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An Isotropic Electric-Field Probe with Tapered
Resistive Dipoles for Broad-Band Use, 100

kHz to 18 GHz

MOTOHISA KANDA, SEN1ORMEMBER, lEEE, AND LANNY D. DRIVER

Abstract —A new broad-band electric-field probe, capable of accurately

characterizing and quantifying electromagnetic (EM) fields, has been

developed at the Nationaf Bureau of Standards (NBS). The probe’s 8-mm

resistively tapered dipole elements allow measurement of eleetric fields

between 1 and 1600 V/m from 1 MHz to 15 GHz, with a flatness of +2

dB. A mutually orthogonal dipole configuration provides an overall stan-

dard deviation in isotropic response, with respect to angle, that is within

+0.3 dB. Both the theoretical and developmentaf aspects of this prototype

electric-field probe are discussed in this paper.

I. INTRODUCTION

T HE EVER-EXPANDING spectrum of applications

involving standard electromagnetic (EM) fields has

resulted in a corresponding growing need for improved

and expanded EM field testing facilities, equipment, and

techniques. Anechoic chambers, transverse electromagnetic

mode (TEM) cells, and open-field ranges are finding in-

creasing usage for establishing standard, well-characterized

EM fields. A growing interest in hazard assessments of

nonionizing electromagnetic emissions from electronic

equipment on biological or simulated tissue has created a

need for improved EM field measurements in both free

space and material mediums. Central to all these require-

ments lies a need for EM field sensing devices with higher

frequency, broader bandwidth, smaller size, and higher

accuracy.

Establishing standards for EM field measurements is a

multifaceted endeavor which requires 1) the generation of

standard EM fields and 2) the capability of performing

rigorous EM measurements using transfer-standard probes.

Standard EM fields are typically required at open-field

sites, in TEM cells, in guided-wave structures, and in

anechoic chambers. The requirements for establishing

standard EM fields have been previously reported [1], [2].

This paper addresses the many developmental aspects of

producing a transfer-standard probe having a known re-

sponse over wide ranges of frequency and amplitude.

The National Bureau of Standards (NBS) is currently

engaged in an ongoing effort to design and develop im-

proved broad-band electric-field (E-field) probes [3]. This

work has recently produced a new prototype transfer-
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standard E-field probe that offers a number of significant

improvements over conventional E-field probes. The probe

features 1) an ultrawide useful frequency range of 100

kHz–18 GHz; 2) a frequency response flat to within +2

dB from 1 MHz to 15 GHz; 3) a wide dynamic measure-

ment range covering 1 to 1600 V/m; 4) an isotropic

response whose standard deviation (with respect to angle)

is within ~ 0.3 dB; 5) a small probe body which is only 1

cm in diameter and 4 cm long; and 6) a high-resistance

transmission cable for connecting the probe’s outputs to

an external metering unit.

The heart of the broad-band E-field probe consists of

three mutually orthogonal, electrically short dipoles, each

on its own substrate. The extended flat frequency response

of the probe, beyond any natural resonant frequency, is

obtained through the use of dipole resistive tapering. A

low-barrier, beam-lead Schottky detector diode shunts each

dipole’s center gap, thereby providing detection of field-

induced voltages. Pairs of high-resistance, thin-film leads

transmit the detected signals from the dipole–diode com-

binations to output bonding pads. This paper discusses the

theoretical and experimental aspects of the design, fabrica-

tion, evaluation, calibration, and application of this

broad-band, isotropic E-field probe.

II. DESIGN CONSIDERATIONS FOR A BROAD-BAND

ELECTRIC-FIELD PROBE

A. The Resistively Tapered Dipole Element

It is well known that a conventional dipole antenna,

which essentially supports a standing-wave current distri-

bution, is highly frequency sensitive [4]. This is a conse-

quence of dipole antenna characteristics such as current

distribution, antenna admittance, and radiation pattern

being strong functions of frequency. Therefore, the useful

frequency range of a conventional metal dipole is usually

limited by its natural resonant frequency, which is a direct

function of its length. To develop a transfer-standard

electric-field probe whose frequency response is relatively

flat to Ku-band (18 GHz), the length of a conventional

metal dipole must be shortened to about 2 to 3 mm.

Probes with dipole lengths of 2 to 3 mm, and even submil-

limeter dimensions, have been developed at the expense of

significantly reduced sensitivity and seriously degraded

antenna reception characteristics [5].
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As a means of overcoming the severe size limitations

imposed by natural dipole resonance, NBS has demon-

strated that a traveling-wave dipole antenna cart be real-

ized by continuous resistive tapering of the dipole halves.

