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A High-Power Dual Six-Port Automatic
Network Analyzer Used in Determining
Biological Effects of RF and Microwave

Radiation

CLETUS A. HOER, MEMBER, IEEE

Abstract —The design, calibration, and performance of a high-power

(1-1000 W) automatic network analyzer based on the six-port concept are

described for the 10- 100-MHl range. Calibration is performed with a

length of transmission line as the only impedence standard needed. A

10-mW thermistor mount is the standard of power. Imprecision in measnr-

ing reflection coefficient r is 0.0001 in magnitude and 0.005/] r I degrees

in phase. Corresponding estimated systematic errors are 0.001 and 0.1/1 r I

degrees. Imprecision in measuring power is 0.01 percent of range (20 W,

200 W, or 1000 W) with an estimated systematic error of 1.25 percent of

readkrg.

1. INTRODUCTION

I IN SPITE OF the existence of so-called “safe tolerance

limits” to microwave radiation, there is a continuing

interest in obtaining a more complete understanding of this

subject. At the National Institute for Occupational Safety

and Health (NIOSH), a program exists for evaluating the
response of selected biological specimens to carefully mea-

sured and controlled electromagnetic fields with the objec-

tive of determining safe levels of RF and microwave radia-

tion. The associated test chamber is designed in such a way

as to provide fields which are predominantly either electric,
magnetic, or selected combinations of both. This test
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chamber, shown schematically in Fig. 1, is a near-field

synthesizer [1] consisting of a balanced, pari+lel-plate strip

line to generate the electric field, and a rotatable single-turn

inductor placed parallel to and midway between the plates

to generate the magnetic field.

The purpose of this paper is to describe the design,

calibration, and performance of a high-power automatic

network analyzer (ANA) designed for NIOSH by NBS to

measure the power and reflection coefficient at the E- and

H-field input ports of this test chamber at power levels of

1– 1000 W and frequencies of 10– 100 MHz. Measurements

at the inputs to the near-field synthesizer are made with

two six-port reflectometers as shown in Fig. 1. The design

of the reflectometers is based on the new six-port concept

of measurement [2], [3]. Basically, for one six-port the

concept states that the power and reflection coefficient at

one-port of any linear network having six ports can be

obtained from measurements of the power at four other

ports when a signal is applied to the remaining port.

Six-port reflectometers were chosen as the measuring
instruments in this application because of the following

significant features which are not found in other auto-

mated measurement systems: 1) simplicity of the construc-

tion, operation, and calibration; 2) superior accuracy and

precision; 3) no lossy standards required in the calibration;

4) stability of the calibration with time.

These features are elaborated on below.

U. S. Government work not protected by U. S. copyright
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Fig. 1. Block diagram of the high-power ANA and the new-field

synthesizer test chamber.

1) Simplicity: Only magnitude type detectors such as

power detectors are used, in contrast to other ANA’s which

require more complicated detectors which must also mea-

sure phase. When using a six-port, phase angles are com-

puted from the magnitude data.

The dual six-port ANA is relatively easy to automate

and to maintain. All RF information is obtained from

simple dc voltage measurements.

2) Superior Accuracy: The accuracy of the six-port ANA

in automatically measuring network parameters ap-

proaches that achieved by the best fixed frequency, manu-

ally operated systems. For example, the uncertainty in

measuring attenuation is less than 0.003 dB for low-loss

attenuators up to 15 dB, and less than 0.2 d,B at 60 dB. The

uncertainty in measuring reflection coefficient is less than

0.001 with a precision better than 0.0001.
Built-in redundancy in the six-port ANA increases the

accuracy and gives a measure of the quality of each mea-

surement as it is made. This feature enables the operator to

know immediately when the ANA is malfunctioning or

needs recalibration, an important feature that is not availa-

ble on other systems.

3) No Lossy Standards Required: Only one precision

impedance standard is required to calibrate the ANA for

attenuation, phase, reflection coefficient, or impedance

measurements. This standard is a length of precision coaxial

transmission line which is the most accurate impedance

standard available in the 10– 1OO-MHZ range.

