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FOREWORD 

The Bureau of Radiological Health conducts a national program to limit 
man's exposure to. ionizing and nonionizing radiations. To this end, the Bureau 
(1) develops criteria and recommends standards for safe limits of radiation 
exposure, (2) develops methods and techniques for controlling radiation 
exposure, (3) plans and conducts research to determine health effects of 
radiation exposure, (4) provides technical assistance to agencies .responsible 
for radiological health control programs, and (5) conducts an electronic product 
radiation control program to protect the public health and safety. 

The Bureau publishes its findings in appropriate scientific journals and 
technical report and note series prepared by Bureau divisions and offices. 
Under a memorandum of agreement between the World Health Organization and the 
Bureau.of Radiological Health, the Bureau became a WHO Collaborating Center for 
Standardization of Protection Against Nonionizing Radiation. As a WHO 
Collaborating Center, the Bureau makes available its technical reports and notes 
to participating WHO members. 

Bureau publications provide an effective mechanism for disseminating 
results of intramural and contractor projects. The publications are distributed 
to State and local radiological health personnel, Bureau technical staff, Bureau 
advisory committee members, information services, industry, hospitals, labora
tories, schools, the press, and other concerned individuals. These publications 
are for sale by the Government Printing Office and/or the National Technical 
Information Service. 

Readers are encouraged to report errors· or omissions to the Bureau. Your 
comments or requests for further information are also solicited. 

irector 
Bureau of Radiological Health 
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PREFACE 

The Division of Electronic Products of the Bureau of Radiological Health 
studies and evaluates emissions of and conditions of exposure to electromagnetic 
radiation of all frequencies from electronic products. It also conducts or 
supports research, development, tests, and inspections to evaluate, control, and 
minimize such emissions whenever necessary in the interest of public health and 
safety. Measurements of microwave radiation are necessary to enforce perform
ance standards such as that for microwave ovens, 21 CFR 1030.10, for investiga
tions of the need for and development of new regulations, for evaluation of 
potential exposure hazards, and for biological effects experiments. Previous 
methods of calibrating microwave components for such measurements were more 
cumbersome and could not provide high levels of accuracy in applications 
requiring nonprecision, high-power, coaxial components. This report describes 
the methodology by which the Division's Electromagnetics Branch developed and 
implemented a new, more general, precise, and accurate standard for plane-wave 
power density based on concepts developed by Dr. Glenn Engen of the National 
Bureau of Standards. 

Director 
Division of Electronic Products 
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ABSTRACT 

A precise means has been developed for providing an absolute plane-wave 
power density calibration of microwave hazard probes. The method involves the 
use of an anechoic chamber and a waveguide pyramidal horn whose gain has been 
calibrated by the three-antenna method. The power equation techniques developed 
by Dr. Glenn Engen of the National Bureau of Standards were used to provide 
highly precise measurements of mismatches to the various antennas from their 
respective sources or loads. The power equation techniques also provide the 
basis for precise determination of the absolute power delivered to the 
calibrated antenna from an arbitrary high-power source. Since these techniques 
do not require the use of precision coaxial or waveguide components, they are 
well suited to high-power systems. Error analyses are presented for all aspects 
of the calibration system, including antenna gain, absolute power delivered to 
the antenna, and multipath errors. A total system uncertainty of 0.69 dB (worst 
case) was computed for a 2450-MHz calibration system. Future. refinements could 
reduce this uncertainty to 0.41 dB. 
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PRECISE MICROWAVE POWER DENSITY CALIBRATION METHOD 
USING THE POWER EQUATION TECHNIQUES 

1. INTRODUCTION 

Included in the microwave oven performance standard, 21 CFR 1030.10, 
promulgated pursuant to the Radiation Control for Health and Safety Act of 1968, 
P.L. 90-602, is a set of requirements which apply to radiation-measuring 
instruments that are used to determine whether or not a microwave oven is in 
compliance with the radiation emission requirements of that performance 
standard. One of the most significant of these requirements is that the 
instrument be capable of measuring the power density limits with an accuracy of 
±1 dB •. 

The Bureau of Radiological Health's Division of Electronic Products is 
responsible for determining and maintaining the calibration of a large number of 
these power-density-indicating instruments which are used by BRH and FDA 
personnel for both laboratory and field measurements of leakage from microwave 
ovens and other electronic products such as microwave diathermy units. It is 
also responsible for the evaluation of new prototype instruments designed and 
intended for measurements to be made in accordance with the microwave oven 
performance standard. 

As part of the activity undertaken to fulfill these responsibilities, we 
have assembled and evaluated a system capable of performing reliable microwave 
power density calibrations at 2450 MHz for the instruments in question. In 
implementing this system we have made. extensive use of a set of concepts 
developed in recent years by Dr. Glenn Engen of the National Bureau of 
Standards. These power equation relationships are described in the first 
section of this paper. 

