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ABSTRACT

A detailed discussion is presented of absolute gain measure-
ments by the insertion-loss method (also known as the ''two-
antenna'' or 'three-antenna' method), The discussion emphasizes
error analysis, electrical mismatch, near-zone corrections,
swept-frequency gain measurements, and techniques for experi-
mentally reducing the effects of multipath interference. Some
simple terms, concepts, and formulas are presented that are use-
ful for the design and evaluation of antenna or field strength measure-
ments when multipath interference is involved. It is concluded that
swept-frequency gain measurements with uncertainty limits of less
than + 0,1 dB can be made on small indoor ranges for most horn
antennas, Examples of horn-gain measurements are included.
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EVALUAT iON

The research effort described in this technical report has resulted

in the development of very accurate microwave horn antenna gain
calidbration techniques and standards. These will become the basis

of a primary calibration service at the National Bureau of Standards
and a secondary one within the Air Force calibration laboratory
system. In addition, the techniques will be incorporsted into a
method for the calibration of microwvave field intensity meters

under another effort presently in progress at KBS- Upon completion

of the program, calibration services for microwave antenna gain and
field intensity wvill be available to support RFI and system performance

measurement programs.

dd é’éée. <7
4& ", DAYES, lst Lt,“ USAF /

Bffort Engineer
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ABSOLUTE GAIN MEASUREMENTS FOR HORIN ANTENNAS .

by !

Ronald R, Bowman

1, Gain Measurements by the Insertion-Loss Method,

1.0 Introduction,

The measurement method that will be discussed here is usually
referred to as the ''three-antenna' method or, when measuring the gain |
of two identical antennas, the ''two-anterna'' method. For reasons that
will be obvious, the term ''insertion«loss' is felt to be moie dec-
scriptive of this method. Familiarity with this method is arnsumed, but
it will be reviewed to emphasize the requirements for accurate gain
measurements, The discussion will be with respect to gain measure-

f
ments of horn antennas with uncertainty limits in the range 0,1 to

+1,0 dB,

u That is, the limits of the ''likely'' departurs from true valuesl8, Ag !

used here, ''likely'' means that the "probability'' (assumed, calculated,
guessed, estimated, or otherwise determined) is about 99 percent or
more that the true value of the measurand is within the stated limits.

l. |



1.1 The Insertion-Loss Method.
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Figure 1. Schematic Representatior. of an
Insertion-I.oss Measurement,

The basic procedure for this method is essentially the same as
that for measuring the attenuation of a waveguideT attenuator. Referring
to Figure 1, the generator and load are connected and a reference power
level is recorded. Then the antenna transmission path is '"inserted' by
coupling the generator and load to the antennas (previously oriented) and
the change in power level is recorded. Thus, this method of measuring

1, 21 4
antenna gain is a particular case of an insertion-loss measurement,

Ignoring mismatch losses for the moment, the initial load power is
equal to the power delivered to the transmitting antenna and the final load

power is the power received by the receiving antenna,

TFo]lowing the recommended IEEE definition, ''waveguide' refers to any
RF transmission Jine, If it is necessary to make a distinction, such
terms as ""hollow waveguide'' or ''coaxial waveguide'' will be used.

2.




In order to eliminate or evaluate the effects of electrical mismatch
it is necessary to have a '"'working' formula that is valid for arbitrary
matching of the generator, load, and antennas, Obviously, the '"initial"
matching between the generator and load will affect the measurement, as
will the "final" matching between the generator and transmitting antenna
and between the load and receiving antenna, If G, is the gain function of
the transmitting antenna and G, is the gain function of the receiving antenna,

3
it can be shown that, under the conditions listed on page 4,

. z[u-lrifﬂ‘zﬁh';. HI‘IFJFP] lral

where ) is the wavelength, r is the aperture-to-aperture separation dis-

tance, ! P is the power delivered to the load when the gunerator and load
are directly coupled, ‘PL is the power delivered to the load when the trans-
mission path is "inserted'' between the generator and load, and ,PL /’PL is
the insertion-loss ratio. '? The reflection coefficients Iy +Ty * Ty and

Ty refer, respectively, to the generator, load, transmitting antenna, and
receiving antenna, (Hereafter, unless stated otherwise, it should be under-

stood that ""G'" and ''gain'' refer to the maximum value of a gain function).

If the gain of one of the antennas is known or if the antennas are
identical, the unknown gain can be calculated directly from (1), To deter-
mine the gains of two antennas that are not identical, a third antenna must
be employed. The gains of all three antennas can be established by repeat-
ing the insertion-loss procedure three times to determine the products
G1Gg'chs ,G2 Gs and solving for the gains algebraically, If the gain of
the third antenna is not desired, it may be easier instead to determine the
product G; G, by the insertion-loss method and determine the ratio
G,/G, by the comparison method using the taird antenna merely as an
illumination source, For simplicity, the discussion in this report centers

around the measurement of two identical antennas,

+ Since the gain of antennas is defined with respect to complex-conjugate
matching, the term"mismatch'will refer to this type of matching (rather than,
for instance, ''reflectionless' matching).

. ++ As used here, the insertion-loss ratio (' P A P! } is related to the
insertion-loss as follows: [nsertion-loss = =10 Log (‘P /! P).



The essential conditions

4,16 involved in (1) can be summariged by

grouping them as follows:

1)

2)

3)
4)

Antenna range -- ''infinite"

conditions,

antenna separation; free-space

Equipment -- ideal waveguide leads and connectors; stable
generator and load; single sinusoidal frequency; single
waveguide mode.

. . . 50 '
Antennas -- reciprocal; polarization parameters matched.
Transmitting medium -- linear, lossless, reciprocal, and
isotropic.

It should be emphasized that the conditions listed above are nec-

essary for the validity of (1), that is they refer to the assumptions made

in deriving (1). Insofar as these conditions constitute a complete list,

all of the other sources of uncertainty in the gain measurement are

"instrument'' uncertainties that result from measuring the quantities in

(1).

The stability referred to under conditions 2) requires that the

electrical characteristics of tte generator and load must be stable de-

spite the physical movements that take place during the insertion-loss

measurement and despite the changes in the powers absorbed by the gen.

eratorfand load. Also the ''free-space'" condition requires that there be no

other source of radiation (radio frequency interference) in addition to re-

quiring that there be no scattering objects (multipath interference).

Furthermore, '"ideal' waveguide leads and connectors are not onlyuniforn.

and lossless but also have zero leakage.

Soine of the conditions listed above are usually automatically sat-

isfied to a high degree. I or frequencies below about 40 GHz, at least,

air can be considered to be an esscentially perfect approximation to con-

ditions 4) over the distances necessary for gain measurements of small

or moderate sized antennas (say less than 30 dB gain). Also, of course,

+ .
For instance, sec pages 27 and 28,

4.
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an assumption of perfect reciprocity for horn antennas does not in-

—— t ; . :
volve significant error, and the usual assumption of a single waveguide
mode is considered ''safe'’ if the waveguides are operated within their

recommended frequency range.

1,2 Discussion of Errors.

Because there are many sources of error in ébsolute gain measure-
ments, it is almost necessary to rewrite (1) so that the sources of error
are more apparent. Suppose that Gy and Gy are restricted to represent
only the maximum values of the gain functions for the transmitting and
receiving antennas, and let D be a function that expresses the dependence

on the direction angles of the antenna axes (D is the product of the nor-

i

malized directivities). Furthermore, let R be a function that expresses

k8 e

’” of the antennas (R is a

the dependence on the polarization matching
function of the polarization parameters of each antenna and the rotation

about each antenna axis), and let M equal the mismatch term of (1).

2 £ |
(G; GR)(DR) = M(‘“;r) (TE‘:) (2) E

Now let N be a correction factor for insufficient antenna separation, and

Then from (1),

T Crmepm——

let 'P,_o be the '"'signal' or ''free-space'' load power (i.e. the power that

would be delivered to the load under perfect free-space conditions). Then,

to a good approximation, Tt

B ()

TThe word ''significant'’ must be interpreted with respect to the total
uncertainty limits for a given gain measurement. Roughly speaking,
an individual source of error should be considered significant
if its uncertainty limits are larger than a few percent of the (anticipated)
total uncertainty limits.

¥ . s ; . .
'TStmctly speaking. N, D, and R mav not be separable functions.

5




To some extent (3) is meant 1o be a ""memory device' to aid in
analyzing the many sources of error in absolute gain measurements;
however, it should not be thought that (3) is merely a memory device
since explicit formulations for M,N,L,R can be (and have been) derived
and expressions for P, can, in principle at least, also be derived. (An
expression for M is included in this paper, and expressions for R are,

5'6). The usefulness of (3) lies in the fact that its val-

fairly well-known
idity is dependent on only three conditions that are likely to cause signif-
icant uncertainties for horn gain measurements with total uncertainty
limits >+0,1 dB, These conditions are: (a) ideal waveguide leads and
connectors, (b) stable generator and load, and (c) single sinusoidal fre-
quency. Thus, if the limitations stated at the end of Section 1.1 are not
exceeced, an error analysis that assigns uncertainty limits to all of the
variables in (3) plus uncertainty limits for violations of (a), (b), and
(c) can be considered to be essentially complete in that it does not leave
out any commonly recognized sources of uncertainty larger than 0,01 dB,
With three exceptions, it will be assumed that the necessary pro-
cedures for determining the quantities on the right in (3) are either
obvious or are well-known, The procedures for determining M, N, and
'me are discussed in Sections 2, 3, and 4. Further discussion of
errors can be found in these sections and also in Section Al, which con-

tains examples of gain measurements.