Detailed studies of the characteristics of resistively tapered

dipoles have been extensively pursued by the author [6]

and other researchers [7]. Basically, it has been shown that

if the internal impedance per unit length Zi( z ) as a

function of the axial coordinate z can be expressed as

60jJ
z~(z) = —

h – IZI
(1)

then the current distribution l=(z) along the linear an-

tenna is that of a traveling wave, i.e.,

V.
I=(z) =

[1

~_ ~ ~_,klzl

60+(1– j/kh) h “
(2)

The symbols have the following meanings: 2h is the di-

pole’s total physical length, k is the wavenumber, VOis the

driving voltage, and + is given by

[
+s 2 sinh-’~ - C(2ka,2kh)- jS(2ka,2kh)

1

+ ~(1 – e-j2kh) (3)

where a is the radius of the dipole, and C(x, y) and

S(x, y) are the generalized cosine and sine integrals, re-

spectively.

In the present study of developing a broad-band elec-

tric-field probe for use in the frequency range between 100

kHz and 18 GHz, an 8-mm-long dipole was selected for

optimizing the sensitivity and bandwidth of the antenna,

while maintaining a reasonably small physical size. The

internal impedance per unit length required to achieve a

traveling-wave antema is given by (l), and can be specifi-

cally expressed as

60X 6.34
ZI = ~_l fJ/mm for O<l<4mm (4)

for each side of the dipole. Ideally, the required resistive

tapering is 95 Q/mm at the midpoint (1= O mm) and

infinite at the end of the antenna (1=4 mm). To realize

such a resistive tapering profile, the antenna is fabricated

by photoetching a thin fihn of tantalum nitride (TaN),

which has a resistivity of 9.5 fl/sq. Each half of the dipole

is 4 mm long and varies linearly in width from 0.15 mm at

the dipole gap to O mm at the dipole tips, as shown in Fig.

1. This surface resistance and antenna geometry result in

the required tapered resistive profile, as illustrated in Fig.
2 and as expressed in (4). Each of the probe’s three 8-mm

dipole elements, their associated high-resistance leads, and

the output and diode gold bonding pads were fabricated

using thin-film deposition and photoetching techniques.

They reside on a 0.25-mm-thick aluminum-oxide (A1203)

substrate, as shown in Fig. 3.

Diode Bonding Pads
(Gold)

Reshve Film
(Tantalum Nftrlde) A

k~ 4,000

(,1575) I&# L&,

Fig. 1. The 8-mm resistively tapered dipole element. Dimensions are in
millimeters (and inches).

B. Detector Diode Selection

Low-barrier, beam-lead Schottky detector diodes were

ultrasonically bonded across the dipole gap of each ele-

ment of the broad-band E-field probe. The particular

detector diode used was very carefully selected from the

broad range of commercially available beam-lead detector

diodes. The predominant diode characteristics used in the

diode selection were: 1) maximum operating frequency

(F’=); 2) diode junction capacitance (~); 3) diode junc-

tion resistance ( 11~), and 4) detection sensitivity. High F~u

dictates minimum ~. and parasitic reactance such as the

package capacitance (CP) and diode lead inductance (L),

It is also important that Cj be very small because it forms

a voltage divider with the driving point capacitance (Ca) of

the dipole antenna, as shown in the dipole-diode equiv-

alent circuit of Fig. 4. Consequently, only diodes with

Cj 60.1 pF were considered. Since C. combines with R] to

form a high-pass filter, which, in turn, determines the

low-frequency cutoff (~~), only diodes with relatively large

values of Rj were considered. Also, the very wide frequency

range (100 kHz to 18 GHz) placed high sensitivity require-

ments on the detecting diode—especially at the low-

frequency limit ( = 100 kHz). Consequently, only low-bar-

rier diodes and zero-bias Schottky (ZBS) diodes were

initially considered. Actually, there was some concern re-

garding the loading effect that a ZBS diode might impose

on the Z. of the dipole antenna. However, it was expected

that several compromises would have to be made between

high Rj, wide frequency coverage, flat frequency response,

etc. For example, large values of R, require large load

resistance (R ~), which is usually the input resistance of the

readout meter. The larger the values of Rj and R1, the

greater is the tendency for EM field pickup and distortion

caused by the high-resistance lines which connect the

dipole antenna to the readout device.

Several selected Schottky diode types were further

evaluated using a detector test fixture that firmly held a

beam-lead diode across the gap of an 8-mm metal dipole.