We have used these relationships to perform measurements of the path loss 
(power received/power transmitted) between two antennas in an anechoic chamber 
to determine the gains of the antennas. Once these gains were determined, we 
could use the relationship in equation (12) to predict the power density to 
which instruments being calibrated were actually exposed (fig. 1). 

Other aspects of the measurem~nts included the experimental evaluation of 
impedance mismatch in all measurements (again, using power equation techniques); 
the evaluation of a high-power directional coupler which was used to monitor the 
transmitted power; the evaluation of relevant aspects of the anechoic chamber 
performance; and the determination of overall maximum error. 
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Figure 1. Power density calibration system. 
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2. THEORY 

2.1 BACKGROUND 

The essentials of the analytic background involved in the overall 
calibration may be viewed as being comprised of three separate topics: power 
equation concepts, antenna measurements, and directional coupler measurements. 
Of these, the power equation concepts are most significant for our techniques 
and least familiar in conventional measurement; accordingly, they have been 
described at the greatest length. 

2.2 POWER EQUATION CONCEPTS 

The power equation concepts have been developed in recent years by Engen 
and permit fast, accurate measurements of both mismatch and insertion losses 
with neither the restrictive requirements for precision connectors nor the 
cumulative errors associated with the combination of multiple measurements of 
VSWR, impedance, or S-parameters associated with conventional techniques. The 
theory and various application techniques have been well-documented '(1-5). 

2.2.1 Mismatch Evaluation 

In considering the evaluation of mismatch it is useful to examine the 
question of power transfer from a generator/dir~ctional-coupler combination to a 
one-port device (fig. 2). In this case, using power equation terminology, we 
have the relationship (1): 

where: 

= net power delivered by the generator to the load 

= the available power, the maximum power that can be delivered 
to a passive load by the generator 

Mgi = a mismatch factor, which may have any value between zero and 
unity 

(1) 

and Pg, Pgi• and Mgi are all positive real. Further, Mgi is a function of the 
coupler/load combination only and is independent of the actual signal source 
(5). In more conventional terminology (5) 

1 -

where: 

fi = reflection coefficent of the load 

rg = reflection coefficient of the equivalent generator associa
ted with the directional coupler 

(2) 

It should be emphasized that rg, then, is dependent upon the directivity of 
the coupler, among other factors. 

3 
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Furthermore (5), 

(3) 

where: 

P4 = the coupler sidearm power 

ka = a property of the coupler/sidearm-detector combination 

and Pg, P4, and ka are all positive real. It should be emphasized that ka is 
independent of the load at port 2, irrespective of the coupler directivity. It 
is therefore clear that, in general 

where: 

Pf= the power associated with the forward-propagating incident 
power (generator-to-load) component of the signal in the 
coupler main arm 

If a second coupler is added, as in figure 3, Engen has shown (1) that, if 
the generator/coupler combination is terminated in a sliding short such that 

the complex ratio, b3/b4 , is described by a circle having a center at Re and a 
radius R (fig. 4), where 

bn a. Pn ½. 

Thus, 

b c r -± max = p: max = R + !Rel b4 
(4) 

and 

b 

-(:: min r -± min = R - !Rel b4 (5) 

Therefore, by attaching a sliding short to port 2 in figure 3 and measuring 
b3/b4 or P3/P4 and solving equations (4) and (5) simultaneously, one may obtain 
values of Rand Re for the particular configuration. Furthermore, it has been 
shown (5) that, for any passive load 

(6) 

where: 

w = b3/b4 for the load of interest 

5 



so that Mg,Q, in equation (1) could be unambiguously determined by determining the 
values of w, R, and Re. Since w and Re are complex quantities, a phase
measurement capability seems called for in the evaluation of the term lw - Rcl 2 , 
However, by using the tuner shown in figure 3, it is possible to tune out either 
w or Re, thus making the determination of Mg,Q, feasible by measuring magnitudes 
only. Clearly, the extent of one's inability to tune out either w or Re will 
influence the degree of residual uncertainty when magnitude-only measurements of 
b3/b4 are employed. 

In our measurements, we employed a sliding short and a magnitude-measuring 
ratio meter, computing in each case the residual uncertainty resulting from the 
limitations in our tuning ability. We envision the application of phase
measurement techniques in the near future in refining our measurements to 
further mintmize uncertainties. 

