assumes that the antenna is matched to 50 Ohms.

Effective height is an interesting and useful concept developed

by Sinclair.  It is used to relate the open circuit voltage of an antenna to the radiation field presented to the antenna.  The concept is closely allied to that of the antenna factor.  These two factors are in fact reciprocals of each other adjusted for a difference in reference impedance.  Antenna factor includes the loss experienced when the antenna is attached to a 50 Ohm system while effective height is defined in terms of open circuit impedance.

Thinking of the physics of the situation it can be seen that effective height combines two factors.  The first factor is the maximum effective aperture presented by the antenna to the field. Or how much of the field is available to develop a voltage at the 

terminals of the antenna.  Second, there is an impedance conver¡sion factor.  In our situation we will assume that the antenna

is acting in the far field and so the field voltage is developed

over 120__L

 ___________.  The terminals of the antenna are at 50 Ohms.  Hence,

we may restate the effective height as:


h__F_S_¤_eff______T_E_ = 2 (A__F_S_¤_max______T_E_Z__F_S_¤_term______T_E_/Z__F_S_¤_field______T_E_)__F_S ¤_1/2___T_E_    (8)

where



A__F_S_¤_max______T_E_          - Maximum effective aperture

Z__F_S_¤_term___T_E_    - Impedance at the antenna terminals 



Z__F_S_¤_field______T_E_        - Radiation field impedance

The maximum effective aperture is:


A__F_S_¤_max______T_E_ = Gl__F_S ¤_2___T_E_/(4__L

___________)                                                           (9)

(NOTE: Detailed explanations of the formula for effective height

and effective aperture may be found in most standard antenna texts.  The bibliography lists several texts on this subject.)

Substituting one equation into the other and replacing the impedances with 50 and 120__L

 ___________ we get:


h__F_S_¤_eff______T_E_ = l(G__F_S_¤_50______T_E___F_S_¤_______T_E_/120Pi__F_S ¤_2___T_E___F_S_¤_______T_E_)__F_S ¤_1/2___T_E_      (10)



= 9.73lG__F_S ¤_1/2___T_E_

From equations (6) and (7) for antenna factor and effective

height, we may set this in terms of antenna factor.


AF = 9.73/(lG1/2___T_E_)                                                 (11)

_f
_îOr in logarithmic terms:


AF__F_S_¤_dB______T_E_ = 20 log (AF) = 20 log (9.73/l) - 10 log G       (12)



= 20 log (9.73/l) - G__F_S_¤_dBi___T_E_                          (13)



= __F_S_¤_______T_E_20 log (.0324 F) - G__F_S_¤_dBi______T_E_      (14)



= __F_S_¤_______T_E_20 log (F) - G__F_S_¤_dBi______T_E_ - 29.79 dB   (15)

______T_E_ 

Conversely:


G__F_S_¤_dBi______T_E_ = 20 log (9.73/l) - AF__F_S_¤_dB______T_E_           (16)



= __F_S_¤_______T_E_20 log (.0324 F) -__F_S_¤_______T_E_ AF__F_S_¤_dB______T_E_    (17)



= __F_S_¤_______T_E_20 log (F) - __F_S_¤_ AF__F_S_¤_dB______T_E_ - 29.79 dB   (18)

______T_E_

Having derived the relationship between gain numeric, gain dB

over isotropic and antenna factor it is now easy to move from one set of factors to another if needed.  In using OST 55 such conversion is often required in order to properly calculate the theoretical curve.  There is a real advantage when the 

engineer already has or develops antenna factors which come from calibrating the antennas actually used in performing the site attenuation measurement.  In this case the information for the gain and balun loss is combined and contained within the antenna factor.  This further allows the same set of measurements to be used to perform both OST 55 and the proposed ANSI C63.4 site attenuation procedures.  In practice there are several practical cautions which should be observed.

The source of antenna factors is particularly troublesome.  Many antennas come only with theoretical curves calculated for the ideal antenna.  Obviously, no theoretical antenna curve will ever match a physical antenna.  Almost as bad is the lazy habit of some manufacturers of calibrating a single set of antennas and reproducing these factors for all of their production.  For good assurance of accuracy the antenna factors used for a particular antenna should have been derived from the calibration 

of that physical antenna.  When a set of antennas is individually calibrated then the antenna factor will include the balun loss factor.  This is a plus because it avoids having to estimate what that loss is.  Further, the balun loss is accurately measured for use in the site attenuation measurement because it is measured in a test situation identical to that in which the antenna is actually used.  The point is that the loss in a balun can only be accurately measured if the balun is presented with the same impedances it will see in actual use.  In the case of an antenna balun the balun will be presented with the complex impedance of a set of antenna elements over a ground plane.  It

is this complex impedance which should be used to measure the_f    _ __balun loss.

