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Precise Calibration of Plane-Wave Microwave
Power Density Using Power Equation

Techniques
HOWARD I. BASSEN AND WILLIAM A. HERMAN

,4bstract-A power-density calibration methodology utilizing an problem of hazard probe calibration [1], [2], there is no
anecboic chamber, high-power transmitter, and truncated pyramidal
horn antenna is described, Plane-wave power density is accurately
computed in the far field of tbe antenna, based upou precise

measurements of antenna gain, absolute transmitted power, aud
multipath reflections, The application of power equation techniques

enables direct precise measurements of system mismatches and the
accurate trausfer of calibration of special bolometers. Several con-
siderations, unique to hazard probe calibrations, are discussed.
Absolute power density uncertainties’ are estimated at 0.56 dB, at
2450 MHz, and 0.76 dB, at 915 MHz, under worst case conditions. A
discussion of second-order error sources and their elimination in-
cludes the effects of antenna alignment, antenna sidelobes,, mukipath
reflections, field curvature at noninfinite distances, and scattering
from test apparatus.

I. INTRODUCTION

A PLANE-WAVE power-density calibration methodo-

logy has been developed. It permits the accurate

far-field calibration of hazard probes which are used to

measure leakage from microwave ovens, diathermy mach-

ines, and other electronic products emitting radiation in the

ISM (industrial, scientific, and medical) frequency bands

centered at 915 MHz and 2450 MHz. In addition, tliese

probes are extensively utilized to evaluate the levels present
in near- and far-field exposure systems used by biological

effects researchers. While a few papers have dealt with the
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rigorous treatment of the overall calibration procedure. In

particular, little is written dealing with the accurate transfer

of primary electrical power standards to the absolute cali-

bration of radiated power-density levels. Therefore, an

overall power-density calibration methodology, which deals

with direct traceability to a primary electrical standard has

been developed, with particular emphasis on the mini-

mization of cumulative errors or uncertainties.

A large body of literature exists, which deals, both analy-

tically and experimentally, with the determination of the

gain of standard horn antennas. Additional problems arise

when an electrically small antenna such as a hazard probe is

introduced into the overall measurement procedure. These

problems are not dealt with in most of the previously

available literature, and are, therefore, emphasized in this

paper. Only plane-wave far-field power-density calibration

procedures are developed in this paper. This is a primary

factor in the accuracy of all power-density measurement

devices. The many near-field measurement problems,

unique to specific leakage probes and their inherent

antenna/sensor design are not dealt with in this paper, but

are discussed elsewhere [3]. This paper describes a technique
for the generation of an accurately defined, traceable, and

absolute plane-wave power-density level. This enables

far-field calibrations to be performed on a wide variety of

instruments with a minimum of uncertainty. Extensive use is

made of the power equation techniques, developed by Dr. G.
Engen of the National Bureau of Standards [4], allowing the
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Fig. 1. Probe calibration system.
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basic quantities of power and mismatch in a waveguide to be

transferred to the calibration of radiated power. Accurate

measurement of the path loss between two truncated wave-

guide horn antennas is performed in an anechoic chamber,

facilitating antenna gain determination. A high-power direc-

tional coupler, in series with the transmitting antenna, is

calibrated to allow absolute transmitted power to be mon-

itored. A small isotropic probe may be placed at a point in
the chamber and calibrated, using a television camera with a

telephoto lens to observe the instrument’s indicated power

density (Fig. 1). Evaluation of multipath reflections and

other error sources allows the precise prediction of plane-

wave power density at this specific point in the chamber.

II. POWER EQUATION CONCEPTS

The use of power equation concepts permit fast accurate

measurements of the total systems mismatch, insertion loss,

and absolute power without the restrictive requirements of

precision connectors. During these measurements the entire

system is treated as a unit, eliminating the characterization

of each component with respect to an arbitrary “standard

impedance.” Cumulative errors associated with the multiple

measurements of VSWR, complex impedance, or ~ par-

ameters are reduced significantly in the specific application

to be discussed. The power equation theory and various

application techniques have been well documented [4]-[6].