2.2.2 Insertion Loss Evaluation 

Figure 5 illustrates a two-port measurement setup in which the generator is 
presumed to include the couplers and tuner shown in figure 3, For this 
configuration we have the relationship (1) 

where: 

Mga 

= the efficiency of the attenuator 

= a mismatch factor between the effective generator and the 
attenuator-load combination 

and Pg and Pg,Q, are already defined. Furthermore, 

where: 

na = the maximum value of na,Q, (as a function of load impedance) 

= another type of mismatch factor, varying between zero and 
unity, which applies between the attenuator and load 

(7) 

Although separate techniques have been developed for the measurement of N
parameters, it has been shown (5) that 

(9) 

a ccndition fulfilled by a component or system exhibiting a large insertion 
loss. The applicability of this approximation may be tested by replacing the 
load with a sliding short and examining b3/b4 for variations as the short is 
moved. 

Combining equations (3), (7), (8), and (9), the desired expression for our 
particular experimental configuration, in which na was very small, is 

(10) 
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where na represents the efficiencies of the transmitting and receiving antennas 
and the path loss of the radiated signal in the anechoic chamber (fig. 6); Mga 
represents the mismatch of the coupler to the transmitting antenna and the 
anechoic chamber in which the measurements were ma4e; Mai represents the 
mismatch of the receiving bolometer to the receiving antenna-chamber 
combination, including the directional coupler used with the receiving antenna; 
and ka is the ratio of the power in the generator-coupler sidearm to the power 
dissipated in a conjugately matched load terminating the generator coupler; P4 
is the power delivered to the generator-coupler sidearm detector; and Pgi is the 
power delivered to the receiving antenna's detector. The M-factors were 
measured as described above; Pgi/P4 was measured with a bolometric ratiometer. 

ka was determined from equations (1) and (3) when the antennas being 
calibrated were removed from the waveguide feeds, and the transmitting system 
and the receiving system (figs. 6 and 9) were connected directly together (i.e., 
na = 1). Pgi/P4 was measured with the ratiometer, and Mgt was measured as 
described above, and the values were substituted in equations (1) and (3), 
yielding ka, 

2.3 ANTENNA PARAMETERS 

The relationships employed in the evaluation of the relevant antenna 
parameters have been well-documented (?-11). The particular far-field relations 
of interest are 

where: 

S = power density (mW/cm2) 

PT= power radiated by the transmitting antenna (mW) 

Gr= gain of transmitting antenna 

r = separati~n distance (cm) 

and 

where: 

Aeff = effective aperture of receiving antenna (cm2) 

A = wavelength (cm) 

GR = gain of receiving antenna 

Further, 

where: 

PR = power received by receiving antenna 

8 
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Then, combining equations (11), (12), and (13) and rearranging 

(14) 

where PR/Pr= na as defined in equation (8). 

Assuming the antennas and the system of interest are reciprocal, it is of 

no consequence which of the two antennas is chosen as the radiator and which as 

the receiver. That is, the same gain, G, applies to an antenna as either 

transmitter or receiver. The gain also implicitly accounts for antenna 

efficiency (resistive losses in the structure of the antenna). 

Using three antennas, in three different sets of two, three empirical 

values can be assigned to the gain products given by equation (14) since rand A 

can be measured and PR/Pr is equal to ,na, Thus, we are left with three 

equations in three unknowns which can easily be solved for the gain of each 

antenna. 

It is most important that it be recognized that the use of two simply 

separable constants to represent the gain p~oduct in equation (14) implies that 

certain far-field conditions exist. So does the application of the calculated 

values of G in equation (11). In our measurements ~.,.e found it most desirable to 

employ waveguide-flares for which separations o:i: .. 1ore than 20 D2 /A could be 

achieved in our anechoic chamber, where D is the maximum dimension of the 

antenna aperture (17.5 cm for the antennas used in the BRH system). 
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2.4 DIRECTIONAL COUPLER MEASUREMENTS 

In the methods employed to determine antenna gain as described in the 
preceding sections, low-power generators and system components could be used. 
In the final operating system, however, as much as 1.5 kW of microwave power is 
needed to establish the desired power density levels. For this reason the final 
step involved the insertion and calibration of a high-power 50 dB directional 
coupler. This coupler was calibrated using Brammall's cascaded coupler 
technique (12), which is illustrated in figure 7. 

Unfortunately, measurement systems that provide a large dynamic range 
frequently sacrifice the high resolution and accuracy required in this 
application because of nonlinearity, noise, and drift. In the Brammall method, 
the necessity for a single 50 di measurement using an absolutely calibrated 
power meter is circumvented by performing a series of smaller ratio 
measurements, only one of which requires an absolute power measurement. The 
desired final situation is one in which the only components remaining in figure 
7 are the generator, the high-power coupler, and the antenna, and in which the 
ratio of P 4 to PA, ·the power delivered t;o the antenna, is known. 