Since only the ratio of the final and initial load powers is needed,
absolute power measurements are not required, The signals actually
recorded during a gain measurement need only to be related to the load
powers in such a way that the insertion-loss ratio can be determined,
For instance, in Section Al the recorded signals are proportional to the
decibel value of the load power. However, there is no essential
difference in procedure, by the method to be discussed, in determining
the '"free-space'' value of a signal produced by the load power and de-
termining the ''free-space'' value of the actual load power; and for con-
venience of discussion it will be assumed that Py is being determined,




2. Mismatch

2.1 Using Tuners to Reduce Mismatch.

For antennas that are to be operated at one frequency only, it is
common to connect tuners as permanent parts of the antennas so that
the reflection coefficients of the antennas can be reduced or made negligibly
small. If tuners arc also incorporated with the generator and 1oad so that
I, and I can be "'tuned out', the mismatch factor M can be made very
nearly equal to unity,

An alternative practice is to incorporate tuners with the generator
and load only. These tuners are then adjusted for maximum load power
when measuring :PL and 'P_. This procedure involves an error, prob-
ably small, because the dissipative losses of the tuners will be different
for the initial and final load power measurements (i.e. the generator and

load will not be rtable),

2.2 Calculating Mismatch Corrections.

If gain measurernents are to be made at many frequencies within a
band or if swept-frequency gain measurements are to be made, it will be
difficult or impossible to use tuners to provide matched conditions. It
will then be necessary, for accurate measurements, to at least partially
evaluate

N .4 LT A
(CT5 F) (- F) 1L P

(4)

from known reflection coefficients. Sirce instruments are commercially
available that can measure reflection coefficients (magnitude and phase)
on a swepl-frequency basis and since (4) can be easily programmed for
automatic calculation, a complete evaluation of M can be made fairly
easily even for swept-frequency gain measurements, lHowever, it will

often he sufficiert to know only the magnitudes of the reflection

~J
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coefficients in the mismatch factor,

If the magnitudes of the reflection coefficients are known then M
can obviously be partially determined from

- 1 Qelrefir 1) Qelr [In D?
- [y )| s

The right hand side of (5) has been written as two factors to emphasize
that the first factor is essentially a vartial correction factor for mismatch
while the second factor merely gives the upper and lower limits for the
corresponding terms in (4), If the |T|'s in (5) are all small, then M

can be calculated approximately from
N L N L o T [N T N L T AR T N ) S

If all of the IT'|'s are less than 0.2 (VSWR < 1,5) then the first term of
(6) is about 0,5 percent (about 0,02 dB) smailer than the first factor of

(5) and the maximum and minimum values of M calculated from (6) are
within 5 percent (0,2 dB) of the same values calculated from (5), If all

of the |I'|'s are less than 0,1 then the first term of (6) is about 0,03 per-
ceni (about 0,0015 dB) smaller than the first factor of (5) and the maximum
and minimum values of M calculated from (6) are within 0.4 percent

(0,02 dB) of the same values calculated from (5).

2.3 Estimating the Limits of Uncertainty for Mismatch,

For crude gain measurements, the mismaich factor M can be used
merely to estimate limits of uncertainty for mismatch. Within the fre-
quency band of interest, the maximum value of the magnitude of each re-
flection coefficient is determined by estimate or from specified per-
formance data for the various waveguide components, and estimates for
the maximum possible limits of uncertainty are calculated from these

values. Because good quality waveguide components have reflection




coefficient magnitudes no lacger than about 0,2, approximation (6) can be
used for this calculation. It should be roted that it is also necessary to
assign minimum values to |I‘,| and |T,| when calculating the lower limit

for M. Therefore, for any frequency within tke band,

2 2
My = L+ |Tefo + [Taly #2{Tefo[Tely +2[Talu|ni]u #2|Te]uIT ]y ()

il

2 2
M 1"'|I‘T|L+lrl'L‘ZIFGIUIFYIU'zlrlIUIFLlu'zlrllU’rL'U (8)

2
where the subscripts v and 4 designate, respectively, the upper and
lower limits of each quantity, Typically, IT, ,L and lI‘,lL will be small

and it is convenient to assume that they are zero.

2.4 A Commonly Used Method for Achieving a Low-Reflection
Generator.

For accurate measurements it is nearly always necessary to use
a ''leveled'' generator to provide adequate power stability. The
recommended and commonly used practice is to use g directional
coupler for the output component of the generator so that the leveling
signal can be derived from the nearest possible point to the output port
(see Fig, 5 in Section Al), This practice usually provides minimum
power variation with respect to frequency and also can provide a low=-
reflection generator.7’ 8 The maximum possible reflection coefficient
magnitude of the equivalent generator is given by

ITac | o, = ISaal + 10
where Sy, is the reflection coefficient ''looking into' the output port of
the directional coupler as measured with the other two arms connected to

reflectionless loads and d is the directivity of the coupler expressed in dB,



This method for achieving a low-reflection generator is particu-
larly important when making swept-frequency gain measurements because
it provides a generator that is automatically tuned to be ''reflectionless"
during the sweep. However, for very accurate swept-frequency gain

measurements it may be necessary to accurately measure the phase as well

as the magnitude of [j;; and then this method is not practical because,
due to the finite directivity of the coupler, [j; will be a function of the
magnitude and phase of the voltage wave incident on the generator port.

S k. (If it is necessary to know

It is fairly easy, though, to measure |
both the magnitude and phase of ['; for swept frequency measurements,
best practice is to use an attenuator or isolator for the output component

of the generator to insure that I'j; will be stable.)

2.5 Reducing the Effects of Mismatch by Experimental Techuiques,

It is possible to reduce the effects of internal reflections by the
same techniques used to reduce the effects of external ''reflections' (see
Section 4), For instance, suppose that the load consists oi a long piece
of essentially perfect waveguide terminated in a detecting element. Insofar
as the waveguide is perfect, [TL | will be determined solely by the dis-
continuity at the detecting element, The phase of | will change rapidly
as the frequency is swept, and periodic variations in the load power will
result that correspond to the two terms in M that contain [ . These
terms can then, in effect, be eliminated by averaging out these variations,
(For further discussion of this technique see Reference 15), For gain
measurements the value of this technique is somewhat questionable be-
cause it will complicate the process of reducing the effects of multipath
interference by the swept-frequency technique, wnich may substantially
increase the uncertainty limits for 'P_ 4 ; and the swept-frequency tech-
nigue is usually much more valuabi~ for determining ’P,_o than it is for

"eliminating'' terms in the mismatch factor. However, if carefully

10,




employed, this technique can scmetimes sutstantially reduce the effort
of evaluating the effects of mismatch,

Obviously, "line-stretchers'' can also be used to cause phase
changes so that the effects of troublesome internal reflections can be
averaged out, and this technique is directly analagous to the ''antenna
movement'' technique described in Section 4 for averaging out the effects
of multipath interference. Provided that the line-stretcher itself is

essentially ''reflectionless', this technique may sometimes be useful.

3., Near-Zone Corrections

3.1 Definition of the Near-Zone.

Consider an antenna radiating into free-space, In any given
direction, the power radiated per unit solid angle varies, reaching an
asymptotic value with increasing distance. Now, if a receiving antenna is
introduced at some location far enough from the transmitting antenna
that the powe: densities per unit solid angle radiated to that location do
not differ significantly from the corresponding isymptotic values, the
receiving antenna is, by definition, located in the far-field region of the
transmitting antenna, It is emphasized, however, that even if the receiv-
ing antenna is in the far-field of the transmitting arn.enna, the (unperturbed)
field at the location of the recelving antenna can still differ significantly
from a uniform plane-wave field, Then, the power transmission cannot
be simply expressed in terms of the far-field gain functions of the antennas;
and, as defined here, the receiving antenna is in the near-zone region,
(Note that the near-zone, in contrast to the near-field, is determined by
the characteristics of both antennas.) The near-zone includes the near-
field and often is much more extensive than the near-field.

it should be noted that the much misused formula r = Za.'/k‘r for
determining ''adequate'’ range distances is applicable only for estimating

the extent of the near=fleld in the direction of maximum radiation of antennas

f-

For circular apertures, "a' is the diameter; for rectangular apertures,

ot

a'' is the larger dimmension,
I,



3
that have zero ""phase error". »9 (Even then, this estimation formula
is not useful for high accuracy antenna measurements). Horn antennas
usually have large ''phase error', and an adequate separation distance

for far-zone power transfer between two such identical horns is typically

larger than r = 103'/)\.3’9

3.2 Determining Near-Zone Corrections.

,10,11
Several calculations have appeared ¥ for corrections that

can be used for pyramidal horn gain measurements made in the near-
zone. Unless an outdoor range with tall towers is available, it is difficult
to make accurate horn gain measurements without using these corrections
because multipath interference problems are relatively severe when the
antennas are located in the far-zone region. For an error of less than
0.1 dB, a typical separation distance for a horn gain measurement would
have to be about 1033/)\. By making use of near-zone corrections,
accurate gain measurements can be made with separation distances as

2
small as a /).

The near-zone correction calculated by Bra.un9 is limited to gain
measurements using identical pyramidal horns, and it involves some
approximations that were not made in the later calculations by Chu and
Semplak10 and by Tseytlin and Kinber11 . Braun's calculation differs

substantially from the later calculations and should no longer be used.

Chu and Semplak's calculation is also limited to the case of
identical pyramidal horns. The tabular correction data from Chu and
Semplak's calculation is graphed in Section A4. This section also con-
tains some graphs showing correction factors determined by Chu and

1
Semplak's data for some of the commonly used '"NRL' design & horns.

The results of Tseytlin and Kinber's calculation, which are not
reproduced here, are in a form that is relatively difficult to use; but .
this calculation is important because it is applicable to the power trans-
mission between two different pyramidal horns. The use of Tseytlin .

12,
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and Kinber's results is straightforward, but a considerable amount of

algebraic computation is involved.

For non-pyramidal horns, large separation distances must be
used for gain measurements until near-zone correction data has been
calculated for such horns., Near-zone correction data can be calculated
for power transmission between any two horns provided that the aperture

10,11,13

field for each horn is known, It is likely that calculations will

soon be made for conical horns and for horns with flared sides.

3.3 An Estimate of the Accuracy of the Near-Zone Corrections.

It has not yet been possible to calculate limits of error for the
near-zone corrections, and in a recent review of the 1itera.ture3 it was
concluded that experimental confirmation of these corrections was
limited to uncertainty limits of about +10% of the decibel value of the
correction for separation distances r > 2a®/A. More recently, an
accuracy of 10% or better at r = a®/\ was demonstrated for Chu and
Semplak's near-zone corrections.‘r There are some reasons for be-
lieving that these corrections are considerably more accurate than
+10%, and an estimate of +5% uncertainty limits for r > 2a® /A is con-

sidered, by this author, to be reasonable though not conservative.

