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A New Four-Port Automatic Network
Analyzer: Part I—Description
and Performance

KJELL BRANTERVIK aND ERIK L. KOLLBERG, SENIOR MEMBER, 1EEE

Abstract —A four-port automatic network analyzer based upon a new
concept has been tested in the 8~-12-GHz range. An essential feature of
this analyzer, compared with the six-port systems, is that only one detector
is used, and one electronically adjustable reference load is added. In this
paper, an clectronically adjustable short circuit is used as the reference
Toad. Hence, the analyzer is comparatively simple and compact since only a
few components are required. Moreover, the quality of the components can
be moderate. A small desk-top computer (HP 85) is satisfactory for
handling measurement data, adjusting the short circuit, and presenting the
result.

A simplified theory required for the calibration and measurement proce-
dure for the determination of the magnitude and the phase of an unknown
load is included in this report, and experiments illustrate how the accuracy
is improved when the calibration is gradially refined. The expected accu-
racy of the network analyzer is discussed in some detail.

The simple design and the moderate demands on the component quality
means that it should be ideal for millimeter-wave frequencies.

1. INTRODUCTION

NETWORK ANALYZER is an indispensable tool

for testing microwave components and systems by
measuring their complex scattering coefficients (phase and
magnitude). In conventional automatic network analyzers,
the magnitude as well as the phase are measured by
equipment based on analog techniques [1]. Such analyzers
include frequency converters, local oscillators, and phase
detectors. Because of this relatively complicated design,
conventional analyzers are quite expensive and have a
limited measurement accuracy, particularly at higher fre-
quencies (millimeter-wave range) [2]. It is therefore ex-
pected that the present design will have its main applica-
tions at millimeter-wave frequencies.

The six-port theory presented since 1972 involved a new
approach in measuring complex scattering coefficients
[3]-[7]. The hardware part was considerably simplified as
compared with conventional analyzers. The automatic net-
work analyzer discussed in this paper [8] represents a
further step in the total system simplification. In this new
analyzer, as well as in the six-port system, a small com-
puter is an absolute necessity for evaluating the measured
information.
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Fig. 1. Measurement setup for (a) reflection measurements and (b)

transmission measurements.

IL.

An arrangement for reflection measurements is shown in’
Fig. 1(a). Signal power is fed to port 1. In an arrangement
for transmission measurements (Fig. 1(b)), two directional
couplers are added. Part of the signal is fed to port 3 and
another part transmitted through the test object and
brought to port 1. For each frequency, at least three
different values of the reference load (port 2) are needed
for an unambiguous result in both arrangements (Fig. 1(a)
and (b)). ‘

For each state of the reference load, the power detected
in port 4 is recorded. Each such measurement defines a
circle in the complex scattering parameter plane (see Fig.
2). The common intersection point of the three circles
represents the scattering parameter to be determined (the
arrow in Fig, 2).

SHORT DESCRIPTION OF THE METHOD

III.

Referring to Fig. 3, a, represents the complex ampli-
tudes of waves traveling towards the four-port, while b,
represents the complex amplitudes of waves traveling away
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Fig. 2. Circles in the complex scattering parameter plane, defining
possible values for the reflection (transmission) coefficient of the test
object. The reference loads in this case are short circuits at different
positions in the waveguide.

Fig. 3.

Amplitudes and coefficients summarized.

from the four-port. S, are internal reflection and trans-
mission coefficients. The indexes s, r, m, and d of the
reflection coefficients I', indicate source, reference, mea-
surement test object, and detector.

Let e represent the incoming wave amplitude from the
generator. For a fixed frequency, e is a constant. The
relation between the wave amplitudes q; and e is

ay=e+1,-b,.

1)

We also have

b, = Spa,+ S, 1b, + 851,05+ 51,10,
by = Sya, + SyT.by + ST, by + Spal,b,
by = Sya; + S5, 1,0, + S331,,05 + S3,1,b,
by = Syay + SeuL,by + SisT, by + SiuLbs

2

Solving for b, (see the companion paper [9] or [10]), we
obtain

KT+ KT +KT,+K,
bs= KT, T+ K, +K,T,+1°

®3)
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K, in (3) can be expressed in terms of S, I;, and T
(notice that K, --- K, are proportional to e). However,
since they will be determined through a calibration proce-
dure directly, there is no need here to show how they relate
to the scattering parameters.