In considering the evaluation of mismatch, it is useful to

examine the question of power transfer from a

generator/directional-coupler combination to a one-port

device (Fig. 2). In this case, using power equation termino-

logy, we have the relationship [4]

Pgl = PgMgl. (1)

For the above equation, P,l is the net power delivered by the

generator to the load, Pg is the available power (the maxi-

mum power that can be delivered to a passive load by the

generator), and Mgt is a matching factor, which may have

any value between zero and unit y. P., Pgl, and Mgl are all

positive and real. Further, Mgl is only a function of the

coupler/load combination and is independent of the actual

signal source [5]. In more conventional terminology [4]

1- -.,. 17

(2)

r, ii--

Fig. 2. One-port power equation measurement system

Fig. 3.’ Power equation relationships.

The parameters above are as follows: rl is the reflection

coefficient of the load, and r~ is the reflection coefficient of

the equivalent generator associated with the directional

coupler. It should be emphasized that r~ is dependent upon

the directivity of the coupler, among other factors.

Furthermore

Power P4 represents the coupler sidearm power and kG is a

property of the coupler/sidearm-detector combination. Pg,

Pa, and k. are all positive and real. It should be noted that k.

is independent of the load at port 2, irrespective of the

coupler directivity. In general, Pg is not equal to the power

associated with the forward-propagating (generator-to-

load) component of the signal in the coupler main arm.

Engen [4] has shown that, if the generator/coupler com-

bination is terminated in a sliding short such that, rl = eje,

the complex voltage ratio, b ~/bq, is described by a circle

having a center at Rc and a radius R (Fig. 3), where b.ccP~12.

Thus

b~ ‘

& ‘ax

and

b~

~ ‘ln

()P3 1/2
——

< ‘ax
=R+ IRCI

()

p3 . ~lz
——

~ ‘ln
=R– IRCI. (4)

Therefore, by attaching a sliding short to port 2 (Fig. 2) and

measuring b~ /bA, the above equations may be solved to

obtain values of R and RC for the particular configuration
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measured. Furthermore, it has been shown that, for any

passive load

A4g1=l–
()

I w -J12
(5)

where

W = b3 /b4, for the load of interest.

The parameter A4~L, in (1), can be unambiguously

determined by values of w, Rc (complex quantities), and R. If

phase measurement capabilities are not available, a tuner

must be used to eliminate either w or Rc In the present

application, offset waveguide shorts, together with phase

and amplitude data, provide the capability for rapid multi-

frequency measurements in each ISM band. Computation of

M~l is performed from this data. When measuring the path

loss between antennas (Fig. 4) via power equation

techniques, the magnitude of the loss is large enough ( >15

dB) to allow a one-port mismatch measurement to be

performed independently, on both transmitting and receiv-

ing antennas. Path loss (q.) may be computed from the

relationship

(6)

where Mg@ and M.l are matching factors of the transmitting

and receiving antennas, respectively. The effects of chamber

surface and antenna support structure reflections are

included in the measurement of matching parameters. Other

parameters are illustrated in Fig. 4 for the path loss

measurement.

III. ANTENNA GAIN MEASUREMENT

The relationship employed in the calibration of far-field

power density (S) is

~ = P=GT

4nr2
(7)

where the transmitted power (P ~) and distance (r) from an

antenna with far-field gain, G~, are measufed quantities [7].
For noninfinite separations between the pair of antennas, a

“near-zone correction factor” must be applied to the far-field

gain of the antennas [8]. This factor has a value of less than

one, and increases with separation distance, approaching

unity as a limit. As long as antenna separations are greater

than many units of a2/2 (where a is the maximum aperture

dimension of the larger antenna and 2 is the wavelength of

the transmitted signal), plane-wave power density may be

computed, using (7) where G ~ is the product of the constant

far-field gain and the near-zone correction factor (G ~ is a

function of distance). This separation criterion ensures that

no transmitting antenna reactive fields are intercepted by

the receiving antenna, and only second-order field curvature

effects are corrected for.