It should be mentioned that Tseytlin and Kinber's near-zone
corrections for identical horns appear to be appreciably different from
Chu and Semplak's for r < 2a® /)\.3 Until Tseytlin and Kinber's cal-
culations have received more complete verification, their use is not

recommended for r < 2a®/\.

t Unpublished measurements made by the author at the National Bureau
of Standards, Boulder, Colorade. These measurements were made with
antennas of the "NRL'" design (sce reference 12) for the frequency
range 3.95C to 5,880 GHz,
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4, Multipath Interference

4.0 Introduction.

The usual approach to multipath interference (MPI) problems is
to try to reduce the MPI to a negligible level by using tall towers, dif-
fraction fences, radiatiorn. absorbing materials, and baffles, Another
approach is to discriminate against the MPI by using short pulse tech-
niques or doppler frequency shifts, These approaches involve unnecessary
complications and expenses that can be avoided, for horn gain measure-
ments at least, by using a third approach, which is to also concentrate on
making the effects of MPI easily measurable rather than merely concen-

trating on discriminating against MPI or reducing it to a negligible level,

Except when measuring very large antennas, it is usually possible
to design a range so that the indirect radiation arriving at the receive
travels by a considerabiy longer path than the dircct radiation, Thenat
should be possible, by moving the receiving antennaf or by sweeping the
generator frequency, to cause reversals in the relative phases between
the component voltage at the load due to the direct radiation ficld and
the component voltages due to the indirect radiation ficlds, Do Ha If the
voltages corresponding to the indirect radiation ficlds are not too large,
the load voltage (or load power) that would result froin frec-space con-
ditions can be determined by simply averaging out the resulting per-
turbations in the load voltage (or load power), By using this approach,
especially in conjunction with the use of near-zone corrections, it is
possible to make accurate gain nicasurements on a range of mirirnum
size and cost and with minimum expenditure of time and effort, For
most horns in common use, a®/A < 2 mecters, For such horns, accurate
gain measurements can be made in an inside space of about 3 meters by

3 meters by 3 meters with minimal use of radiation-absorbing material,

t For simplicity of discussion, only receiver movements are mentioned here,
but it may sometimes be necessary or desirable to employ transmitter
movements or movements of surrounding objects,
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Note: Unless the reader is familiar with the techniques of using
antenna movements or frequency sweeps to evaluate multipath inter-
ference, he should read Sectjon Al before reading the remainder of

Section 4.

4,1 Some General Considerations,

Ideally, the magnitude of each interference voltage should remain
constant and the phase of each interference voltage should change
smoothly and uniformly during the frequency sweep or antenna move-
ment, Then, if the interference voltages are all small, the frequency
sweep or antenna movement will result in perturbations in the load
power that are esscntially a sum of sinusoidal variations around the
free-space load power.T From the discussion in Section A2 it follows
that if the total perturbation in P, it is less thar 1,0dB, peak-to-peak,
then P_, can, theoretically, be obtained with less than 0,016 dB error
by simply averaging out the perturbations in P . In practice, of
course, the variations in P, may be so irregular that the averaged
value of P, may be quite different than P ,., However, with careful
design of the gain measurement, the averaged value of P, will closely

approximate P _,.,

Because it is so important that the perturbations in P_ be regular,
it should be emphasized that many of the techniques commonly used to
minimize muitipath interference will tend to produce irregular pertur-
bations in P, . Special precaution is advisable when considering the
use of baffles or screening fences since these will produce a lower level

of interference only at the expense of increased complexity of interference,

This follows irom an expansion of Equation (13), See Reference 3,

t1 In Section 4 the superscript 'f'" will be deleted from *P_ and fPU,.

f—
(2]
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and it is by no means certain that the measurement of P will be made
simpler or more precise by using these devices, Ancther common tech=-
nique that is of questionable value is the practice of using the minima of
the antenna patterns to reduce the MPI level at the load. If sources of
interference are located along the directions of the minima, it is obvious
that the corresponding interference voltages may change so radically as
the receiver is moved or as the frequency is swept that it may be diffi-

cult to accurately analyze the resulting load power perturbations,

4,2 Determining the Free-Space Load Power.

It is a practical necessity that a continuous reading of P, be made
during the frequency sweep or antenna movement, and P4 can then be
easily determined by graphical averaging‘r (see Fig, 6 in Section Al for
instance”). The accuracy of the averaging process should be evident

by inspection of the recording unless the perturbations are too irregular.

The swept-frequency technique is easiest to employ and has the
great advantage of providing wide-band, continuous gain measurements,

Unfortunately, the perturbations in the load power are usually relatively

irregular for frequency sweeps (see Fig, 6) as compared to the pertur-

bations that result from receiver movements (see Fig, 10), This

An alternative would be to digitize the load power signal and use an
electronic computer to srnooth out the perturbations, This approach
would presumably provide greater accuracy, but the main advantage
would be that the resulting data would be digitized and ready for auto-
matic calculation of the gain values.
ks The symbols 's, 'S, and 'So used in Figures 6, 8, and 10 are explained
on pages 36 and 38,
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difficulty is not scrious, except for gain measurements of the highest
accuracy, provided that the load power variations due to the internal
reflections of the waveguide system are not confused with the variations
due to MPI, In general, if the lengths of the waveguide components and
the lengths of the horns are much smaller than the path-length differences
for the multipath field components, then it will be quite easy to recognize
the power variations that are due to MPI, Best practice is to couple the
components of the generator and load directly together H (though, of

course, a length of waveguide used between the signal source and a

leveling coupler is of no consequence), For further details see Section ‘1,5,

The antenna-movement technique is more ''straightforward' than
the swept-frequency technique and will generally provide a more accurate
determination of P ,. However, the antenna-movement technique re-
quires much more time and effort to completely characterize the gain
of a horn over its full band, Furthermore, this technique requires a
mechanism that will produce a smooth movement of at least one of the
antennas, As discussed in the next section, the best direcgion of move-
ment will be along the transmission axis (except, perhaps, when making
measurements in the far-zone); and this movement is easily provided
by a pedestal or tower that slides or rolls along a pair of rails, It is
important that the entire pedestal or tower move rather than just the
antenna so that perturbations will be produced in P_ for the multiple
scattering betwecen the antennas and pedestals, Also, it may be necessary
to move both antennas to completely evaluate the MPI, For instance,
suppose that a scattering object that does not move with the receiver
pedestal is located close behind the receiver and is illuminated by the
main lobe of the transmitter pattern. The field "back-scattered' from

this object to the transmitter and then ''rescattered’ to the receiver can

easily be intense enough to cause a significant interference voltage at the

Y For an alternative approach, see Section 2.5,
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load. If the receiver is moved, the component voltages at the load due to

the direct field and this re-scattered field will change in phase by the same
amount, Therefore, it will be necessary to move the transmitter also, This
aifficulty can usually be avoided by shielding such objects with high-

performance radiation-absorbing materials.

It is evident that the techniques outlined here must be employed
carefully to achieve accurate re:sults, To determine the range require-
ments and to evaluate the measurements, it is essential to be able to
estimate, even if only crudely, both the magnitude and period of the
perturbations in the load power that will result from the antenna move-
ments or frequency sweep., Some simple terms, concepts, and formulas
are presented in Sections 4.3 and 4.4 that are very useful for designing
and evaluating antenna or field strength measurements when small but

significant MPI is involved,

4,3 Definitions and Concepts,

If each component of a multipath field is considered separately,
the resultant voltage at the load of an antenna immersed in the multi-
path field will be the phasor sum of the load voltages that would occur
from cach of these component fields alone, as in (10) (where ?/C is the
voltage component corresponding to the direct radiation field), The re-

lations and definitions that follow are self evident: t

t It should be emphasized that relations (10) through (13) are not intro-
duced here for purposes of calculation since P_, can usually be d--
termined with satisfactory accuracy by graphical means, Relations
(10) through (13) are introduced here becausc they are necessary for
providing unambiguous definitions of the multipath interference
parameters,

18,
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VL = VLO + vL1 + vLa + L N (10)

’\7L =:‘7Lo(l+kx+k= toee) ()
VL = ’\71_0(1 + Kl erl + Kze-]éa + -oo) = VLO% (12)
~e X
B = B, FF (13)
~ v Y, )& 'A
Vio Vio

(In the following definitions, and elsewhere, identifying sub-

scripts are implied when not stated explicitly.)

En = interference coefficient (for component ''n'')
K = |K]| = interference voltage level
6 = phase difference (relative to VO)
k = 20 log “ = interference power level
1+~ . .
p = 1 - % = wvoltage interference ratio (VIR)
p = 20 log p = power interference ratio (PIR)
Pae = primary power, signal power, or "free-space'

power,

The quantities #,k,p, and p can be related in a convenient graph,
as shown in Fig, 2, The dotted lines in this figure indicate how an inter-
ference power level of -40dB is related to the other quantitites, (Inter-
ference power levels are us)ally easier to estimate than interference
voltage levels because antenna patterns and reflectivities of materials

are generally stated in decibels,)
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The power interference ratio (PIR) is a particularly useful
concept. For the moment, suppose that there is only one MPI coma=
ponent., Then, if the antenna is moved or if the generator frequency is
swept by amounts that are large enough to cause reversals in the re-
lative phase §, the pecak-to-peak variations in the decibel value of the

received power will be equal to the power interference ratio P. That is,

o max ) _
10 log —15:-'—— = p. (14)
min

If a number of small interference components are present, then

PL a
" min
with less than 0,04 dB error if the sum of the P's is less than 3 dB, Of

course, the power perturbations are not perfectly symmetrical about

P, ; but if the sum of the p's is less than 1,0dB

Py
10 log(ﬁ—m—aj—{) ~ 2(Pr *Po tP3s t eee) (16)
0
P .
10 1og<—§—“i—m—) ~ -3(pp P tpst..) (17)
Lo

with less than 0,016 dB error (less than 0,005 dB error if the sum of the
p's is less than 0.5 dB).

Obviously, p/2 provides an estimate of the uncertainty (ex-
pressed in decibels) in the received power associated with an inter-
ference component of known or estimated magnitude but unknown phase.
For instance, if the estimated interference power level k is -40 dB for
a MPI component, then the corresponding uncertainty in the received

power is approximately + 0.1 dB,

T —
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The maximum possible uncertainty in the received power due to a number

of small MPI components is estimated eisily from (16) and (17).

Transmitting Receiving
Antenna Antenna |*
. r _ z
1 R = o R
8 ~
‘_/'
/,"J
h 'h
/ £ A SR 7 A 7
-~ |
t\_ |

I — — — — —— — — = — AR ==

Image

Antenna

Fig. 3. Simple antenna range showing multipath interference from
a reflection image of the transmitting antenna. Receiver

movements used to evaluate multipath interfcrence are re-
lated by rectangular coordinates located as shown,

4,4 Estimating the Effects of Multipath Interference,

When designing or evaluating antenna measurements, it is im-
portant to be able to make rough estimates of the effects of MPI, The
following formulas, which :mphasize simplicity rather than accuracy,
are very useful for estimating the cifects of MPI from the two most
common sources of multipath components (see I'ig, 3, which also serves

to define severzl symbols soon to be used): (1) a "reflection'
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image, (2) the ''back-and-forth'" (mutual) scattering from receiver-to-
transmitter-to-receiver, As a rule, only one or the other of these two
MPI components will be significant for a given gain measurement., If
near-zone corrections can be determined for the horns, they can be
located closely enough so that only the mutual-scattering component will
be significant (this is usually true even if the gain measurements are made
in a2 small room or small anechoic chambter). If the gain measurements
must be made in the far-zone, an outside site will nearly always be
necessary for accurate measurements; and a reflection from the ground
will usually be the only significant MPI component. (Note: Scattering
from antenna towers or from objects behind the transmitter and receiver
can usually be made very small by using high-performance radiation-
absorbing materials, which have very low '"back-scatter' for perpendic-

ular incidence.,)

Estimating the interference power level k; for the image com-

1
ponent is straightforward:

k; = (transmitter pattern level, in dB, for 6) +
(receiver pattern level, in dB, for 8) -

(surface loss, in dB, for 8) + 1o log(—r-—) . (18)
Ty

The surface loss is difficult to estimate accurate1y16, but this loss is
usually not very important for horn gain measurements because the sur-
face loss term will usually be small compared to the pattern levels of

the antennas, Unless the surface is a radiation-absorbing material with
known loss for the angle 6, zero surface loss should be assumed for hori-
zontal polarization for all values of 8; but, except for surfaces with great=
er conductivity than average ground, a loss of at least 6 dB can be assumed

for vertical polarization if § is larger than 10 degrees.