In the first step, the entire system shown in figure 7 is terminated in an 
NBS-calibrated ½ower meter, ~nd the match, Mgm, at the output port is determined 
(using b3 a P3 and b1 a P1 ) after the tuner is adjusted to eliminate either w 
or Re· Mismatches at the secondaries of the various couplers that are unused 
during a particular measurement do not significantly affect the data being 
taken. For the sake of completeness, however, the unused secondaries were 
terminated. Then a power meter of arbitrary calibration but established 
linearity is placed on the sidearm of coupler B, and the ratio Pm/P 1 was 
determined. Then 

where: 

Pm = power read on calibrated power meter at output port 

Pi = reading of (uncalibrated) meter on sidearm of coupler B 

c = (unknown) correction factor required for the uncalibrated 

Mgm 

meter 

= a property of the coupler B/sidearm-detector combination 
and couplers C and D 

= the empirically determined value of Mg£ for the system/ 
calibrated-meter mismatch 

(15) 

Coupler B and the uncalibrated meter are chosen so that the uncalibrated 
meter is reading near the lower limit of its dynamic range when the calibrated 
meter is being ·read. Couplers C and D can be consid~red merely as an extension 
of the output of coupler Bas far as mismatch measurements are concerned. 

Next, the calibrated meter is replaced by the antenna, and the value of MgA 
for this combination is again determined at the output port using b3 and b1. 

Then, with the uncalibrated meter on the sidearm of coupler B, the power is 
increased until the uncalibrated meter reads near the upper end of its dynamic 
range. 

10 
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Now 

where: 

PA = net power delivered to the antenna 

P1 ' = the reading of the uncalibrated meter after the power is raised 

MgA = the mismatch factor of the system/antenna combination 

Combining equations (15) and (16) 

(16) 

(17) 

Then, a second uncalibrated meter of established linearity is placed on the 
sidearm of coupler C. Coupler C is chosen so that, when the meter on coupler B 
is reading near the upper limit of its dynamic range, the meter on coupler C is 
reading near the lower limit of its dynamic range. The ratio P1'/P2 is 
measured, and then the meter is removed from coupler B. Now PA may be expressed 
as a function of P2', the reading of the meter on coupler C, as 

(18) 

With analogous definitions and procedures for P4 and P4
1 

PA= ·P/ (::') (::') (::) (~) (19) 

and: 

p = KP I 
A 4 (20) 

where: 

K • (::') (:~') (::) (~) 
(21) 

Thus, the ratio between the power meter reading and the power delivered to 
the antenna is determined. 

Finally, the value of K is dependent only upon the parameters of 
the final coupler and load; all of the couplers, tuners, etc., may be removed 
from the system and replaced by the high-power generator without changing the 
value of•K in equation (20). 
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3. POWER EQUATION MEASUREMENT SYSTEM 

3.1 SYSTEM CONFIGURATION 

The system shown in figure 8 was used to provide highly accurate mea
surements of the matching parameter Mgt• All measurements were made at fixed 
frequencies of 2400, 2450, and 2500 MHz. A Weinschel model 1810 Ratiometer was 
used to measure the magnitude of the ratio of outputs of two directional 
couplers. A Weinschel double stub tuner placed between forward and reflected 
directional couplers provided a means for tuning out Re or w. Tuner and coupler 
insertion losses prove to be inconsequential in the power equation measurement 
procedure since they are accounted for when the sliding short reference is used 
to determine Rand Re. 

3.2 Mgt MEASUREMENTS 

3.2.1 Sliding Short Imperfections 

The sliding short provides an important- reference (perfect reflection) upon 
which the other power equation parameter measurements are based. Therefore, it 
is necessary to evaluate the effect of sliding short imperfections 0.osses) as 
they affect the accuracy of the subsequently computed value of Mgt· Often an 
adaptor is connected to the sliding short to provide compatability with a 
transmission line or waveguide of a different type than the short. Adaptor 
losses must then be measured and included in the total of sliding short losses. 
The error (e) in Mgt due to an imperfect short (including adaptor losses) is 
insignificant for large values of ~t and standard quality (nonprecision) 
sliding shorts and adaptors. The error introduced by non-ideal components is 
analytically derived in Appendix A. For Mgi ~ 0.97, a sliding short with a r = 
0.98, and an adaptor with intrinsic insertion loss of 2.0 percent, the error in 
Mgt will be less than 0.009 dB. 

The above values represent the worst-case parameter values for all Mgt 
measurements made in conjunction with the power density calibration program. 
The sliding short was evaluated on a slotted line and was compared with a high
quality, fixed, coaxial short circuit. The measurement of the sliding short's 
reflection coefficient need only be approximate, since it has only a second 
order effect upon the accuracy of Mgi measurements for well-matched loads. The 
residual losses in the slotted line tended to cause the measured value of the 
sliding short's reflection coefficient to appear smaller than its true value. 
This results in a conservatively low estimated value for the sliding short's 
reflection coefficient, implying that the uncertainty in Mgt computed with this 
value of r is larger than the true error can possibly be. A reflection 
coefficient of 0.98 was measured at 2450 MHz in the above method for the sliding 
short. 