Using a total of three antennas, in three combinations of

two antennas per path loss measurement, individual

antenna gains may be computed from the relationship

(8)

where (PR /PT) = q., as previously defined. The reciprocity y

of antennas is assumed, implying that gain is not dependent

upon the role of the antenna (transmitting or receiving) or its

physical environment (assuming sidelobe reflections are

negligible). Experimental tests were performed to ensure

that the separation distances between antennas were

sufficient to justify the “plane wave” and the reciprocity

assumptions.

IV. ABSOLUTE TRANSMITTED POWER CALIBRATION

It is required that plane-wave power densities be gen-

erated with magnitudes sufficient for the calibration of

typical microwave hazard survey instruments (1--10

mW/cm2) at distances from the transmitting antenna which

satisfy previous theoretical assumptions. Therefore, high

powers (up to 1 kW) must be transmitted. A convenient, and

highly accurate, secondary standard of absolute microwave

power is the coaxial bolometer, calibrated as a function of dc

substituted power for a given net microwave input power (1

mW) with a self-balancing bridge. To establish a high power-

density level in the far field of a horn antenna, much larger

amounts of power must be accurately measured with respect

to this reference. A cascaded directional coupler technique

[9] may be used to obtain accurate 100-1 OOO-W calibrated

power measurements. A unitized, “high-power meter;’ sep-

arate from the power-density calibration system, was

created for use as a high-power reference standard. This

“high-power meter” serves as a transfer standard, tying the

power-density calibration system to the precisely calibrated

l-mW-reference bolometer, previously mentioned. When

used in conjunction with power equation techniques, a

minimum amount of cumulative errors exist in the transfer

of calibration procedures from the electric standards labora-

tory to the power-density calibration facility. These

coupler/bolometers have been precisely calibrated by the

National Bureau of Standards for effective efficiency (the

ratio of dc substituted power in the bolometer to net

microwave power). The calibration of transmitted power
involves the use of the subsystems shown in Fig. 5. The

subsystems are: a transmitting antenna, the calibrated

coupler/bolometer, a forward power monitor (consisting of

a rigid high-power transmission line with an integral direc-

tional coupler, sidearm power meter, and waveguide output

port), a set of three waveguide offset short circuits, and an
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Fig. 5. Absolute transmitted power calibration.

additional pair of directional couplers to measure matching

factors. Only the antenna and forward power monitor are

used in the final system operation (Fig. 1).

During the calibration procedure, the forward power

monitor is first terminated by the calibrated
coupler/bolometer. The reading of the power meter (PJ on

the first set of directional couplers and the value of sub-

stituted dc power applied to the previously calibrated

reference coupler/bolometer are simultaneously recorded.

The coupler/bolometer’s matching factor (A4m) is measured

next, via power equation techniques involving the use of the

offset shorts. The next step is to terminate the system with

the transmitting antenna, and to measure Mg~, the match to

the antenna. Finally, simultaneous values of P4 and P5

(where P, is the meter reading of the forward power

monitor), are also recorded with the antenna in place. The

linearity of PA and P5 must be accounted for, when various

power levels are to be transmitted. The net power, fed to the

transmitting antenna (P T), is expressed as

PT =
P. kMg.

Mm
(9)

where Pm is the substituted dc power applied to the bol-

ometer to restore its original resistance (as measured before

microwave generation). In addition, k is defined as the

effective efficiency of the coupler/bolometer. Parameters

Mgm and Mg. are matching factors which were previously
defined. During this procedure, the power, Pa, is held

constant while the coupler/bolometer, and then the antenna,

terminate the system (implying that P~is constant, from (3)).

V. LABORATORY MEASUREMENT TECHNIQUES

Power-equation matching-factor measurements were per-

formed on transmitting and receiving antennas using the

one-port power equation model for each antenna. The lack
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Fig. 6. Receiving antenna measurement system.

of significant mutual interaction between antennas was

experimentally verified by placing a sliding short circuit on

the output of the transmitting antenna (outside of the

anechoic chamber). The minimum possible antenna separa-

tion was established and the receiving antenna matching

factor, M.l, was measured. Continuous movement of the

sliding short over several wavelengths produced variations

of less than 1 percent in M.l. This test was more severe than
the actual situation where both antennas are terminated in

well-matched loads.