Frequency response measurements of the dipole-diode

combinations were made using 1) a TEM cell (12 cm X 12

cm), which provided standard fields of 5 and 10 V/m at

frequencies up to 1 GHz and 2) a “hooded-horn” config-

uration that provided standard fields at 6, 8, 10, and 12

GHz. Three of the measured response curves are il-

lustrated in Fig. 5. The rapid increase in response for all

three curves, for frequencies above 6 GHz, can be solely
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Fig. 2. The resistive tapering profile of the 8-mm dipole.
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Fig. 4. The dipole-diode equivalent circuit model.

attributed to the resonant frequency of the 8-mm metal

dipole. Response differences between the three diode types

are quite evident for frequencies below 8 GHz, however.

For example, the response curve for the type-C diode has a

relatively high ~~. This is not surprising since this is a ZBS

diode, and consequently has a relatively low value of Rj at

35 1 111[ I I I I I Ill] 1 I 1 I 11111 1 I I I 1 Ill /
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Fig. 5. The frequency responses of three selected diode types, as mea-
sured using an 8-mm metal dipole test fixture.

zero bias (5 to 15 k~). As previously stated, this Rj

combines with C= to form a high-pass filter; thus, ~L IS

inversely proportional to its magnitude. In comparison, the

response of diode type A has an fL which is well below 5

MHz. This detector diode is an N-type, low-barrier

Schottky diode which has an Rj of between 1 and 2 Mfil.

A second low-barrier Schottky diode, type B, also has an

fL which occurs below 5 MHz, but its sensitivity is seen to

be 2 to 5 dB lower than that of diode type A over the

frequency range of interest. Since diode type A exhibited

the greatest sensitivity and yielded a relatively flat re-

sponse between 10 MHz and 6 GHz, it was selected as the

optimum detector for the 8-mm resistive dipole probe.

C. The High-Resistance Thin-Film Transmission Lines

The high-resistance thin-film transmission lines on each

dipole substrate create a low-pass distributed filter com-

posed of a highly lossy series inductance with distributed

interlead capacitance. They are effectively transparent to

RF and microwave fields. These transmission lines were
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fabricated by photoetching a thin film or Nichrome (NiCr),

which has a surface resistance of 250 fJ/sq. Each line of

the pair is 0.025 mm wide, is spaced 0.025 mm from its

counterpart, and is approximately 40 mm long. Also, the

total resistance of each Jine is approximately 400 kfl.

Using the present configuration of the high-resistance,

thin-film transmission line, its inductance (L) and capaci-

tance (C) per unit length are given as follows [8]:

and

where a is the width of each conductor of the lossy

transmission line, d is the separation between the two

conductors, c, is the relative permittivity of the substrate,

and co and PO are the permittivity and permeability of free

space, respectively.

The attenuation constant “of the high-resistance trans-

mission lines is

rOmc=_—
2

(7)

assuming negligible values of shunt conductance and a2LC.

For the high-resistance, thin-fihn Nichrome (250 !2/sq)

transmission lines, which are 0.025 mm wide, spaced 0.025

mm apart, and deposited on an A1203 substrate (c, = 8),

the typical inductance and the capacitance are L = 5.55X

10’7 H/m and C = 9.02x 10-11 F/m. For the 40-mm-long

transmission line with a total resistance of 400 kfl, the

total inductance (L), the total capacitance (C), and the

total attenuation (A) are L = 2.22x 10-8 H, C = 3.61X

10-12 F, and A = 0.67 Np (at 100 kHz).

III. THEORETICAL ANALYSES FOR THE RESISTIVELY

TAPERED DIPOLE WITH A DIODE DETECTOR LOAD

Having previously described the impedance profile for

the 8-mm resistively tapered dipole with (4), the current

distribution along the dipole’s length can be calculated.

The effective length (h.) and the driving impedance (R. –

jl/@C=) of the antenna are determined from its current

distribution

and

Ra– j& ( ‘)=60+ l–~
a

(8)

(9)

where the term + is previously defined in (3).

The Th&enin’s equivalent circuit model for the resis-

tively tapered dipole loaded with a diode detector is shown

-401-

Fig. 6. The theoretically predicted response of the 8-mm resistively
tapered dipole antenna.