The insertion losses 0f three waveguide-to-type N adaptors were measured by 
the method of Engen (10) using sliding short techniques and a three-adaptor 
method analogous to the three-antenna technique. The only sliding shorts 
available were coaxial, whereas the adaptors required to interface to the 
system's antennas were waveguide-to-coaxial (type N) adaptors. By connecting 
two adaptors together at their waveguide ports, a low-loss two-port resulted, 
with a type N coaxial connector being present at each port. By testing three 
such adaptor pairs, three equations with three unknowns (each individual 
adapter's insertion loss) were generated. The values of the three individual 
adaptors' insertion losses were thus obtained and were found to be 0.03 dB, 0.04 
dB, and 0.06 dB with an uncertainty of approximately 20 percent of the measured 
value. 
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Figure 8. Measurement hardware, showing frequency counter, ratiometer, signal 
generator, amplifier, couplers, tuner, and precision sliding short. 
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3.2.2 Residual Errors Due to Imperfect Tuning 

Because no phase measurements were made, errors in the value of Mgi result 
if Re cannot be tuned to zero, or in the alternate tuning approach, if w cannot 
be tuned to zero [equation (6)]. When one attempts to tune out Re, a residual 
periodic variation occurs as the sliding short is varied, if imperfect tuning 
exists due to physical limitations and sliding short distributed losses. By 
recording the minimum and maximum values of b3/b4 with the sliding short as the 
system termination, the values of Re and R may be computed. The value of w is 
measured with the unknown load as the system termination. Becaus~ of phase 
uncertainty, the value of the vector operation can only be given limits of 
<lwl - 1Rcl) 2 and <lwl + 1Rcl) 2• In practice, Re was tuned out so that 
variations in b3/b4 were held within 0.1 dB as the sliding short was moved 
several wavelengths. This resulted in uncertainties of less than 0.005 dB for 
all Mgt measurements whose nominal values were above 0.95. The analysis of a 
non-zero Re value is presented in Appendix B. 

The worst-case situation of the measurements made in the power density 
calibration system is 

Mgt' ,.; 0.95 Re= 0.1 dB (1.15%) 

From Mgt' = 0.95, w2/R2 can be calculated as 

2 iZ" ,;. 5 X 10-2 

where: 

Then, 

Mgi' = measured value of matching factor 

Mgi = true value of matching factor 

Mgt l 2(5 X 10-2 R2)(1.15 X 10-2) 
Mgt' = ± 0.95R2 

= 1 ± 1.2 X 10- 3, or a 0.12% error (0.005 dB) (22) 

When th~ alternate approach of tuning out w was used, the system noise level 
dictated the uncertainty level of the tuning procedure. In general, the ratio 
meter's dynamic range of more than 40 dB allowed w to be tuned out to the extent 
that Mgi uncertainties were below 0.005 dB. 

3.2.3 Ratiometer Linearity 

The ratiometer linearity error of 0.02 dB/10 dB yielded a very small error 
(0.005 dB) in all Mgt measurements. This is a result of the rather high nominal 
values of Mgt plus the limited range over which b3/b4 must be measured. 
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3.3 ANTENNA GAIN MEASUREMENTS 

3.3.1 Antenna Mismatch Measurement 

Mismatch measurements between antennas and their respective load or 
generator were made using the power equation technique in which Re is tuned out. 
The approximation of equation (9) was used, allowing the one-port parameter, 
Mat, to be measured rather than Nat (the two-port parameter). This 
approximation. was evaluated experimentally and found valid. The Mga of the 
receiving antenna was measured with the transmitting antenna terminated by a 
sliding short. For a transmitting-receiving antenna separation of 2 meters or 
more, Mga varied less than 1 percent as the sliding short was varied more than 
A/2 in length. This was a severe test, because an antenna terminated in its 
characteristic impedance scatters approximately one-half of the power incident 
upon it. An antenna terminated in a short circuit, however, scatters a great 
deal more. The implication is that, when well terminated, errors induced by 
assuming Nat = Mat will be well below 0.5 percent (0.022 dB) for the antennas 
used at a separation distance of 2 meters or more (16.3 A), For this case na 
was on the order of -18 dB. This error is included only once for a pair of 
antennas. 

The receiving antenna mismatch was measured with the experimental 
configuration of figure 9 which was described by Engen (5). Because of the 
nature of this configuration, the receiving antenna/bolometer interface cannot 
be altered during the measurement. Incident power is therefore introduced into 
the system through the main-line directional coupler, while a second coupler 
provides a sample of incident power (P4) and tuner adjustments and the use of a 
sliding short, then proceed as usual. 