The receiving antenna measurement configuration is

shown in Fig. 6 as described by Engen [5]. It was mounted on

foam blocks several wavelengths above a dielectric cart, in

the anechoic chamber. Reflections from the transmitting

wall of the chamber, as seen by the receiving antenna were
significant, because of the close proximit y of this wall to the

transmitting antenna. The receiving antenna matching

factor, M.l, was measured as a continuous function of

antenna separation distance. In contrast, the transmitting

antenna matching factor was found to be insensitive to cart

position because of the minimal scattering cross section of

the cart and receiving horn.
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Path loss measurements were performed with a precision

bolometric radiometer. First, the zero-path loss case was

established by removing both antennas from their respective

mounts. The transmitting and receiving waveguides were

bolted together, and both the mismatch and the received to

transmitted power ratio were measured. Path loss between

antenna pairs was plotted as a function of distance using an

accurate cart position encoder. Chamber multipath

reflections were minimal (less than 0.1 dB) because of the

careful selection of the proper directivity of antennas and

good chamber design. Antenna sidelobe radiation effects

and leakage from transmission line connectors were checked

for and eliminated by various experimental techniques. Both

antennas were carefully aligned so that their mechanical

boresight axis coincided with the chamber’s central axis.

Alignments were performed with a laser, rigidly mounted

outside the chamber. Its beam was transmitted through the

rear wall, parallel to both the chamber’s center axis and the

rails on which the dielectric cart rides. Special waveguide

inserts containing a first-surface mirror were placed in each

antenna to enable their alignment with the chamber’s center

axis.

VI. HAZARD PROBE CALIBRATION

Multipath effects due to chamber wall reflections can

cause significant calibration errors when low-gain antennas,

such as those used in a microwave hazard probe, are exposed

at large distances from the transmitting antenna. These

reflections may be accounted for, and their effects eliminated

as follows. The probe in question is placed on a movable

dielectric cart and its received power-density indication is

plotted as a continuous function of distance to the transmit-

ter. Periodic oscillations appearing on the plot represent

multipath effects. Since cart position can be precisely

repeated, any probe with nominally identical antenna char-

acteristics may be calibrated, and multipath errors corrected

for, as a function of distance to the transmitting antenna,

based on the knowledge of the magnitude of the oscillations.

Reflections from the cart and dielectric support structures

which hold the probe, produce additional errors tlhat cannot

be detected by moving the cart and probe with respect to the

transmitting antenna. A technique was devised to minimize

these reflections, Cart reflections may be quantified by

varying the cart position, while observing the net-field-

strength standing waves with a stationary isotropic probe, of

the type to be calibrated. The probe in this case is not on the

cart, but is mounted in the center of the chamber between the

transmitting antenna and the cart, intercepting the cham-

ber’s center axis. Absorbing material is added to the cart,

until the reflections, as seen by the probe, are minimized.

This technique has been utilized not only to quantify cart

reflections, but to facilitate the measurement of reflections
from various dielectric objects [10].

Although cart reflections may be reduced through the use

of absorber material, second-order errors of several percent

remain, when a probe is placed on the cart at a great distance

from the transmitting antenna. Since the position of stand-

ing waves in the observed field strength is known for a
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Fig. 7. Multiposition averaging technique.

stationary probe, placed ahead of the cart, “multi-position

averaging” over a number of cycles of the standing waves

may be used to greatly reduce residual errors, due to cart and

probe support reflections. The distance Dz is varied in

half-cycle increments of the standing wave (Fig. 7) while

distance Di is reset to the same value for all measurements.

The distance corresponding to one cycle of the standing

waves was found to be exactly one half of a wavelength,

because of the straight-line reflection path from the cart to

the probe. Numerical averaging of the indicated power

density of the probe was performed for four or more values

of Dz (each one-quarter wavelength greater than the

previous value). This resulted in enhanced accuracy, and

excellent repeatability of calibration (better than 3 percent ).