As mentioned above, the amplitude |b,| is measured for
each adjustment of the reference load. For a specific ad-
justment, the relation between |b,| and I, becomes

AT, +B

1bs] = ‘E'I‘FB (4)

where 4, B, C, and D are functions of I, and K, as
realized when comparing (4) with (3). Equation (4) defines
a circle with center location (I,) cener and radius (I,,) 1 dius
according to

V2 2

(S22
p) |a| 7
( rm )center = 2 (5)
1_‘2 -|b 12
A 4
1 BC
7N R
(rm )radius = 2 (6)
1— < -1, |2
A 4
where
A=K +K, B=K,I,+K,
C=K,I,+K, D=K6F,+1.

As mentioned above, K, ::-K, are determined in a
calibration procedure. Hence, 4--- D have to be calcu-
lated for each setting of the reference load.

The common intersection point of three circles (see Fig.
2) defines the correct complex value for I,,. However,
usually the three circles do not intersect exactly in one
point (compare Fig. 10 in the Appendix). It has been
suggested [11] in this case to. use the so-called “radical
center” as the value for I" (see Appendix).

For transmission measurements, an expression similar to
(3) is obtained (see [9, eq. (15)]: Hence, the transmission
coefficient can also be determined by searching for the
common intersection point of three circles.

The methods described above will be referred to as the
circle methods. There is, however, an even more accurate
method, based on integration of the detector response over
one-half waveguide wavelength [10]. We will not discuss
this method further in this paper.

IV. SYSTEM DESCRIPTION

A diagram of the automatic measuring system used in
our experiments is shown in Fig. 4. The system is con-
trolled by a small desk-top computer (HP 85) which per-
forms all the required computations and interacts with the
external devices through an HP-IB interface bus. The sweep
oscillator, under computer control, supplies a 1-kHz
square-wave modulated signal at selected frequencies.

In this paper, we discuss use of a movable short circuit
as the reference load, i.e., we assume T, = e/* (a variable).
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Fig. 4. Schematic diagram of the automatic measuring system.

At each selected frequency, the step motor adjusts the
movable short circuit to three or more locations. The power
at port 4 is registered by a square-law diode detector and
the detected signal is amplified and fed to the digital
voltmeter. The complex values of I, are presented as
functions of frequency on a plotter.

V. SmMPLIFIED CALIBRATION PROCEDURE FOR
REFLECTION MEASUREMENTS

In order to illustrate the importance of an accurate and
complete calibration, a simplified calibration method will
be used and the magic T will be assumed perfectly symmet-
ric. For a system intended for more precise measurements,
the more involved and exact calibration methods described
in [9] and [10] is recommended.

Three procedures are used, utilizing a matched load and
a movable computer-controlled short circuit as termina-
tions of ports 2 and 3.

A. Port 2: Movable short circuit, T =1-e/®
Port 3: Matched load, T,=0
B. Port 2: Matched load, I,=0
Port 3: Movable short circuit, [, ,=1-¢*
C. Ports 2 and 3: Movable short
circuit, I =1.¢7
I =1-¢/#

In procedure A, the movable short circuit is adjusted over
at least one wavelength. Inserting I', = ¢/ and T, = 0 into
(3), we obtain for procedure A

1 N+Ke
|b4|

™

K, _
14 =B
Kol 1+ e

In a perfectly symmetric magic T, we have S;,; =0, 5, =
— 843, 812 = 813:(S;; = S;;). From [9, eq. (11b)], this yields
K, =0 and K,=0. Equation (7) results in a variation of
1/|b,| as shown in Fig. 5. From this pattern, |K,|, |K|,
and @, can be determined assuming K, = 0. The argument
@, of K, is

O =a/2—a,0r Os=37/2—-a,. (8)

Procedure B yields | K|, ®,, and |K;| in exactly the same
way as discussed for procedure A. For a perfectly symmet-
ric magic T, K¢= K, and K, = — K;. This result is rea-
sonable in view of (3). For a detailed evaluation, the
equations in [9, egs. (9)-(11)] have to be considered. We

565
1
Io, ]
2 -
—— e —— —— I 20—,
1%, | / ] %1
L -
! %
Fig. 5. Calibration measurement by one short circuit and one termina-
tion.