R o 2
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If the receiving antenna is moved from the origin 0 along the
5
x-axis, it is easy to show that the increment Ax required to cause one
complete perturbation cycle for the image component is given

approximately by

= [

Ax ~2*—< ) (19)

For movements along the other two axes, the corresponding increments

are given by

=1y
ry w (sA)F (%) , (20)
and
Az ;—(—;—)2 : (21)

Equations (19), (20), and (21) underestimate the movements required for
one perturbation cycle., They are correct to within about 15 percent if
s > 4h and if the total movement (x, y, or z) is less than £h; and they
are correct to within about 50 percentif s > 2handx, y, orz < %h.
(When s is about 2h or less, the directivity of most horns is great enough

that the interference from the surface will not be important,)

Inspection of (19), (20), and (21) shows that it is not practical to
use movements along the y-axis to produce perturbations in P, corres-
ponding to the image component, Obviously, x-axis movements are most
efficient; but, nevertheless, it is usually desirable to use z-axis move-
ments so that perturbations will be produced simultaneously for the MPI
caused by mutnal scattering or by multiple scattering between the

antennas and the antenna mco. «¢s and towers, Except, perhaps, when
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making gain measurements in the far-zone, where s is commonly much

larger than h, z-axis movements will always be most satisfactory,

The successive scatterings between the two antennas will produce
a scries of multipath components, but only the first term of this series
is important for separation distances larger than a®/)A. By making some
gross assumptions, it can be shown:s that for identical horns the power
interference ratio p, for the mutual scattering component can be es-

timated from
Ps e (22)
rai

where /T = Pea (/T is the separation distance in "'Rayleigh'' lengths,)

For the case of nun-identical horns, it can be shown that

1

p R —— 23
5 AN, (23)

T t
where /T, - -%2\— and/1. = aTA' . (Approximations (22) and (23) assume
2l

~

1
‘'normal'’ conditions, that is: matched antenna polarizations, antennas

aligned for maximum power transfer, and small 3,5, 75, and T, .) If

one of the antennas is moved along the z-axis, it is evident that the per-
turbations in P_ for the irutual MPT will have a period of /2., Only a
crude cstimate of the "worst-case' peak-to-peak (dDB) perturbations is
provided by (22) or (23). INor somec irequencies p, may actually be near-
ly zero, and for any frequency p is very unlikely to be larger than the
estimate given by (22) or (23). Thus, for identical antennas the power
variations duc to mutual MPI can be expected to be no larger than

+ 0,5 dB at a separation of orly a®/x,

Equations (22) and (23) arc not limited to horn antennas. They can
also be used te make rough estimates of the "worst-case' mutual MPI
between any aperture antennas whose back-scatter is given approxi-
mately by 1/3 A:’GS, where Av is the physical area of the antenna's
perture, G is antenna's pain, and S is the power density of the in-

cident field,
i



For swept-frequency gain measurements, it is irnportant to be
able to estimate the change in frequency required to produce a per-
turbation cycle for a given MPJ] component, Let 7 be the difference in
path-length between the direct component and the indirect component and
let X, be the larger wavelength and X, be the smaller wavelength
corresponding to the terminal frequencies for a frequency sweep. Then
the number of perturbation cycles produced by the frequency sweep is

given by
L S L (fz - f;)(10%) s (24)

Az A

where the terminal frequencies f, and f;, are in units of GHz and c is
the speed of electromagnetic radiation, Therefore, the frequency in-

crement Af in GHz required to produce one perturbation cycle is

of = (25)

-
O (10%)
Then it is easy to show that ~f for the surface MPI component is given

approximately by
3

8 2
My =~ >0n (T) ’ (26)

where s is in meters. For the mutual MPI component, &= 28

and Af is given approximately by

My =~ 308 (27)
where s is in meters, Equation (26) is accurate to within about 20 per-
cent if s > 2h. The accuracy of (27) is limited by the fact that the
scattering from a horn does not occur at any definite >lace within the
horr. The scattering from pyramidal horns appears to occur near the

throat rather than at the aperture (see Section Al.5), and the accuracy of

(27) for these horns can be improved somewhat by using the distance

between the throats of the horns for s,

26,
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4.5 Multipath Interference When Measuring the Reflection Coefficients
of Horns.

It is necessary, of course, that 'frec-space' conditions exist when
measuring the reflection coefficients, I, and I',, of the antennas. Best
practice is to point the antenna skyward or, which is usually easier, to
point the antenna into a large outside space that is free of objects that
could cause significant back-scatter. However, an adequate approxima -
tion to free-space can usually be obtained, for horn antennas at least,
by pointing the horn perpendicularly at a wall of high-performance
radiation-absorbing material, The horn should be at least a®/\ from
the material, and the material should intercept at least the entire main
lobe of the radiation pattern of the horn, Typically, this arrangement
will limit the MPI error when measuring || for 2 horn antenna to less
than + 0,01, This error can be experimentally evaluated (and to some
extent averaged out) by moving the horn or absorbing wall so as to in-
troduce phase shifts in the ""received'' voltage waves from the back-

scattered ficlds.

4.6 E..ergy Absorbed by the Generator from Back-Scattered Fields,

Particularly when making gain measurements in the near-zone,
the generator may absorb considerable energy from back-scattered
fields, Obviously, the field back-scattered to the transmitter from the
receiver is strongev than the field re-scattered to the receiver from the
transmitter, Insofar as the generator is stable, this event will not affect
the gain mecasurement, However, if the output of the generator is a
leveling coupler, some fraction of the '"received” voltage waves from the
back-scattered fields will appear at the leveling detector because of the
finite directivity of the coupler, This will cause a corresponding change,
usually small, in the power output ot the generator, Consequently, as the
frequency is swept or as antenna movements are made to produce pertur-

bations in the load power, perturbations wil! also be produced in the

8]
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power output of the generator, Therefore, to some extent, the per-
turbations in the load power will be due to these generator-power per=-
turbations., In averaging out the perturbations in the load power, the
effect of these generator-power perturbations on the gain measurement
is eliminated to about the same degree that the MPI perturbations in
the load power are eliminated by this averaging process, Even so,
these perturbations in the generator power are undesirable because

they add to the complexity of the total perturbations in the load power
and this added complexity will increase the uncertainty of the averaging
process, It is obviously bad practice to use a leveling coupler for the
output comiponent of the generator unless the coupler has high directivity
(say 30 dB or more). If a low-directivity coupler is used for leveling,
an attenuator or isolator should be added to the output port of the coupler

to provide a more stable generator,

In effect, the back=scattered fields change the reflection coefficient of
the transmitting antenna, The effective reflection coefficient of the trans-~

mitting antenna can be written as

Tre T Tho vy ATy T, (28)

where T,, is the reflection coefficient of the antenna when transmitting
into free-space and I;,, [;,, etc, are the additional components of the
effective reflection coefficient due to each of the voltage waves ''received"
from the corresponding back-scattered field, Typically, the magnitude
of these additional components will be less than 0,01 except for the com-
ponent [';, due to the direct back-scatter from the receiving horn, By
the same procedure used to obtain (22) and (23), it can be shown that a
rough "worst-case'" estimate of |I;,| is given by

1

Tml ~z 8/11/12 (29)
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with the same conditions that were stated for (22) and (23). For

identical antennas separated by a®/), II'T 2 l =~ «1, which may easily

be larger than

-
410

4.7 Mullipath Interference When Aligning the Antennas,

If the antennas are aligned by '"peaking'' the received power,

multipath interference components can cause significant errors in the

alignment, This is true for both the polarization alignment and the radi-

. : . 1e nm
ation axis alignment, Jecause of their simple geometry, horn antennas

can easily be aligned geometricaly to avoid this source of error. (Of
course, if the horns arc not accurately constructed then the radiation
axis may not coincide with the geomectric axis,)

Section A3 contains an illustration of some errors that could
occur duc to the mutual MPI if the horns arc aligned by peaking the

rcceived power,
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5. Summary and Conclusions.

The insertion-loss method of measuring absolute gain has been
considered to be barically the same as a waveguide insertion-loas
measurement but with a number of additional sources of uncertainty.
Referring to Page 4, the additional uncertainties derive from conditions
1), 3), and 4), The uncertainties that derive from conditions 2) and the
instrument uncertainties that result from measuring the quantities in
(1) are common to any insertion-loss measurement, and these un-
certainties were considered to be well-known and were not discussed

in detail,

In the error analysis some of the conditions for equation
ignored because it is felt that they are usually automatically satisfied to
a high degree, with certain restrictions (see pages 4 and 5), and would
not cause errors larger than 0,01 dB, The conditions for "infinite"
antenna separation, free-space transmission, and matched polarizations
were removed by writing equation (3). The only important conditions for
(3) are: (a) ideal waveguide leads and connectors, (b) stable generator
and load, and (c) single sinusoidal frequency, These conditions are
common to any insertion-loss measurement; and by using precision
connectors, ''padding'' the generator and load well, and using high
purity RF sources or appropriate RFE filters, the uncertainties due to

conditions (a), (b), and (c) can be made very small.

From the measurements desribed in Section Al.4 and the im-
provements discussed in Section Al,5,3, it is concluded that absolute
gain measurements for most pyramidal horn antennas can be made in a
small indoor range (about 3 x 3 x 3 meters) on a swept frequency basis
to within 0,1 dB uncertainty limits. f In fact, later measurements
have confirmed this statement for "NRL" *® horns that operate above
2.6 GHz, For lower frequency "NRL' horns, a "two-story' high room,
or an outside range, would be necessary to achieve this degree of

accuracy because of the relatively low directivity of these horns,
t To achieve this degree of accuracy for horns with coaxial waveguide
leads, it would probably be necessary to use precision coaxial connectors,
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Al., Examples of Horn-Gain Measurements.