The assumption was previously made that the separation,

between the transmitting antenna (truncated pyramidal

horn) and receiving antenna (either an identical horn or

small probe), was sufficient to ensure negligible amplitude

and phase curvature of the received field. If this were not the

actual case, spatial averaging, over the large aperture of the

receiving horn, would occur during gain measurement. This

would introduce an error in the calibration of a small probe

when the latter was positioned on the boresight of

the transmitting antenna because of the small “effective

aperture” of the probe. The worst case occurs in the lower

frequency range (915 MHz) where a separation of only 6.5

a2/2 exists in the center of the chamber. To estimate field

curvature, experimental scanning over a plane normal to the

axis of propagation was performed with an electrically small

probe. Numerical integration of data yielded a “spatially

averaged” power-density value over an area defined by the

physical dimensions of the receiving horn. (The receiving

antenna was removed from the chamber during the scanning

process.) A comparison of this “spatially averaged” value

with the single “spatial peak” value obtained at the geome-

tric center of the plane was made. The ratio of “spatial peak”

to “average” power density was 0.95 at the above separation.

Since the horn antenna’s “effective aperture” is considerably

smaller than its physical aperture, an error of less than 0.05

dB is estimated due tononinfinite antenna separation after

an approximate correction factor is assigned to subsequent

calibrations.

VII. ERROR ANALYSIS

The uncertainties involved in the power-density calibra-

tion system may be divided into three main categories: 1)

uncertainties associated with the horn gain measurements,
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TABLE I
PLANE-WAVE POWER-DENSITY CALIBRATION

SYSTEM UNCERTAINTIES

Worst Case Uncertainty
Measurement (@t imrrmSystem)

915 mz 2450 h!HZ

Antenna Path Loss (dB) (dB)

Distance h&surement* .01 .01
Radiometer Nonlinearity .05 .05

Mismatch Wasurenrents .0s ,05

Multipath Effects and Scattering .15 . 0s

Antema Alignment 02 .05-
---------------------- -----

Srror %omation - i%tenna Pair .28 .21

Net Gain Uncertainty - Single Antenna .42 = ‘A .32 = CA

Absolute Transmitted Power

Coupler/Bolometer Calibration* .09 .09
Transfer Error .05 .05
Mismatch Measurements .05 .05

------------- ----------- ---

Total Transmitted Power Uncertainty .19 = Sp .19 = Cp

Isotropic Probe Calibration

Residrzil Chamber hWt ipath .05 .02
Residual Cart Reflections .05 .02
Field Curvature (non- infinite separation) 05 _JIJA---------------------------
Total Probe Cal ibrat ion Uncertainty .15 = E1 .05 = ~~

Total Cal ibrat ion System Uncertainty .76 .56
( ‘A+SP+SI )

*Using NBS-calibrated transfer standards.

2) uncertainties associated with the calibration of the for-

ward power monitor, and 3) multipath effectkfor an isotro-

pic probe calibration. The gain measurements involve

uncertainties in antenna mismatches, separation distances,

and path loss measurements (including multipath effects).

The error analysis (Table I) presents the worst-case

uncertainty levels that occur in an optimum system. The

values are conservative, and because of the random nature of

many measurement errors, an actual absolute power-

density calibration; performed with the optimum system, is

probably more accurate than presented.

APPENDIX ‘

SINGLE ANTENNA GAIN MEASUREMENT

UNCERTAINTY COMPUTATION FOR THE THREE

ANTENNA METHOD

The gain of a single antenna (Gl ) is computed from the

gain product derived in (8) as

(lo)

where

Gn gain of antenna n (a computed value);

G. G~ gain product of a pair of antennas (a function of

the measured path loss).

If the worst case uncertainty (t.) is included in the measured

values, the following expression results:

‘1=F%7EP ‘1’)
e~ E &z = 83 = e, since these uncertainties involve the identi-

cal measurement system and G ~Gz is very close in value to

GI G3 or Gz G3 for nominally identical antennas.

Then the gain for a single antenna is

‘l=JWWTT “2)
since Z2 <1

“=( ’+ ’)3’2-- “3)

Thus the worst case uncertainty for GI is

EG= (1 + e)3’2 – 1. (14)
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