The receiving antenna was moved on a dielectric cart in the anechoic 
chamber. The effects on receiving antenna mismatch caused by the transmitting 
antenna were negligible for antenna separation distances greater than 2 meters. 
However, the reflections from the transmitting wall of the anechoic chamber, 
which the receiving antenna faces, induce cyclically varying changes in the Mat 
of the receiving antenna versus its separation distance from the wall. A 
periodic change in Mat of approximately 1 percent was observed at a nominal 
antenna-to-wall separation of 2 meters with a period representing a one-half. 
wavelength change in the separation distance. As the receiving antenna is moved 
away from the wall, Mgt variations decay, resulting in a constant value of Mgt 
which is not a function of separation distance. The ratio was recorded as a 
function of separation distance and was used to compute Mgt as a function of 
distance. 

Mismatch measurement uncertainties for a pair of antennas can be summarized 
as follows. The uncertainties due to tuning errors and sliding short losses are 
0.005 dB and 0.009 dB, respectively, for each antenna. Ratiometer linearity 
caused an additional 0.004 dB uncertainty in each antenna's mismatch. The 
error due to mutual reflections results in an error for the pair of antennas 
of 0.022 dB. Therefore, the total mismatch uncertainty for the pair of antennas 
is 0,058 dB. 

3.3.2 Path Loss Measurements 

The system of figure 6 was used to measure the attenuation experienced by 
the signal radiated by the transmitting antenna. Path loss versus separation 
distance between two antennas was measured on the Weinschel ratiometer in the 
following manner: A zero path loss case was established by removing both the 
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Figure 9. Receiving antenna mismatch measurement system. 
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transmitting and receiving antennas from their respective waveguide flanges. 
The transmitting and receiving flanges were then directly connected together and 
a reference (0 dB) level was set on the ratiometer. The mismatch at this inter
face was measured via power equation techniques (with an uncertainty of less 
than 0.018 dB). The two waveguide flanges were then disconnected, and antennas 
were remounted. Continuous recordings of path loss were made, versus the 
separation distance between the antennas in the anechoic chamber. The receiving 
antenna was placed on a cart made of fiberglass sheets. The cart was mounted on 
an internally centered rail system traversing the length of the chamber. The 
cart position was remotely controlled by a constant speed motor, linked to the 
cart with a gear and chain arrangement. A highly accurate position transducer 
on the chain drive yielded a digital position readout accurate to ±1. mm at 7 
meters. At 1-meter intervals, more precise stationary measurements were made. 
The distance uncertainty of less than 0.1 percent will yield a path loss 
uncertainty of 0.2 percent due to the approximate inverse square relationship of 
power density versus distance. Therefore, a 0.008 dB uncertainty results for 
distance errors. Because of the relatively high directivity of the horn 
antennas used, multipath effects resulting from reflections from the interior 
surfaces of the chamber were very small (less than ±0.02 dB). A typical curve 
of path loss versus distance was a smooth, monotonically increasing function. 
At separation distances of less than 2 meters, a sinusoid with a period of one
half of a wavelength was observable on the path loss recording. At this 
distance, however, the one-port model for mismatch measurement did not apply 
because of the same mutual interaction between antennas. This region, 
therefore, was omitted from the calibration zone. 

There are many additional considerations to be made when measuring the path 
loss between antennas. Alignment of the antennas must be precise and 
repeatable. In the BRR system the antennas are geometrically aligned so that 
their main axis is colinear with the axis of the anechoic chamber. The cart and 
rails on which the receiving antenna is mounted are precisely leveled and 
aligned with this axis. A laser alignment system is being fabricated and will 
replace the mechanical techniques presently used. Reflections from the cart and 
the measurement apparatus used in conjunction with the receiving antenna are 
minimized through the use of dielectric supports, microwave absorbing material, 
and miniature coaxial components. The transmitting antenna is also supported by 
dielectric fixtures, and the wall behind this antenna is completely covered with 
absorbing material. Errors due to RF currents flowing on cables to the antennas 
and antenna sidelobes are estimated to cause gain uncertainties of less than 
0.03 dB. These problems are thoroughly discussed elsewhere (13), and the 
necessary steps were taken to ensure an uncertainty due to these error sources 
of less than 0.1 dB, which is ultimately reducible to less than 0.05 dB. 