Al.l Description of the Antenna Range.

Radiation - Absorbing ——___

/ Material
V 7/ Recelver

Transmitter / !-——O to 200 cm——-l e

Rotator

Rails‘.\‘

AN Fa\
777 O TN SO ECH R RSy O E I oo s a4

Fig. 4. Antenna Range.

The antenna range consisted of the equipment shown in Fig. 4. The
transmitter pedestal slides on plastic blocks curved to fit the rails, which
are round aluminum tubing. The radiation-absorbing material extends
about 1 meter on each side of the receiver, and it extends about 0,3 meter
on each side of the transmitter to completely cover the upper section of
the pzdestal. This equipment was located in an ordinary laboratory space
with a ceiling height of about 3,5 meters., The space between the trans-
mitter and receiver was open to a distance of about 1.5 meters or more

in all directions perpendicular to the transmission axis, and the space
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Fig. 5. Electronic and Waveguide Equipment.
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behind the transmitter was open for a distance of about 2 meters. No
radiation-absorbing matecrial was used other than that shown in Fig. 4
despite the fact that the urrounding laboratory space was full of the usual

clutter (metal cabinets, benches, equipment racks, lighting fixtures, etc.).

Fven though the rails are quite straight and parallel, the distances
between the plastic skide on the pedestai are fairly small so that there is
a definite possibility of significant tilt as the pedestal is moved along the
rails. The angle of this tilt was mecasured to be much less than 0,1 degree
by placing sensitive levels on top of the pedestal and moving the pedestal

along the rails.

Al.2 Swept-Frequency Horn Gain Measurement UUsing Coaxial-Waveguide

_(_Z_omgonents .

Al.2.1 Description and Arrangement of the Electronic and Waveguide
Equipment.

The elcctronic and waveguide equipment used is shown in Fig. 5.

The microwave signal from the sweep oscillator was amplitude modulated
(square-wave) at 1 kHz, Coaxial-waveguide components were used for the
generator and load except for the rotary-vane attenuator and the hollow-
waveguide components used to incorporate the rotary-vane attenuator into
the load. All of the coaxial-waveguide components were equipped with
type N connectors. The waveguide ports of the horns were fernale -IMN ~on-
nectors and the waveguide ports of the generator and load were male -\
connectors. The "initial" or '""direct' coupling between the gen:rator and

load was provided by a 3 cm long male-to-male adapter.

For reasons that will be discussed in Section Al.5, all of the
waveguide components were connected directly together (except for the
connection hetween the sweep oscillator and the leveling coupler). A
3 meter length of coaxial waveguide was used between the sweep oscillator

and the leveling coupler so that the sweep oscillator, along with the VSWR




meter, log converter, and X-Y recorde1, could be located where this
equipment and the operator would be outside of the main lobee of the

anterna patterns.

The rotary-vane attenuator, with the isolators and waveguide
adapters attached, had been previously calibrated so that the power level
at the detector could be changed by accurately known amounts as needed

during the insertioneloss measurement,

Al,2,2 Procedure,

Two identical pyramidal hornsT (commercial versions of the
"NRL'" 6 cm band horn)1 were mounted as shown in Fig, 4; and the aper-
ture of the transmitting horn was aligned so that it was perpendicular to
the direction of movement of the pedestal, The transmitter pedestal was
slid to the receiver end of the range, and the aperture of the receiving
horn was aligned so that it coincided as closely as possible with the aper-
ture of the transmitting horn. The pedestal was slid back until the aper-
tures were separated by 100 cm (roughly a/)) to complete the orientation

of the antennas.

The generator and load were coupled by means of the 3 cm long
adapter, and the Y-gain and Y-zero controls on the X-Y recorder and the
gain control on the VSWR meter were adjusted so that ''full scale' (10
major divisions) on the recorder paper corresponded to ''full scale"

(10 dB) on the VSWR meter., To obtain a more accurate calibration of the
Y -axis, the Y-axis controls were adjusted slightly so that a previously

measured 10,00 + 0,05 dB step on the range switch of the meter gave 10
major divisions of deflection on the Y-axis. This completed the calibra-

tion of the Y -axis. The X-gain and X-zero controls on the recorder were

t The physical identity of these two horns had been checked by carefully
comparing their physical dimensions. Small differences were evident
in their dimensions, but the corresponding differcnces in gain were
estimated to be lessthan + 0,02 dB, This estimate was based on the de -

sign formulas for these horns contained in reference 12,
34
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adjusted so that a sweep of 4.0 to 6.0 GHz (as indicated by the frequency
dial of the sweep oscillator) corresponded to 0 to 10 major divisions on the
X -axis of the recorder paper. A cavity-type wavemeter was momentarily
inserted between the generator and load, and the accuracy of the X-axis

was measured to be within +20 MHz to complete the calibration of the

X -axis.

Adjustments were made in the power level from the sweep os-
cillator and the gain of the leveling amplifier to obtain a smooth load
power curve for a sweep of 4.0 to 6.0 GHz. The power stability was ob-
served for about an hour and it was noted that room temperature varia-

tions caused changes of about + 0,1 dB in the indicated load power level,

The rotary-vane attenuator was set to 2 dial reading of 15 dB,
and pads (totaling 30 dB) were added between the attenuator-isolator com-
bination anid the detector so that the signal frem the detector was just
large enough to give a ''quiet' trace on the X-Y recorder (about £ 0,01 dB
"jitter'). (This particular crystal-meter combination had been previously

1

calibrated, at room temperature, so that the deviations from ''square-
law'' response of the crystal were approximately known as a function of

the power level at the detector. This data showed that the deviation from
square-law response was very small for the power level then set at the
detector. For power changes of plus or minus a few dR, the measured power
change would be numerically smaller then the actnhal change by

0,405 £ 0,003 dB, Therefore, atter the transmission path was inserted, the
rotary-vane attenuator could be adjusted to give approximately the same
power level at the detector and small deviations from this power level could
be accurately read from the VSWR meter or X-Y recorder.) The cali-
brations of the X and Y axes were checked, and no recalibration of the re-

corder was required, This completed the alignment and calibration of the

cquipment,




With the generator and load directly connected, the initial load
power signal was recorded (see Fig. 6). As a result of the calibration

procedure, the recorder signal 'S is given by

's=101o0g (‘C'P), (30)

where !C is a conversion factor determined by, among other thiags, the
variocus 1nstrument control settings and the oscillator frequency. Within
the linearities and stabilities of the measurement system and since the
rotary-vane attenuator is the only control adjusted during the insertion-
loss measurement, the conversion factor is a function only of the oscilla-
tor frequency and the rotary vane attenuator setting, The generator and
load were then connected to the two horns; the rotary-vane attenuator
was adjusted to an integral setting such that the final signal was within

2 G2 of the initial signal; and the final signal 'S was recorded. The

final signal is related to the final load power by

*'s = 10 log (C'F.), (31)

where ‘C differs from !C only by the change in the setting of the rotary-
vane attenuator. Since the initial setting °f the rotary-vane attenuator
was 15 dB, the final setting was 5 dB, aad ri.e calibration uncertainty

for the 5 dB to 15 dB step of the attenuator was = 0.1 dB throughout the
4,0 GHz to 6,0 GHz range,

'S =10 log ('CfP_) +(10.0 + 0,1) dB, (32)

36.
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Tuerefore, by combining {(32) and (30).

10 log(‘rrip)t>= (‘s - sy - (10.0 + 0,1) dB, (33)
Without changing the rotary-vane attenuator setting, the trans-
mitter was slid back and two more ''final" load power signals were re-
corded, one for a separation of 150 cm and the other for a separation of
200 cm. Then the generator and load were re-coupled and another
"initial'' load power signal was recorded to provide a ''check’' on the
drift of the system, Since less than 10 minutes had elapsed between the
two recordings of the "'initial'’ load power signal, it is not surprising that
the two recordings were within + 0,02 dB of their averaged values, though
it is possible that the drift was larger and was cancelled by a difference
in the connector and adapter losses ol the original and later couplings

of the generater and load.,

To provide estimates of the uncertainty limits for the mechanical
and positional stabilitics of the generator and load and for the repeatability
of the connectors, the generator and load were coupled together about ten
times, rotating the connectors and the adapter between each coupling. Tor
each coupling, the leveling coupler and load combination was moved and
twisted while observing the load power signal. The maximum changes
that could be produced in the load power signal by these procedures were

within 2+ 0,1 dB, This relatively large variation is attributed to the fact that

the leveling coupler was an old model with rather poor connectors,

So that estimates could be made for the uncertainties in the align-
ment of the direction angles of the horns, the E-plane and H-plane radia-
tion patterns of thc horns were measured over a range of about 5 degrees
from the radiation axis, {(Sce Scction A3 for the results and discussion

of the E -plane pattern measurements,)



Because ail of the components of the generator and load are
broad-band, the spectral width of the fundamental frequency output of the
oscillator is not critical, However, harmonic frequency outputs from the
oscillator could cause substantial errors. The level of the first harmonic
frequency output of the oscillator was measured to be about 50 dB below
the fundamental for fundamental {requencies of 4.0, 4.2, and 4.4 GHz
and more than 60 dB below the fundamental for the other fundamental

frequencies.

Al.2.3 Determining the Free-Space Insertion-l.oss.

The free-space load power ‘P_, could be determined by measur-
ing the conversion factor 'C (or 'C), but this is not necessary since only
the ratio of the initial and final load powers is needed and the conversion
factor of the metering equipment cancels out of this ratio. Since the per-
turbations in 'S that result from multipath interference are equal to the

corresponding perturbations in the decibel value of P,

5, =10 log (*C'PL,) = 101log ('CTP,) - (10.0+0,1) (34)
and

t
P
10 10g<1—Pj‘9'>:(fS» - 'g) -(10.0 £ 0,1) (35)
L
where ‘S, is the final load power signal with the multipath interference
perturhations averaged ..t and is the signal that would result from free-

space pov r transmis: on.

Unfortunately, the process of averaging out the MPI pertur -
pmations is not a straight-forward procedure. There is the anno,i g possi-
bility that the gain function of the horns will have periodic variations with
respect to frequeucy, and a serious error could result if the correspond-
ing variations in 'S were mistaken for MPI perturbations and were
averaged out. In fact, such periodic variations in the gain functions of

small horns have been strongly sugpested by previous horn-gain

’SH.
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12, 17
measurements and are also strongly suggested by the curves of

Fig. 6. By comparing the recordings of the final load power 8ignal for
the three separation distances, it is evident that the large, long-period
variations in 'S do not change as the separation distance is changed by
large amounts. This means that these variations are not due to MPI and
should not be averaged out. Since the small, short-period variations in
'S are dependent on separation distance, they represent perturbations
caused by MPI and they are averaged out to obtain 'Sy, which is re-

presented by the dashed lines in Fig. 6.