60 - Square Law_/ ‘ IOK

s /
~m 2“ ~
q 60 – / – 1“ -

$
~

$40 - - Ico z

5
~

+? 20 –
o /

- 10 2

x
Go - - ,if

ii
ii

-20 - - ,1

-40 ! 1 1 1 11!1 ..01
1 10 X0

‘“ 1,6SK
10K

Field Strength @ItslMeW)

Fig. 7. The measured dynamic range of the 8-mm resistive dipole-
&ode sensing element.

in Fig. 4. The diode 1 – V characteristic is given as

~=~~(eau–l)

where i,= 2X10–9 A, and a=38 V–l.

diode junction capacitance (Cj) is given as

q.(o)

‘(v)=(1- V/v,)’’”

where C,(O) = 0.10 PF and V.= 0.45 V.

(lo)

The nonlinear

(11)

The frequency

response’ of the ant&na is determined by analyzing the

nonlinear circuit model using the Newton-Raphson itera-

tion method. A detailed discussion is given in a recent

paper [9]. Fig. 6 shows the theoretically predicted frequency

response of the antenna, based on this theoretical model.

Fig. 7 shows the measured dynamic range of the broad-

band E-field probe. The detected voltage for electric-field

strengths up to approximately 20 V/m has an accurate

square-law response which is proportional to E squared.

For electric-field strengths above 20 V/m, the detected dc

voltage departs from square law, approaching a linear

response at approximately 500 V/m. This phenomenon

can be relatively easily predicted by solving a first-order

differential equation associated with the simplified

Th6venin’s equivalent nonlinear circuit shown in Fig. 8. It

can be shown [3] that for a small induced voltage (~.), the
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Fig. 8. A simplified equivalent circuit model for the 8-mm resistive

dipole-diode sensing element.

output de voltage (J(o) is

()

~2
p’-=-:

4 1+ cd/ca

and for large ~

~
v~=–

1+ cd/ca ‘

(12)

(13)

Equation (12) indicates that for small induced RF volt-

ages, the output dc voltage is a square-law function of the

induced voltage. On the other hand, (13) indicates that for

large induced voltages, the output de voltage V. is directly

proportional to the induced voltage. The measured linear,

transition, and square-law regions of the detected output

voltage can be seen by examination of Fig. 7.

IV. EVALUATION OF THE BROAD-BAND

ELECTRIC-FIELD PROBE

The broad-band electric-field probe prototype, config-

ured of resistively tapered dipoles, was calibrated with

respect to the following parameters: 1) frequency response,

2) dynamic range, and 3) probe isotropy, that is, antenna

directivity and field polarization sensitivity.

The approach used at NBS for evaluating and calibrating

RF radiation monitors is to generate a calculable or

“standard” field and then immerse the probe of the moni-

tor being tested in this known field. The optimum type of

field-generating instrumentation depends on the frequency
band and the desired accuracy. A convenient device for

frequencies up to 300 MHz is a rectangular “coaxial”

transmission line known as a TEM cell. In the frequency

range of 300–1000 MHz, a series of rectangular waveguide

transmission lines (open-ended waveguides) can be used,

in the NBS anechoic chamber, to generate fields of known

intensity. Calibration fields above 500 MHz are produced

in the NBS anechoic chamber using a series of standard-

gain pyramidal horns. In all cases, it is possible to calcu-

late the electric- and magnetic-field strengths (and equiv-

alent free-space power densities) in terms of the measured

power flow through the cell or waveguide, or the power

delivered to the open-ended waveguide or horn antenna.

Such standard fields can be established at NBS at any
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Fig. 9. The measured frequency res~onse of one element of the broad-
band ~-fiefi pr;be at 10 V/m.
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Fig. 10. The measured linearity of the Ii-field probe at both 1.5 GHz
and 10 GHz.

frequency up to 18 GHz with an uncertainty of less than

+ 1.0 dB.

Fig. 9 shows one dipole’s de output voltages as mea-

sured in a standard field of 10 V/m from 100 kHz to 18

GHz. These detected dc voltages were measured using a dc

digital voltmeter having an input impedance of 50 MQ.

The probe’s response is seen to drop sharply below 1 MHz

and beyond 12 GHz. Fig. 7 shows the measured plus

projected dynamic range of the prototype E-field probe.

As discussed in Section III, the detected dc voltage has an

accurate square-law response for electric fields of less than
20 V/m. When the electric-field strength is above 20 V/m,

however, the detected dc voltage departs from square law,

approaching a linear response near 500 V/m. Since the

Schottky beam-lead diode used has a breakdown voltage

of about 4 V, the expected maximum electric field that the

probe can measure (without darnage) is estimated to be

about 1.65 kV/m. The minimum measurable field strength

is about 1 V/m when conventional measurement systems

are used. Since this sensitivity is system-noise-dependent,

it should be possible to improve this value by at least an

order of magnitude by using a synchronous detection

scheme in applications in which the EM field can be

amplitude modulated. Probe linearity is very weakly de-

pendent on frequency, as indicated in the curves of Fig. 10.
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FREQUENCY <tl~Z>

Fig. 11. The individual transfer function of all three sensing elements of
the probe at 10 V/m.