Unlike a lossy standard, such as a 50-0 termination, a
coaxial line can be used at high power levels without

significant change in its parameters due to self-heating.

Only a single power standard is required for the absolute

measurement of, power, current, and voltage. This is a

10-mW standard thermistor mount which can be calibrated

by NBS.

4) Stable-Calibration: Since the six-port components are

all passive and the detectors are housed in a temperature-

controlled housing, the calibration constants change slowly

with time, thus eliminating the frequent recalibration com-

monly required by other ANA’s. The six-port ANA should

go several months without recalibration, in contrast with

other ANA’s which require recalibration every several

hours.

II. SYSTEM DESCRIPTION

A functional block diagram of the measurement system

is shown in Fig. 1. The complete ANA is shown in Fig. 2.

The components in the rack are identified in Fig. 3. The

signal from the source is amplified and passed to the phase

shift network where it is divided into two channels by the

power divider. Each output from the phase shift network is

passed through a six-port reflectometer to the near-field

synthesizer. Six-port # 1 measures the incident power and

reflection coefficient at the input td the ~-field plates of

the synthesizer, and six-port #2 measures the incident

power and reflection coefficient at the input to the H-field

loop of the synthesizer. The power detectors are read and

the switches are controlled by a programmable calculator.

A. Phase Shift Network

The purpose of the phase shift network is to change the

phase angle of the two output signals al and Uz at the

six-port measurement planes shown in Fig. 1. It is neces-

sary to change the phase of az relative to al during

calibration of the two six-port reflectometers and also
during the measurement of two-port devices inserted be-

tween measurement planes 1 and 2 [6].

The phase shift network changes the phase difference

between the two output waves al and a~ in four steps of

roughly 90-degree increments. The circuit accomplishes

this phase shift with two lengths of coaxial transmission

line, Lz and L,, which have electrical lengths of roughly 90



1358 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-29, NO. 12, DECEMBER1981

Fig. 2. Photograph of the high-power ANA with the desk top computer-

controller on the left, and an amplifier and power monitor on the right.

and 180 degrees at the frequency of operation. The four

possible combinations of switch settings give the phase of

az /a ~ approximately equal to O, 90, 180, and —90 degrees.

Since the phase shift through a coaxial transmission line

is proportional to frequency, a single line cannot be used at

all frequencies. Because the phase shift through the lines

needs to be only roughly 90 and 180 degrees one length of
line can be used over about a 2-to-1 frequency range. To

cover the 10-to- 100-MHz range requires four different

lengths of line.

B. Six-Port Design

The six-port reflectometer design is shown in Fig. 4. The

high-power signal is passed through the main line of a dual

directional coupler having 30-dB coupling to the two

sidearms. The coupler sidearm on the right of Fig. 4

couples to the emerging wave a, the other sidearm couples

to the reflected wave b. These sidearm signals are further

attenuated with one attenuator in each sidearm when the

main-line power in either direction exceeds about 20 W.

The level of attenuation is set by the calculator in 10-dB

steps to keep the power level at the thermistor mounts

within their optimum range of 1 to 10 mW. This results in

three power ranges for levels up to 20, 200, or 1000 W in

the main line.

Each sidearm signal is then passed through a set of

low-pass filters to a number of hybrids and power dividers
which provide four output signals that are different (inde-

pendent) combinations of the waves a and b at the mea-

surement plane [2], [4]. These four output ports are the four

sidearms of the six-port reflectometer. The magnitudes of

these four outputs are detected with thermistor-type power

detectors. The power and reflection coefficient at the mea-

surement plane are calculated from the readings of these

four thermistor detectors.

A low-loss flexible coaxial cable is connected to the

output port of each six-port and considered to be part of

the six-port. The six-port measurement plane is the plane

of the precision sexless 14-mm connector on the output end

of this cable.
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Fig. 3. Identifying components in the rack of Fig. 2.

C. Detectors

Thermistor-type detectors were chosen to measure the

power at the six-port sidearms because they are the most

accurate power detectors available when used with a preci-

sion self-balancing dc substitution power meter such as the

NBS type IV design [5].