3.4 ISOTROPIC PROBE CALIBRATION 

Multipath effects from chamber surface reflections must be considered when 
low gain or "isotropic" antennas are calibrated. This is the case that exists 
when an array of electrically small dipoles, such as a radiation hazard probe, 
is placed in the chamber for power density calibration. Figure 10 shows a path 
loss versus distance curve for a small dipole receiver and a horn antenna as 
transmitter (fig. 11). The sinusoidal variation on the curve represents 
multipath effects from chamber walls. The period increases with antenna 
separation distance because of the decreasing angle of incidence of the indirect 
wave (fig. 11) and hence the slower period due to interaction with the direct 
wave. The peak-to-peak amplitude of the sinusoid defines a region of uncer
tainty in the power density calibration procedure when nondirective antennas are 
involved. If the distance between antennas can be exactly repeated, the 
uncertainty resulting from multipath effects can be analytically removed. 
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The dipole receiving antenna test discussed above provided a measurement of 
chamber multipath standing wave whose value was ±0.25 dB at 3.5 meters and 
± 0.5 dB at 7.0 meters when a waveguide flare antenna was used as a transmitting 
source of a 2450-MHz signal. The values associated with this standing wave can 
be used along with accurate separation distance information to provide a 
significant reduction in the magnitude of the error caused by multipath effects. 
By repositioning to within ±1 mm, the BRH calibration facility can provide 
power density values with less than 0.5 percent (0.022 dB) uncertainty due to 
multipath effects at 2450 MHz when an isotropic probe is calibrated. 

3.5 ERROR ANALYSIS 

The uncertainties involved in the power density calibration system may be 
divided into three main categories; uncertainties associated with the near-field 
gain evaluation of the antennas used, uncertainties associated with the 
calibration of the transmitted power monitor (directional coupler and power 
meter combination), and multipath effects for an isotropic probe calibration. 

3.5.1 Gain Measurement Uncertainties 

The gain measurements involve uncertainties in antenna mismatches, 
separation distance uncertainties, and path loss measurement uncertainties 
(including multipath effects). Table 1 gives worst-case uncertainties for the 
gain measurement procedure. An overall uncertainty of 0.174 dB is present in 
the gain value determined for a pair of antennas. The gain of a single antenna 
is solved as follows: 

where: 

(GlG2)(GlG3) 

G3G2 

G
1 = gain of antenna 1 (a computed value) 

G
1
G

2 
= gain product of a pair of antennas (a measured quantity) 

(23) 

If the worst-case uncertainty (En) is included in the measured values, the 
following expression results: 

G = 1 

GlG2(1 ± £1)GlG3(1 ± £2) 

G2G3 (1 ± £3) 
(24) 

El~ £2 ~ £3, since these uncertainties involve the identical measurement system 
and G1G2 is very close in value to G1G3 or G2G3• 

Then the worst-case uncertainty for a single antenna is: 

(GlG2)(GlG3) 

G2G3 V-
(1+£)(1+£) 

(1 - £) 
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since €2 << 1 

= 

Therefore, 

(1 - €) (1 + €) 
= 

(G1G2)(G1G3) 

G2G3 

Thus, the worst-case uncertainty for G1 is 

(1 + €)3/2 _ l 

(26) 

(27) 

(28) 

The minimum possible error listed in table 1 represents the worst-case 
uncertainty attainable with optimum experimental techniques and equipment. In 
future mismatch measurements, b3/b4 phase as well as magnitude will be measured 
with a Hewlett-Packard network analyzer, This will remove the tuning 
requirement in the Mgi measurement and remove uncertainties caused by imperfect 
tuning. Fixed, offset, waveguide shorts will be used instead· of a coaxial 
sliding short. Only the network analyzer nonlinearity and phase measurement 
errors will create a mismatch measurement uncertainty, which is estimated as 
0.010 dB for each measurement (with Mgt nominally above 0.97). Mutual 
reflections between antennas will still cause an additional mismatch uncertainty 
of 0.022 dB. 

3.5.2 Power Monitor Uncertainty 

The power meter and directional coupler for an incident power monitor 
system are used along with the gain and mismatch of the transmitting antenna to 
predict power density at a point in the chamber. Uncertainties arising from the 
power monitor are listed in table 1. Power meter linearity was calibrated 
against the ratiometer. Power meter relative readings varied from the 
ratiometer by a factor of less than ±0.75 percent over a 20 dB range or 0.032 
dB, After correcting for power meter nonlinearity with respect to the 
ratiometer, only the ratiometer's nonlinearity existed as a source of error. 
Transfer of readings and repeatability was a source of a small error of 0.5 
percent due to power meter stability. Digital voltmeters were used to read both 
the power meter and ratiometer. Therefore, over a 50 dB range an uncertainty of 
0.1 dB or 2.3 percent exists. 