Since the broad-band electric-field probe was calibrated

at 10 V/m, where the detected voltage has a square-law

response, it is appropriate to define the transfer function

of the probe, in dB, as

v
TdB = lo log ~ (14)

mc

where Vmm is the maximum dc detected voltage and Ei~C is

the incident electric-field strength. Fig. 11 shows the mea-

sured transfer functions of each element of the broad-band

electric-field probe, which are flat to within + 2 dB from 1

MHz to 15 GHz.

Probe isotropy is achieved by the mutually orthogonal

configuration of the three dipole elements, and its measure

can be obtained by correctly combining the three dc

detected output voltages. When the probe is operated in its

square-law region, i.e., the dc detected output voltages are

proportional to the corresponding electric-field compo-

nents squared, the magnitude of the electric-field strength

can be defined as

l~l=k(vx+~+ly’ (15)

where k is a constant of proportionality and the V‘s are

the three detected output voltages. It is important to note

that (15) is a special case of the more general expression

IEl = (IEX12+ IEJ2+ IEZ12)1’2 (16)

where the E‘s are the electric-field-strength components.

Equation (15) can only be used when IEI <20 V/m. For

field strengths greater than 20 V/m, the quantities Vx, Vy,

and V= must be appropriately combined using computer

calibration processing or by some form of electronic signal

processing afforded by the metering unit. The reception

patterns and probe isotropy, illustrated in Figs. 12 and 13,

were obtained by aligning the axis of the probe handle

such that it made equal angles with the E-vector, the

H-vector, and the Poynting vector of a 10-V/m EM field.

Measurements were then made and recorded of each di-

pole’s output voltage as the probe was rotated through

360° about the handle’s longitudinal axis. The isotropic

trace was then computer calculated using (15). It is im-

portant to emphasize here that the curves of Figs. 12 and

13 are correct for the probe alignment described and may
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Fig. 12. The reception characteristics of the isotropic ~-field probe at
100 MHz.
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Fig. 13. The reception characteristics of the isotropic E-field probe at
10 GHz.

not represent results obtained using other orientations

and/or axes of rotation.

V. CONCLUSIONS

This paper has discussed the essential role that the

transfer-standard probe plays in establishing and char-

acterizing standard EM fields. More importantly, it has

focused on the theoretical and experimental developmental

aspects required to produce and certify a transfer-standard

probe. The use of resistive tapering, by means of thin-film

deposition and photoetching techniques, has been shown

to yield significant improvements over conventional dipole

elements. These include broader bandwidth, flatter

frequency response, wider dynamic range, smaller size,

reduced EM-field perturbation and distortion, and com-

plete absence of in-band resonances.

The use of high-frequency Schottky beam-lead diodes

allows the prototype broad-band E-field probe to sense

fields of 1 to 1600 V/m over a range of 100 kHz to 18

GHz. Square-law response (dc detected output voltage

proportional to the electric field squared) for these detec-

tors covers a range of 1 to 20 V/m. Beyond 20 V/m, the

response enters a transition zone (between square law and

linear) and becomes linear for field strengths of 500 V/m

and above. The minimum field strength that can be mea-

sured by the probe is approximately 1 V/m, which is
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primarily dictated by measurement system noise. The pre-

dicted maximum E-field that the probe can measure,

without exceeding the 4-V diode breakdown voltage, is

about 1.65 kV/m. The mutually orthogonal configuration

of the probe’s three sensing elements yields a nearly ideal

isotropic response (within +0.3 dB].

The broad-band isotropic E-field probe was originally

designecl to serve as a transfer-standard in establishing,

maintaining, and certifying controlled EM environments in

the laboratory. Since its development, however, consider-

able interest has come from other applications which re-

quire precise EM characterization of complex fields in the

ne~-zones of highly sensitive electronic systems and com-

ponents. The miniature probe size should allow high spa-

tial resolution in such applications. There is also interest in

using arrays of this probe for periodic certification of such

testitig facilities as anechoic chambers, reverberation

chambers, and open-field ranges. And finally, some con-

sideration is being given to appropriate modifications to

the probe which would extend its utility to include the

measurement of very large impulse fields.
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