As shown in Fig. 4, each set of four thermistor mounts is

enclosed in an aluminum block whose temperature is held

constant to about *0.010 C. Each thermistor is connected

to its own power meter as shown in Fig. 5. The outputs of

the eight power meters are connected to a scanner which

can connect any one of the power meters to DVM # 1

using channels 1 through 8. The DVM is in series with a

reference voltage generator (RVG) which provides a stable

offset voltage of about 2.3 V. The DVM actually reads the

difference between the power meter output and this offset

voltage. This difference is normally less than 300 mV which

makes it possible for the DVM to measure this difference

on its lowest, most sensitive (1 -pV) range for greatest

accuracy and resolution in measuring small values or

changes in power. The value of the offset voltage is read by

the DVM when the scanner is connected to the short which
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Fig. 4. Design of each six-port reffectometer,

is on channel O. These operations are done automatic Uy

under control of the computer.

D. Filters

The low-pass filters in the block diagram of Fig. 4 are

needed to eliminate harmonics generated by the source and

the high-power amplifier. It is more practical to use low-

pass filters on the sidearms of the coupler rather than one

high-power filter preceding the six-port in the main line.

Four low-pass filters are required in each sidearm to cover

the 10– 1OO-MHZ range. The appropriate low-pass filters

are switched into the sidearms automatically under pro-

gram control.

Since the near-field synthesizer is a high-Q test chamber,

it accepts only the fundamental frequency at which the

chamber is tuned, thereby rejecting harmonics automati-

cally.

E. Computer Control

The ANA is controlled by a programmable desktop

computer. A block diagram of the computer-controlled

components and other support equipment is shown in Fig.

6. The computer “talks” to the source, a scanner, and 2

DVMS through the interface bus (GP-IB). All coaxial

switches and attenuators are controlled by applying 28 V

dc from the power supply to the appropriate switches or
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the two six-port reflectometers.

attenuator cells through the scanner. The scanner also

connects appropriate power meters to the DVMS.

When reading the voltages of the six-port sidearm power

meters, both DVM’S are triggered to take a reading at the

same time. DVM # 1 reads any sidearm power meter on

six-port # 1 or #2 while DVM #2 reads the power meter

from one of the incident wave sidearm ports. The ratio of

any sidearm power to the incident port sidearm power is

independent of the power level. Measuring power ratios in

this manner eliminates the need to level the signal at the

six-ports.

III. CALIBRATION

Before making measurements with the ANA, the six-port

reflectometers must be calibrated at or near each frequency

where measurements will be made. The steps in the calibra-

tion are displayed to the operator on the CRT of the

calculator as outlined in Fig. 7. The input to each six-port

is connected to the phase shift network as shown in Fig. 1

for all of these steps. All of the data taken during the steps

shown in Fig. 7 are with each six-port on its low (20-W)

range.

In step 1, the measurement port of six-port # 1 is

connected to one side of a 30-dB pad which has a power

monitor connected to the other side. The operator adjusts

the power level to obtain 10 mW at the monitor, and then

replaces the monitor with a calibrated thermistor mount

(power standard) as shown in step 2. Step 1 is simply a

precaution to prevent overloading the power standard in

step 2.

The data for determining the network parameters of the

30-dB pad are taken in step 3 where the pad is inserted

between the two six-ports.

The power readings taken in steps 4, 5, and 7 are used in

the “thru-reflect-line” calibration technique [3] to de-

termine the six-port parameters needed for making 17 and

S-parameter measurements. These parameters are then used

to determine the loss and phase shift of the line and the

reflection coefficients of the shorts and opens. The con-

sistency of the values of line loss and phase shift from
calibration to calibration and also with frequency is used

as a check on the quality of the calibration. The calculated

values of r of the short and opens also provide a check on

the quality of the calibration as discussed later. The six-port

parameters are then used with the data from step 3 to

determine the S-parameters of the 30-dB pad. The pad
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Fig, 8. Calibrating one power range on one six-port with a calibrated

lower power range on the other six-port by reflecting the power back
through the two six-ports with four reactive terminations having phase
angles of 180°, 0°, 90°, 270”.

parameters plus the data from step 2 permit the six-port

calibration to be completed so that both six-ports can now

measure absolute power as well as reflection coefficient at

their measurement planes on the Low (20-W) range.