There is a procedure for determining balun loss which is some¡times mentioned.  This procedure uses idealized antenna factors and then runs a loss test on the physical baluns of the antennas

to correct these numbers.  This test is sometimes called the

back-to-back balun test.  The problem here is that this test fails to properly handle the relevant impedances during the test. The back-to-back test takes two identical antennas, removes their elements and attaches the baluns directly to each other.  The loss through the baluns is then measured.  However, the impedance one balun present to another may be, and usually is, quite different from that present¼ed to a balun by its antenna elements over a ground plane.  This is not to say that the test cannot 

result in some useful informa¼tion.  However, the kind of informa¡tion resulting from this test is more useful to the antenna designer than to the user for the simple reason that it tends to

produce qualitative rather than quantitative results.  As a user

you are looking for absolute corrections to the actual measure¡ment situation.  Obviously, reliable values can only be obtained when a circuit is measured while presented with the impedances

the circuit will actually be used with.  In the case of an antenna balun its output will see the 50 Ohms of the cable and test instrumentation and the input will see the complex 

impedance presented to it by the antenna elements over a ground plane.  If you want to convince yourself of the potential problems which can arise from using the back-to-back test perform the test on a set of antenna baluns and then flip one of them over and rerun the test.  Typically the results will be quite diff¼erent.  The reason the results are different is that most 

antenna baluns are not ideal balanced to unbalanced transformers. Their voltages are not exactly equal and opposite.  Hence, when flipped different results are obtained.  Now which results are right?

Another common problem is the attempt to oversimplify the use of test equipment.  A common example is the lumping of a cable loss factor in with the antenna factor.  The cable loss is derived from what the manufacturer believes to be a likely length of a commonly used coaxial cable.  However, in practice few of us use the same length of the same brand of coaxial cable and no set of 

connections is quite the same.  Beware of overly helpful simpli¡fica¼tions which introduce errors into your efforts.

The safest solution is to insure that all factors used are

relevant for the physical test setup being used.  This simply means that just like any other piece of test equipment, the antennas should be individually calibrated.  None of us would accept a calibration certificate for an oscilloscope or spectrum 

analyzer in which one early unit of a particular model was cali¡brated and the data sent out with every subsequent unit. 

Yet that is exactly what if often done with antennas.  Further_f    _ __the cables going to the antennas should be calibrated.  Measuring the cable loss and antenna factor separately has shown itself to

be very practical.  Cables tend to be short lived beasts which often need to be rebuilt or at least have a connector replaced. In such cases having separate loss numbers makes replacing cables as simple as rerunning loss numbers just for the new 

cable.  These factors then result in the best chance for accurate 

and reliable results when performing a site attenuation measure¡ment.  Recali¼bration is not a difficult task.  Guidance for this procedure can be found in an appendix to ANSI C63.4 on site

attenuation or in several papers on the stan¼dard-site method of calibrating antennas.  Care should be taken when using this method in that before it can be used with confidence the site must first have been verified as being close to the calculated theoretical values for a standard-¼site.  This means that the antennas used in a site attenuation measurement must have been calibrated indepen¼dently of that site.  This may be done by calibrating the antennas by a site independent calibration method 

or by calibrating them on a separate site which has been prev¡iously verified.  As a further note, experience has shown that antennas should be recalibrated every two to three years.  More

frequent calibrations are not necessary unless the antenna has

received heavy use or undergone some undue stress.

In this article I have tried to provide some aid in performing a site attenuation measurement.  The physical meaning of the commonly used factors of gain numeric, gain dB over isotropic and antenna factor were reviewed.  Further, the conver¼sion formulae have been developed to facilitate conversion when all of these factors may not be readily available.  While performing a site attenuation measurement, as with any non-repetitive task, it is easy to make initial mistakes which result in extra time and effort to correct them.  It is suggested that the responsible engineer be particularly careful of the source of his antenna 

factors.  If necessary the antennas and cable should be recalibarated before a site attenuation measurement is attempted.
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