Considering this gain measurement alone, the large long-
period variations in ‘S, cannot be definitely attributed to the gain function
of the horns. Because the mismatch function was not evaluated for this
measurement, the possibility that the variations in question are due to
mismatch cannot be excluded. However, from previous gain measure-
ments on these horns in which the mismatch losses were completely
evaluated and also !1um the more accurate gain measurements for these
horns presented in Section Al.3, it is known that these variations are

~v+ arily due to the gain function of the horns,

Even though it is good practice to record ‘S for several separa-
tion distances (since this additional information is useful in establishing
which variations in the received power are due to MPI), it may not always
be conveniznt or feasible to do this. For a well-designed gain measure-
ment, however. the periods of the significant MPI components will be

calculated and the measurement will be designed accordingly so that there

will be no confusion hetween the gain variations and the MPI perturbations,

Then it will not be necessary to record 'S for more than one separation

distance. (See the discussion in Section Al,5).

39.
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RECORDED SIGNALS FOR HORN-GAIN MEASUREMENT
(COAXIAL-WAVEGUIDE, SWEPT-FREQUENCY)
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Fig, 6. Recorded Signals for Horn=Gain Measurement
(CoaxialeWaveguide, Swept-TI'requency)
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Al.2.4 Computing the Gain and Assigning the Uncertainty Limits.

From the footnote on page 34, the gain of each horn is within
+ 0,01 dB ofVGTG., and it will be assumed that the gains are identical,
Then, from (3),

101og G = 5log N +5logM + [10 log (41r) - 5 log (DR)]

t
- 10 log A + 5 log (—r%m) , (36)
L

where 5 log (DR) and 10 log (47 r) have been grouped together because
these terms contain all of the orientation variables, Below, a sample
cain computation and assignment of uncertainty limits for 4.0 GHz is
made using 'S, data for the 150 cm separation distance. The results
are shown in Fig, 7 along with the results for a number of other fre-

quencies.,

The near-zone correction, 5 log N, is given by Fig. 20 in

Section A4, For 4,0 GHz and r = 150 cm and using the conservative

estimate of £10% for the uncertainty limits, 5 log N =0,40 = 0,04,

Since none of the quantities in the mismatch factor were measured,

only estimates for the upper and lower bounds for 5 log M can be de-
termined, From manufacturer's data on the waveguide components, it
is estimated that a reasonable upper limit for |T| for the generator ,
load, and both horns is 0,2 for any frequency within the 4.0 GHz to

6.0 GHz range. A lower limit of zero is assumed for 'TI for each horn,

Trlo = ITwle = ITalu = [T |y = 0.2 in (7), and substituting
[Ty |4 =Tyt =0 and |[Tg|y =T |y = 0.2 in (8) gives 5 log M = 0.00 = 0,60,

Substituting

t It should be mentioned that, contrary to recommended practice, the
leveling coupler used in this gain measurement did not have very "iigh dir-
ectivity. The minimum directivity of the coupler was only 20 dB, For
this coupler, Sz3; was 0,08 or less, and (9) gives a maximum effective re-
flection coeffieient magnitude of 0,18 for the generator port. Since low
reflection coaxial-waveguide pads have a |I'| of less than 0,1 in the
4,0 to 6.0 GHz range, it would have been better practice to have added
a low-reflection pad to the output of this leveling coupler. Also, a low-
reflection pad should have been used to provide a better-matched input
port for the load, 42,




In assigning values and uncertainty limits to the orientation
variables D, R, and r, it will be assumed that the values of D and R are
one. (Since the antennas were aligned geometrically, the assumption
that the value of D is one is equivalent to the assumption that the geo-
metric and electromagnetic axes of each horn are the same. The
assumption that the value of R is one is equivalent to the assumption
that the horns have identical polarization parameters ) From the
measured patterns of the horns and estimating that the four direction
angles (two for each horn) were all 0.0 + 0,1 degree with respect to the

common transmission axis, the power loss due to directional ris-
+ 0,00

alignment is estimated to be less than 0,04 dB, Then 5 log D = 0,00 0.02"

The uncertainty in the rotational alignment is also estimated to be

less thant 0,1 degree, and since R varies slowly with the rotation angle,
no uncertainty is assigned to R. Then 51log R = 0,00 + 0,00, The une
certainty in the 150 cm separation distance is within +0.1 ¢cm; and
neglecting this emall uncertainty, 10 log4nr = 32,75 £ 0,00, Therefore,

+ 0,02
[10 log (41r) - 5 log (DR)] =32.75 _ 4 00"
- .

The uncertainty in the frequency is within £+20 MHz., This
corresponds to an uncertainty of 0,59 in the 7.49 cm wavelength for
4.0 GHz (and somewhat less uncertainty for the other frequencies).

Therefore, 10 log A = 8,75 + 0,02,

A number of uncertainties are involved in determining

10 log (' P, /iPL). which is the negative of the ingsertion-loss,

One of these uncertainties is the £ 0,1 dB uncertainty in the power-level
change produced by the rotary-vane attenuator, and this uncertainty
is included explicitly in (35). Estimates for the other uncertainties

are as follows:

43 .




Uncertainty in determining 'Sq - + 0,10 dB

Uncertainty in (fSq - 'S) due tc - +0,10dB
the frequency u.nccrtainty'r

Noise on 'S - + 0,02 dB
Y -axis calibration uncertainty - + 0,02 dB
Time and Temperature stability - t 0,05 dB

of the generator and load
Also, from the approximately known deviation of the detector
from square-law response, a small correction of -0,02 = 0,01 dB is added
to (*Se - !S)., From Fig. 6, the value of (fSq - 'S) is -4.62; therefore,
(fSy - 'S) = -4,64 £ 0,30 dB., Then, from (35), the negative of the
insertion-loss is -14,64 + 0,40; and 5log (*P_o/'P_) = -7.32 = 0,20,

The effects of violations of the conditions (sec¢ page 6) on (3) and
(36) have not been well enough determined herc to permit convincing es=
timatés to be made for the corresponding uncertainties, Therefore, the
following estimates are relatively subjective., Referring to page 37, a
net uncertainty of +0,1 dB in the measured inscrtion-loss is estimated
for violations of conditions (a), ideal waveguide leads and connectors, and
(b), stable generator and load. As noted on page 38, the spectral width
of the fundamentai frequency output of the oscillator is not critical, and
no uncertainty is assigned for the finite spectrum width of the fundamental
frequency. Spurious frequencies, other than the first harmonic, werec not
measured but are assumed to be negligible, The measured first harmonic
levels could cause a few hundredths of a dB error in the measured
insertion-loss only for the fundamental frequencies of 4,0, 4,2, and 4,4;
and + 0,04 dB is assigned for violations of (c), single sinusoidal frequency,
Then the estimated uncertainty in the gain due to violations of (a), (b), and

(c) is £ 0,07 d3.

The uncertainty in (S - 'S) due to the frequency uncertainty is de-
termined mainly by the slope of Sy and is actually much less than
+ 0,1 for 4.0 GHz, The estimate of = 0,1 dB is estimated to be the
worst case for any frequency in the band.

44,




As estimated above, all of the individual uncertainty limits, ex=~
cept the uncertainty limits for N, are worst-case limits that apply to
any frequency in the band, Then, using the worst-case uncertainty
limits for N of 0,08 at 5,8 GHz, summing the individual limits, and
rounding off the totals, the absolute uncertainty limits estimated for any
frequency in the band are +1,00 dB and -1.00 dB, Because most of the
individual uncertairties were conservatively estimated and because there
are so many indcpendent sources of uncertainty involved, these total un-
certainty limits arc cor.sidered to be unreasonably conservative, It is
felt that 2 more reasonable estirnate of the combined limits of uncertainty
can be obtained by taking the root-sum squaref of the individual uncer-
tainty limits, 18, 19 This procedure is complicated by the fact that the un-
certainty limits statcd for M are actually the sum of a number of in-
dependent uncertainties, For purposes of illustration, an approximation
to the root-sum-squre of the individual uncertainty limits can be obtained
by considering the uncertainty limits for 5 log M to be the sum of four
independent uncertainties with limrits of +0,15 each and by grouping the
other uncertainties to give four uncertainties of +0,1 each., Then, thc
'root-sunmi-square uncertainty limits” for the gain values are approxirnately
+ {4(0.,15)* + 4(0,1)® L +0,3€¢ dB., (A more detailed computation gives
limits of +€¢,33 and -0,28). The gain values for this measurement do not

differ by more than 0,25 dB froin the corresponding values for the more

accurate measurement described in Section Al,3,

Technically, one should take the root-sum-square of the individual per-
centage limits of error and then convert this number to dB. But, for
small individual limits of error, the root-sum-square of the individual
dB limits provides a good approximation to the dB value of the root-
sum-squdarce of the individual percentage limits,
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Al.3 Swept-Frequency Horn-Gain Measurement Using Hollow-

Waveguide Components.,

Al.3.1 Equipment.

Aside from using hollow-waveguide components in place of the
coaxial-waveguide components and except as noted below, the equipment
was the same as that shown in Fig, 5 and described in Section Al.2.1,
For the hollow-waveguide measurement, the output component of the
generator was a 10 dB, high-directivity directional coupler, and the
input component of the load was the input isolator of the isolator-
attenuator combination., The horns, with the coaxial-waveguide to
hollow-waveguide adapters renioved, were the same as those used

previously,

Al.3.2 Procedure.

Except as noted below, the procedure was the same as that
outlined in Section Al.2.2. For the hollow-waveguide-measurement,
ice-packs were placed around both detectors for improved thermal
stability. (By a simple procedure that need not be described here, it
was established that there was no significant difference in the square-
law response of the load detector at room temperature and at 0°
centigrade.) Also, the absorption ''pips'' produced by the cavity wave-
meter used to calibrate the frequency axis were recorded at 200 MHz
intervals (see Fig. 8), and the ”free-spa.(:e"‘r |F|'s for each horn

and for the load were measured for each of these frequencies. Other

t  When measuring |T‘, | and |1"p l the horns were pointed into a wall

of radiation - absorbing material; and the distance to the absorbing wall
was varied for each frequency to evaluate the effects of the back-scatter
from the absorber. The back-scatter caused variations of less than 0,002
in the measured values of I | and |T‘ql.

tt The reflection coefficients for these two horns differed by less ‘han
0,01 in magnitude at these frequencies, but differences as large as 0,05
have been measured for X-band horns of nearly identical construction,

16
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differences in the procedure were that ‘S, was recorded for only one
separation distance (150 em) and that a (13.0 £ 0,1) dB change in the
rotary vane attenuator was used. It was not necessary to remeasure
the patterns of the horns, of course; and the harmonic output of the

generator was assumed to be the same as before.