Other power ranges are calibrated using a “bootstrap”

technique after the last step while the “thru” connection is

still made. The Mid (200-W) ranges are calibrated by the

opposite six-port Low range, and the High ( 1OOO-W) ranges

are calibrated by the opposite six-port Mid range.

In some applications it may be desirable to calibrate the

six-ports at power levels which exceed the rating of the

power divider in the phase shift network. The two six-ports

can then be connected, as shown in Fig. 8. In this arrange-

ment, the power from the source is reflected back through

six-port # 2 toward six-port # 1 by four different reactive

terminations such as a short, open, line+ short, and line+

open, where ideally the line would have an electrical length

of 450 at the frequency being used. These four termina-

tions create the same relative changes in the waves at the

common measurement plane as that created by the phase

shift network. The computer program gives the operator

the option of calibrating the high power range using either

the phase shift network or four external terminations. Four

different lengths of lines are required to cover the 10-to-

1OO-MHZ range. These lengths are chosen so their useful

frequency ranges which are about 2:1 coincide with the

frequency ranges of the filters and the lines in the phase

shift network.

IV. PRECISION AND ACCURACY

The performance of the dual six-port ANA is expressed

here in terms of imprecision and systematic error [7]. The

imprecision is a measure of repeatability, and will be

defined as the standard deviation of a number of repeated

measurements over a short period of time. The systematic
error is an estimate of bias or offset.

The imprecision in measuring r is experimentally

observed to be 0.0001 in magnitude and 0.005/1 r I degrees

in phase angle. The imprecision in measuring power is 0.01

percent of the power range.

A. Woods Bridge Comparison

The systematic error in measuring 17was determined by

comparing values of I’ obtained from the six-port to those

values obtained from the NBS precision Woods bridge [8].

The reflection coefficient of four different high-power

terminations having nominal Ir I= 0.01, 0.25, 0.50, and 1.0
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Fig. 9. Magnitude and phase angle $ in degrees for the short and

as determined during the calibration.

were measured on the high-power dual six-port ANA at

seven different power levels. These measurements were

extrapolated to zero power to obtain values which were

compared to values obtained on the Woods bridge, a

low-power instrument. The extrapolated values of Ir I at

zero power agreed with the Woods bridge low-power val-

ues to 0.001.

Imprecision in measuring phase angle is proportional to

1/1 r 1. As Ir I gets small the imprecision gets worse. So

instead of comparing values of phase angle ~, values of the

normalized phase angle y!JIr I were compared which agree

to less than 0.1 degree. The systematic error in ~ is there-

fore estimated to be less than O.1/1 r I degree.

B. Short, Open, and Standard Line

Another check on the systematic error is obtained every
time the ANA is calibrated. Each calibration obtains new

values of r for the short and opens, and also values of loss

and phase shift through the 130-cm long standard line. The

values of 1?for the short and an open are plotted in Fig. 9

for a calibration from 10 to 100 MHz in steps of 1 MHz.

The straight line for ~OPe~in Fig. 9 is the phase angle

calculated from the capacitance of the open circuit cap

(O.1631 pF) as measured at 1000 Hz. The plots of I r I and

phase angle versus frequency show a systematic error up to

*0.0005 in [17I and *O. 1 degree in phase angle at some

frequencies.

Plots of the loss and phase shift through the standard



HOER: DUAL SIX-PORT AUTOMATIC NETWORK ANALYZER

PADS

33 dB> 500W

Ps . 10 mW

Fig. 10. Setup for determining how measurements on different ranges
agree.

line are shown and discussed in [9] where they are used .in

determining the change in the characteristic impedance ZO

of the line with frequency.