The insertion loss of a waveguide-to coaxial adaptor mult be accounted for 
when using an NBS calibrated power meter with coaxial bolometer to determine Pm• 
The loss, as described in section 3.2.1, yields a worst-case uncertainty of 
0.012 dB, The mismatch between the coupler's main output port and its load must 
be measured (equation 21). Its load is either a calibrated power meter (Mgm) or 
the transmitting antenna (MgA), Each mismatch measurement had a worst-case 
uncertainty of 0.018 dB Eecause of imperfect tuning (0.005 dB), sliding short 
imperfections (0.009 dB), and ratiometer nonlinearity (0,004 dB). There are two 
such measurements, yielding a worst-case total mismatch error of 0.036 dB. The 
power meter which was used to provide an absolute power reference was calibrated 
by NBS at 1.00 mW with a 2 percent uncertainty (0.086 dB) (bolometer plus 
readout circuitry). Therefore, total power monitor uncertainty is 0.256 dB .. 
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A specialized calibration will be performed by NBS on a BRH waveguide 
coupler, terminated in a high-power load. This calibration, performed at 100 
watts, will yield a sidearm bolometer reading accurate to within 2 percent 
(0.086 dB) of absolute power delivered to the coupler. This terminated coupler 
will then serve as a precision high-power waveguide power meter. The antenna 
feed and its power monitor (another directional coupler) can then be calibrated 
with this "waveguide power meter." Only the mismatch to this "power meter" and 
to the antenna need be measured to complete the improved power monitor 
calibration. 

3.5.3 Summary of System Uncertainties 

The total uncertainty involved in producing an absolute calibration of 
power density at a known point in an anechoic chamber is composed of antenna 
gain and coupler calibration uncertainties (table 1). The total worst-case 
uncertainty using present techniques is 0.69 dB. Using refinements in equipment 
and technique, a minimum worst-case uncertainty of 0.41 dB could be achieved. 

4. CONCLUSIONS 

(1) The evaluation of the system described was undertaken, and a maximum
possible uncertainty of 0.69 dB was achieved. It should be noted that this 
represents the simple sum of all worst-case possibilities and, as a limit, is 
then more conservative than the "vectorial" combination of random errors. 

(2) By using relatively straightforward refinements of techniques 
(principally the application of phase-measurement techniques and an improved 
power meter calibration), this maximum-possible uncertainty can be reduced to 0.41 dB. 

(3) We found that the application of power equation concepts to radiated
power measurements was both straightforward and extremely useful. · A wider 
familiarity with these techniques among microwave experimenters will almost certainly lead to generally simpler and more accurate measurements in many 
cases. 
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Table 1. Calibration system uncertainties 

Measurements 

Two-Antenna Path Loss 

-Distance measurement 

-Ratiometer nonlinearity 
(25 dB range) 

-"Mismatch measurements 
(antenna pair and zero path loss) 

-Multipath effects 

-Antenna alignment and apparatus reflections 

Total for Two Antennas 

Net Single Antenna Gain Uncertainty (e:A) 

Power Monitor Calibration 

-Power meter nonlinearity 

-Power meter stability (accumulative) 

-Mismatch (coupler-loads) 

-Waveguide to coaxial adaptor loss 

-Power meter absolute calibration 

Total Power Monitor Uncertainty (e:p) 

Multipath Effects for Isotropic Probe (e:m) 

Calibration System Total Uncertainty 
(e:A + e:p + e:m) 

aspecial NBS high-power calibration. 
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Worst-case 
uncertainty 

(present system) 
(dB) 

0.008 

0.050 

0.076 

0.020 

0.100 

0.254 

0.408 

0.100 

0.022 

0.036 

0.012 

·o.086 

0.256 

0.022 

0.686 

Worst-case 
uncertainty 

(optimum system) 
(dB) 

0,008 

0.050 

0.050 

0,020 

0.050 

0,178 

0.267 

0,036 

0.121 

0.022 

0.410 
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APPENDIX A 

ERROR IN Mgt DUE TO AN IMPERFECT SLIDING SHORT 

Using an analytic approach similar to that given by Engen (4), the error in 
the value of Mgi due to an imperfect short (and adaptor) can be expressed as 
follows: 

e "' 

where: 

lw2j (k2 - 1) 
(R')2 - (k21wl2) 

k = (1 - o) + 2olcl 2 

w = b3/b4 with the unknown load as a termination 

a = 1 - lrl 

r = reflect:i.on coefficient of short and adaptor = rs X ~ X In;" 

R' = ½(jb3/b4lmax + jb3/b4lmin) determined with the sliding short 
and adaptor 

lei = (directivity)½ of P4 coupler 

For an adaptor with an insertion loss of 2.0 percent and a sliding short 
with a jrl of 0.98 and a 15 dB directivity, the error in Mgi (measured as 0.97) 
is approximately 0.2 percent (0.009 dB). 

The above values represent a set of parameters that are worse than any en
countered in actual BRH experimental measurements. 
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APPENDIX B 

Mgt UNCERTAINTY INTRODUCED BY TUNING ERRORS RESULTING IN RESIDUAL Re 

lw - R 12 

Given M = 1 - ---'c"--
. gt R2 

the approximate match factor 

M ' ,;. 1 - /..J!._)2 

gt \ R 
for R 2 << w2 

C 

The error in the value of Mgt' with respect to Mgt is 

~ 
M ' gi 

(w2 + R 2 ± 2wR )/R2 
= 1 - C C = l 

1 - (w2/R2) 
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