Al.3.3 Computing the Gain and Assigning the Uncertainty Limits.

For the ccaxial-waveguide measurement, the uncertainty
limits for the gain were stated in terms of the worst-case limits for
any frequency within the band because the fractional variation of the
uncertainty limits with frequency was small. For the hollow-waveguide
measurement, however, the fractional variation of the uncertainty
limits is more important; and separate limits are stated for each fre-
quency. Otherwise, the gain computation and the assignment o the
uncertainty limits is essentially the same as for the coaxial-waveguide
measurement. Fquation (37) is used instead of (35) because a different
""step'' on the rotary-vane attenuator was used for the hollow-waveguide

measurement:
'p
10 log T;“’— = ('S, -'S) - (13,0 1 0,1) (37)
L

The sample computation below is for 5.0 GHz and the results are shown

in Fig. 9.

From rig, 20 in Section A4, the near-zone correction is

5log N =6.00 + 0,06, where the conservative estimnate of + 10% has been

used for the limits.

All of the reflection coefficient magnitudes were small so that

(6) can be used to compute the mismatch factor. For the leveling

coupler used in this measurement, S., was less than 0,025 and the

directivity was greater than 40 dB for all frequencies. Therefore,
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from (9), |Te;| was less than0.035, The measured values for the other
|T|'s were |Iy| = |Ty| = 0,08 %0,01and |, | =0,03£0.01, The un-
certainty limits for these IPl'l are small enough to be ignored, but this
may not always be the case and then a little caution is necessary when
substituting into (5) or (6). For purposes of illustration, the limits for

t e |T|'s will be assumed to be significant. Noting that the first bracket of
(6) is a correction factor which will be uncertain t¢ some extent because
of the uncertainties in |I'; | and |T, | and that the se-ond term contributes
only to the limits for M, the measured value and its bounds for [T} | = Te |
should be substituted into the first term while only the upper bounds for
the [I‘l's should be substituted into the second term. Then,

M~ |142(0,08 £+ 0,01)3+ 2 |(0,035)(0.09) + (0,09)(0,04) + (0.035)(0.04)]
= 1,0130 + v,0032 + 0,0143 = 1,0130+£0,0195
and 5logM ~ 0,03 £0,04,

The val-es and limits for the orientation variables, D.R. and r,

are the same as before,
The uncertainty of 0, 1% (0,004 dB) in the wavelength is negligible.
Therefore, -10 log A = -7.78 = 0,00,

in addition to the 0. 1 dB uncertainty in the power-level change pro-
duced by the rotary-vane attenuator, the uncertainties listed below are

estimated for the negative of the insertion-loss, 10 iog (P _o/'P,).

Referring to (37):
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Uncertainty in determining ‘S, - +0,10dB

Uncertainty in ('So - 1s) - 0,02
due to the {requency uncertainty

Noise on 'S - + 0,02
Y -axis calibration uncertainty - negligible
Time and temperature stability - + 0,02

of generator and load
Deviation of the detector from - negligible
""square-law'' response
From Fig. 8 the value of (*Se - !S) is - 0.54, therefore,
('So -!8) =-0.54+0.16. Then, from (37), the negative of the insertion-
loss is - 13.54 £ 0,26; and 5 log ("P/'P. ) = -6.77 + 0,13,

For violations of (a), ideal waveguide leads and connectors, and
(b), stable generator and load, a net uncertainty of £ 0.02 dB is
estimated in the measured inaert{on-loss. Urcertainties due to
violations of (c), single sinusoidal frequency, are estimated to be neg-
ligible (sce page 44). Therefore, + C,01 dB is assigned to the gain for

violations of (a), (b), and (c).

Because most of the individual uncertainties were conservatively
estimated and because there are so many independent sources of un-
certainty involved, it is felt that a reasonable estimate of the combined
uncertainty limits is obtained by taking the root-sum-squre of the

18,1
819 Ihe gain values in Fig. 9 were com-

individual uncertainty limits.
pared to the corresponding values obtained from an earlier swept-
frequency measurement performed for these same horns using a different
range, a separation of about 100 cm, and different (hollow-waveguide)
components for the generator and load. The largest disagreement be -

tween these two independent measurements was 0.08 dB,

51,



e

Al.4 Fixed-frequency Horn-Gain Measurement Using Hollow-
Waveguide Components,

Al,4.,1 Equipment,

The equipment was the same as that used for the hollow-waveguide
measurement described in Section Al,3 e: zept that the X -axis of the re-
corder was dir.ven by a voltage that was a function'f of the position of the
pedestal along the rails. (This voltage was obtained by a 10-turn poten-

tiometer geared to the pedestal movement. )

Al.4.2 Procedure,

Except for the X-axis calibration, the equipment was aligned and
calibrated as before, For the fixed-frequency measurement, the X-axis
controls on the recorder were adjusted so that a pedestal movement of
about 30 cm gave a deflection of about one major division on the X-axis.
Then the separation distance was set at 150 cm.

With the generator and load directly coupled and with the oscillator
tuned to successive fixed frequencies of 4.0 GHz, 4.2 Gliz, etc. (as read
from the dial of the oscillator), the initial signals 'S were recorded by
using tle X-axis zero control to make a horizontal mark through a vertical
division for each frequency (see Fig. 10). The initial signals are the shorter
of the two horizontal marks through each vertical division. The genecrator
and load were then connected to the antennas; 14,0 £ 0,1 dB of attenuation
was removed from the rotary-vane attenuator; and the above procedure was
repeated to record the final signals ‘S, which are the longer of the two
horizontal marks through each vertic.'! division, (While recording the initizl
and final signals, the system drift was checked frequently by retuning the

oscillator to 4.0 GHz.)

f-
The X-axis deflection need be only roughly linear with the pedestal

rmnovement,
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Using 5.6 GHz for illustration, because the MPI was greatest for
this frequency, the free-space signals 'So were determined by the following
procedure. The oscillator was retuned to 5.6 GHz and the X-zero con-
trol was adjusted so that the pen was directly above the vertical division
corresponding to this frequency. (If any system drift had occurred, the
Y-zero control was adjusted to obtain the same 'S recorded earlier.)

The pedesta'l was then slid away from the 150 cm position, the recorder
pen was '"dropped'', and the pedestal was slid back through the 150 cm
position to record the variation of 'S with separation distance., The pen
was lifted, and the pedestal was returned to the 150 ¢cm position. (To
eliminate any error due to ""backlash'' in the gearing of the potentiometer
the pedestal was always moved to the 150 cm position in the same direction
that it was moved to obtain the recording of 'S versus separation distance.)
The MPI perturbations on the recording of 'S versus separation distance
were averaged-out graphically as shown in Fig. 10, and 'Sc for 5.6 GHz
ard r = 150 cm is given by the intersection of the resulting curve and the
major vertical division, For 5,6 GHz, 'S, happens to be equal to fS

at 150 cm. _

From the original recording, which is on a scale of one major
division per inch, it is possible to determine fS, to within a few hundredths

of a dB.

Al,4,3 Computing the Gain and Assigning the Uncertainty Limits,

The gain computation and the assignment of the uncertainty limits is
essentially the same as in the previous examples, The results of the com-
putation are not shown here because these gain values are less accurate
than the values listed in Fig, 9, (For reasons that are unimportant here,
the frequency dial of the oscillator was only accurate to within £+40 MHz

for this measurement.,)
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Al,.5 Discus¥ion,

Al,5,1 The Periodic Gain Variatiqns.
Referring to Figure 6 or 8, it is evident that the gain of the

horns as determined from any one of the Sy curves will have periodic
variations of about U.4 dB, peak-to-peak, as a function of frequency. Even
though these variations are not much outside the stated uncertainty limits
for these gain measurements, it is known from some further experimen-
tation that the indicated gain variations are real. (Six independent gair
measurements performed on these same horns have each shown almost
identical variations despite radical differences in the matching condition¢
at the generator and load ports and in the range configuration.) The the-
oretical gain values for these horns (expressed in dB) are almost linear
with frequency, and the measured gain values display roughly sinusoidal
variations around the theoretical values,

In one series of experiments, various amounts of slightly-
lossy foam were placed inside each horn between the aperture and throat,
These absorbing ''plugs'' reduced the large, long “eriod variations in
Se considerably, which suggests ctrongly that the variations are caused
by an interaction between the aperture and throat of each horn, Although
this interaction would actually be quite complicated, the period of the gain
variations is consistent with the interpretation of this interaction as being
qualitatively the same as the interaction between two waveguide discontinuities
separated by the aperture-to-throat distance. By the same procedure used

to derive (27), the period of this variation should then be given approximately

by
a, = 3 (38)

20L
where Af, is the frequency change in GHz corresponding to one period and
L is the length of the flared portion of the horn in meters. For the horns
used in these measurements L is about 0. 25 meters, and (38) would predict

a period of 0,6 GHz for the gain (or insertion-loss) variations, This pre-

diction is in surprisingly good agreement with Figures 6 and 8, and (38)
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also provides equally accurate predictions of the period of the gain vari-

12
ations for the other '""NRL" ~ design horns,

Al,5.2 Measurcment Design,

The measurements discussed here were based on the design for-
mulas presented in Section 4, Some recapitulation of the design criteria
for the swept-frequency gain measurements may be of interest.

The gain voriations discussed in the last paragraph are parti-
cularly troublesome, Because of them, it is a practical necessity to use
swept-frequency techniques to accurately determine the gain of small horns
over their full bands; but the gain variations also make the swept-frequency
gain measurements more difficult, The MPI perturbations should have much
shorter periods than the gain variations if the MPI perturbations are to be
easily recognizable and thus averaged out without ambiguity. This means
that the path-length differences for all of the significant MPI components
must be several times larger than twice the flare-length of the horns
(twice the longer flare-length if the horns are different). In other words,
the frequency change Af required to produce a perturbation cycle for any
MPI component must be several times smaller than Af, given by (38),

Considering the mutual MPI for the horns under discussion here,
which have flare-lengths of about 0,25 meters, (27) shows that Af, will be

1-
about one fourth of Af, at a separation of only 100 cm, However, (22)

Referring to the S curve for 100 cm in Fig. 6, it will be noted that Af,
is actually about 0,1 GHz rather than 0,15 as preducted by (27), If the
throat-to-throat distance rather than the aperture-to-aperture disiance is
used for s in (27), then the predicted and observed values for Af, agree
closeiv. This appears to be true for pyramidal horns in general and
suggests that the scattering occuirs, predominantly, neer the throats of
these hoins,
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indicates that the magnitude of the mutual MPI perturbations at 100 cm,
which is about a® /A for ¢ GHz, could be as large as £ 0,5 dB, 8o a larger
separation distance is desirable, Considering the MPI from the floor or
ceiling, each about 1,5 meters from the transmission axis, (26) shows
that Af; will be less than one fourth of Af, if the separation distance is
less than 1,5 meters. From the patterns of these hox‘m12 and from (18),
the interference level for either the floor or ceiling component should be
no larger than -45 dB, which corresponds + 0,05 dB perturbations, for
separation distances out to 200 cmn, As brought out in the next two para-
graphs, the other sources of MPI should be less tronblesome than the
three components discussed so far, It follows then that a separation dis-

tance of about 150 ¢cm, and probably out to about 200 cm also, should

produce the best results for this measurement, These predictions are con=

firmed fairly well by Fig. (6).