C. Two-Port Parameters

The imprecision in measuring the scattering parameters

S1, and SZ2 of a two-port is the same as the imprecision in

measuring r of a one-port termination. The imprecision in

measuring SIJ or attenuation is less than 0.001 dB up to 15

dB, increasing to 0.15 dB at 60 dB. The systematic error in

measuring attenuation was not determined because the

instability in the high-power pads due to changes with

temperature and power level were greater than the errors

we were trying to find in the six-port. A detailed investiga-

tion at 3 GHz of the errors in another dual six-port ANA

concluded that the systematic errors were less than the

imprecision [10]. Hopefully, that conclusion is valid for our

high-power dual six-port ANA also.

D. Accuracy in Power

The accuracy of the ANA in measuring power is

determined primarily by the l-percent uncertainty with

which NBS can determine the effective efficiency q, of the

standard thermistor mount. An addition 0.1 percent is

added to this uncertainty to allow for the 50. l-percent

variation of q, with frequency, since a single average value

is used in the computer program at all frequencies. Another

0.1 percent is added due to the estimated systematic error

in measuring Slz of the 30-dB pad. Other errors are 0.03

percent due to the assumption that r of the standard

thermistor mount is zero, and 0.02 percent due to errors in

the Type IV power meter used with the standard mount.

The total estimated systematic error in measuring power

comes to 1.25 percent of the measured value.

E. Range Comparison

One way to determine how measurements on different

power ranges agree is shown in Fig. 10. Power PI is
measured on two different power ranges of the six-port

while P~ is held relatively constant. Ratios of P, /P~ mea-

sured on the Low and Mid ranges at 20 W agree to 0.15

percent. Increasing the attenuation from 33 to 43 dB, ratios

of P, /P~ measured on the Mid and High ranges at 200 W

agree to 0.25 percent. The values of r measured on the
Low and Mid ranges at 20 W agree to 0.001 in magnitude

and 2 degrees in phase, where Ir]C=0.01. Values of r

measured on the Mid and High ranges at 200 W agree to

0.002 and 5 degrees. All of the above differences are worst

cases observed at test frequencies of 15, 25, 45, and 75

MHz.
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V. CONCLUSION, OBSERVATIONS

A high-power automatic network analyzer has been con-

structed having accuracies comparable to low-power preci-

sion impedance bridges and power meters. The calibration

technique described is applicable at any power level since

no lossy standards are used. The technique for calibrating

higher ranges with lower ranges is quite general and can be

applied to any number of steps.
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Propagation Parameters of Coupled
Microstrip-Like Transmission

Lines for Millimeter-Wave
Applications

SHIBAN K. KOUL AND BHARATHI BHAT

Abstract —A variational expression is derived for the propagation

parameters of coupled microstrip-like transmission lines for millimeter-wave

applications using the “transverse transmission line” method. Numerical

results are presented for the coupled inverted microstrip lines, and for the

coupled suspended microstrip lines. The effects of the top and sidewalls

and also of the finite thickness of strip conductors on the even- and

odd-mode impedances are studied. The use of a dielectric overlay in

equalizing the even- and odd-mode phase velocities is investigated.

L lNTRODUCTION

M

lCROSTRIP-LIKE transmission lines, which incor-

porate an air gap between the dielectric substrate and

the ground plane, such as the inverted microstrip and the

suspended microstrip, are known to offer less circuit losses

and less stringent dimensional tolerances compared with

the conventional rnicrostrip lines [ 1]–[3]. The same ad-

vantages accrue in the case of coupled rnicrostrip-like

transmission lines shown in Fig. 1 and its two special cases,

namely; the coupled inverted rnicrostrip lines and coupled
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Fig. 1 Coupled sandwiched microstnp structure.

suspended microstrip lines which result when h ~ = O and

h ~ = O, respectively, These structures, therefore, find appli-

cations in the design of filters and couplers at rnillimeter-

wave frequencies. Smith [4] has analyzed the even- and

odd-mode capacitances of the coupled lines on a sus-

pended substrate based upon conformal transformation.

Mirshekar-Syahkal and Davies [5] have analyzed shielded

multilayer dielectrics with arbitrary coplanar conductors

using spectral-domain approach.
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