The path=length differences for all of the MPI components from the
side directions were at least as great as the path-length differences for
the ceiling and floor components, which insures that the perturbation
period for these components is short enough. The MPI level for the
scattering components from the side directions should be quite small for
the following reasons: the walls of the room were far enough away to be
relatively unimportant as sources of interference; to a large extent the
walls of the room were hidden behind benches, cabinets, etc,, which tend-
ed to produce 2 number of very small interference components from the
side directions rather than two larger components; and the horns were
oriented with vertical polarization so that the transmission and reception
in the side directions was greatly reduced due to the H-plane pattern
levels, which are much lower than the E-plane pattern levels for these
horns for angles greater than 30 degrees.

Consider the field that is scattered back to the transmitter region
from the absorbing wall behind :he receiving aperture and then re-

scattered to the receiver from the transmitting antenna and the absorbing

o¥(.3
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wall behind the transmitting aperture. Unless the absorbing walls are
moved with respect to the antennas, this MPI component will be essentially
indistinguishable from the mutual MPI component because it will have
essentially the same perturbation period as the mutual MPI component.
This MPI component (which is due to multiple, back-and-forth scattering)
is usually not significant when high performance absorbing materiais are
used for the walls, and it would not be 2 problem even if it were not neg-
ligible because its perturbation period is sufficiently small, However,
fields scattered directly from the absorbing walls to the receiving aperture
can be a problem if the back-lobes of the patterns of the antennas are not
small, Consider (1) the back-lobe radiation from the transmitting apex-
ture that is scattered directly to the receiving aperture from the absorb-
ing wall tehind the transmitting aperture and (2) the directly scattered
radiation from the absorbing wall behind the receiving aperture that is
received due to the back-lobe of the receiving aperture. These MPI com-
ponents can be very troublesome because their perturbation periods will
be long (approximately the same as the period of the gain variations). Even
though the level of such interference should be insignificant for most horn
gain measurements, and this one in particular, it should be definitely
established by experiment that such interference is insignificant, This is
easily done, provided that the absorbing walls have been constructed so
that they are movable, by moving the absorbing walls with respect to the
horns to introduce phase reversals for these MPI components. This was
done for the gain measurements described here, and no interference per-

turbations could be detected.
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Al,5.3 Improvements.

There are several obvious improvemenis that can be made in the
range, equipment, and procedure to obtain higher accuracy gain measure-
ments:

(1) The use of a larger range will not only reduce the un-
certainty associated with the near-zone correction but will reduce the un-
certainty involved in averaging out the MPI perturbations in ‘S because
the period of these perturbations will then be smaller.

(2) The need for the calibrated RF attenuator can be avoided
by uging a detecting and metering system with sufficient dynamic range
(about 20 dB). The dynamic range of the system used here was only
about 10 dB (for a 0,01 dB deviation from square-law response ci the
crystal), and there are a number of simple detecting and metering
systems that will provide at least a 10 dB improvement over this system.
In addition to avoiding the fairly large uncertainty associated with the RF
attenuator, the use of a suitable insertion-loss measuring system can
also achieve a smoother 'S curve, which is quite important for the
following reasons. Most of the ''lumps' in the 'S curves in Fig. 6 and
Fig. 8 are caused by the attenuator-isolator combination. These same
"lumps'' should also show up in the 'S, curves; however, because the
length of these lumps is comparable to the period of the MPI variations,
these lumps cannot be accurately resolved for some frequencies. For in-
stance, referring to Fig, 6, the lump at 4.%2+ GHz is not accurately re-
solved on the 'S, curves, By contrast, the lump at 4,46 GHz is fairly
well resolved because the MPI perturbations are small for this fre-
quency.

(3) Electronically tunable band-pass filters using yttriume-iron-
garnets ("'YIG' filters) are commercially available that can be made to

track the fundamental frequency of the sweep oscillator over octave
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frequency sweeps, Thus, uncertainties due to spurious frequencies and
harmonic frequencies can be effectively eliminated.

(4) Automatic electronic frequency meters are commercially .
available that can be used to drive the X-axis of the recorder to pro-
vide a very accurate, direct reading, frequency axis,

(5) The uncertainties that arise because of a ''lumpy'’ 'S curve,
discussed under (2) above, can be avoidcd by subtracting S from fS be-
fore averaging out the MPI perturbations, That is the MPI perturbations
would be averaged out from the quantity 10 log (P, /*P,) as given by
equation (33). If an analog to digital converter is used to digitize the
initial and final load power signals, this procedure can be done by
computer and the MPI perturbation averaging and gain calculation can

also be done by computer,
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A2. Determining P, o by Averaging the Perturbations ir. the
Received Power.

The discussion in this appendix concerns the inherent in-
accuracies involved in determining P g by simply averaging out the
MPI perturbations in the received power. That is, a perfectly regular
perturbation is assumed, and only the accuracy of the averaging pro-
cess is considered.

Provided that the perturbations in the received power are no
larger than about = 0,5 dB, there is little error involved in obtaining
P_o by averaging the extrema of the perturbations., Furthermore,
either the load power or the load power expressed in dB can be averaged
to obtain P_g. The qualitative truth of these statements is evident, but
a numerical example should be worked out to establish the lirmits of
accuracy involved.

For simplicity, assume that only one interference voltage is
present. Using 10 Log P_o as a reference, the curve in Fig. 11
iliustrates the approximately sinusoidal variation in 10 Log P, around
10 Log Y s as the phase angle ( is varied by 360 degrees. Specifically,
e curve of Fig, !l is for an intertference voltage ievel * = 0,06, which
corresponds to a power interference ratio (PIR) - p = 1,0436 dB. The
upper dashed line in I"ig, 11 represents 10 Log P 5, as deiermined by
avcraging the extrema of the load power and expressing this average in
dB. The lower dashed line represents 10 Log P s as determined by
averaging the extrema of 10 LLeg Py . (The "perfect'" symmetry of the

1

dashed lines with respect to 10 Log FP_e is not '""real', it is due to

round-off,)
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Figure 11, Illustration of the Inaccuracies Involved in

Determining P o by Averaging the Extrema of the
MPI Perturbations in the Received Power.
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A3, Boresight Errors Due to Multipath Interference.

During the gain measurements discussed in Section Al, the re-
ceive horn was rotated through plus and minus five degrees in both the
E-plane and H-plane to detecrmine the power variation as a function of
the direction angles. For these measurements the separation distance
was 150 cm, and the back-and-forth scattering between the antennas is
by far the largest source of multipath interference for this separation.
For simplicity of discussion it will be assumed that the mutual MPI is

the only interference component,

Due to the construction of the antenna rotator and the antenna
mounting brackets, neither axis of rotation passed through the phase
center of the antenna. Therefore, significant changes in the separation
distance occurred as a result of the antenna rotation. The axis for the
H-plane rotation passed through the antenn: transmission axis (about
40 cm behind the aperture), which means that the change of separation
distance with H-plane rotation will be zero in the boresight direction.,
Therefore, there should be no phase changes between the direct com-
ponent and the mutual MPI component that would affect the ''boresighting"
in the H-plane. This proved to be true, and the H-plane boresijht direction
agreed to within about 0,1 degree with the geometric axis of the antenna,
However, the axis for the E-plane rotation passed throu~h a point about
40 cm behind the aperture plane and about 25 c¢cm below the transmission
axis. This means that the mutual MPI component will undergo about a
180 degree phase change for a five degree rotation in the E-plane. The
corresponding effect on the E -plane boresight direction is shown in
Fig. 12 for four frequencies, Two of these frequencies, 4.8 GHz and
5.0 GHz, were chosen because the mutual MPI component is small for
these frequencies; and, as expected, the boresight direction agrees
closely with the geometric axis. The 5.6 GHz and 5.8 GHz frequencies
were chosen because the mutual MPI component is large for these
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frequencies, and Fig. 12 shows that the boresight direction differed
by about 1 degree from the geometric axis for 5.6 GHz,

Figure 13 shows the MPI perturbations in the received power
for frequency sweeps for a number of E-plane rotation angles. ( Merely
to separate the curves for better display, the Y-axis zero was adjusted
by about 1 dB for each degree of rotation.) In particular, the changes
in the MPI perturbation with rotation angle at 5,6 GHz should be noted.

When making gain measurements in the near-zone, it is good
practice to align horn antennas geometrically. If it is necessary to
align them by ''peaking'' the received power, it is important that the
rotation axes pass through the transmission axis (at a point as near
as practicable to the phase center of the antenna and that the boresighting

be accomplished using a frequency for which the MPI level is minimum.
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A4, Near-Zone Correction Data.
Figures 15 and 16 were obtained by graphing the tabular data l

provided by Chu and Semplak, (If the reader refers to Chu nnd Semplak's
paper, it should be noted that symbols used for the parameters in 4
Figures 15 and 16 are different from those used by Chu and Semplak.) 1

Figures 15 and 16 are applicable only to the case of power trans-
fer between identical pyramidal horns. The gain correction (5 log N) for
each horn is the sum of the H-plane and E-plane corrections, Referring
to Fig, 14, the E and H parameters are computed from the aperture di-
mensions and the slant heights, The horizontal axis in Figures 15 and 16
are the logarithims of the separation distance expressed in Rayleigh
lengths corresnonding to the apertire dimensions a and b respectively.

For swept-frequency gain measurements, one wishes to know the
gain correction as a function of frequency at some fixed distance suit-
able for the measurement, Figures 17 through 22 show the gain cor-
rections as a function of frequency for the commonly used "NRL' design
horns, These graphs were obtained by using Figures 15 and 16. The
separation distances used for each graph correspond, roughly, to

a®/\, 1.5a%/\, and 2a®/\ for the upper end of each frequency band.

Fig. 14, Antenna Dimensions.
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