1 -

G3 GI‘
Fig. 6. Calibration measurement by two short circuits with a phase
difference 7.

therefore will use the mean value (|Kg|=|K;|= (|K¢|+
| K7D meas /2, €tc.) for the measurements described in the
next section. With T, =e/% T, =e/, K, =K, K;=—K,,
K,=0, and K, =0 inserted in (3), we obtain
1 |Kse/ =P+ K(ef*+ e+
LARE ] '

X ©)

With the short-circuit plane adjusted so that B =a+ =,
a variation of 1/|b,] versus a (as shown in Fig. 6) is
obtained. Hence, |Ks), ®s, and |K,| can be determined,
where
37

@, = % ~2a; or @5="—2a,.

VI. MEASUREMENTS USING THE SIMPLIFIED
CALIBRATION PROCEDURE

Having performed the calibration steps described in
Section V, preliminary measurements were made. The
parameters K,, K;, K;, Kq, and K, are known for the
calibration program, but the parameters K; and K, are
assumed negligable. In addition, the phase of T, is de-
termined only from knowledge of the physical location of
the movable short circuit, both in the calibration processes
of Section III and in the preliminary measurements de-
scribed in this section.

Fig. 7 shows the results obtained using as a test object a
movable short circuit, similar to the one used as the
reference. The different results obtained when the reference
and measurement object change positions, indicate the
error introduced due to existing asymmetries. This is fur-
ther illustrated by taking the mean of the two measure-
ments, yielding a much smaller error. The elimination of
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Fig. 7. Measurements on a short circuit similar to the one used as a
reference load, and at a reference position where one expects I' = —1+
70 independent of frequency. The upper and the lower curves show
results obtained when the measured short circuit and the reference
short circuit are interchanged. The mean value of these two measure-
ments is also displaced.
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Fig. 8. Results from measurements with the short-circuit plane at a
position /, =10 mm away from the position used in Fig. 7 (reference
position) expected to yield T = —exp(j27-/, /A,). For further com-
ments, see the text.

Fig. 9. Results from measurements on a matched load. (a) Parameter values of K1, K4, K5, K6, K7 neglected. (b) Parameter values of
K4 neglected. (c) All the system parameters accounted for.

errors due to asymmetry can consequently be obtained in
this way.

Fig. 8 shows the results obtained with the same test
object as above, but with the short-circuit plane moved to a
new position 10 mm closer to the magic T. Measurements,
with the test object at port 2 and at port 3, respectively,
have been represented in the same diagram. The “+”
symbols denote the theoretical values. The errors in Fig. 8
are comparable with the errors in Fig. 7, which means
errors of about 3 percent from each of the single series of
measurements, and less than half as much if average values
from the two series are taken.

In the measurements shown in Fig. 9, the test object is a
matched load (HP, X914B). The improvement obtained
with successively better knowledge of the system parame-
ters is illustrated.

Notice that in all the measurements reported above, the
phase is defined relative to the position of the movable
short circuit. In order to have a more exact knowledge of
the phase, a polished metal plate should be used at the test
port. In the companion paper [9], the precision calibration
procedure described also involves use of such a polished
plate. This calibration procedure also very accurately gives
the phase and amplitude of all seven system parameters
(K- Ky).

VIIL.

In this section, we will investigate the obtainable accu-
racy when the complete precision calibration procedure
described in [9] is used. The discussion below is based on
the experience obtained from experiments, some of them

MEASUREMENT ACCURACY
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reported in this paper. The precision calibration method as
such has been checked experimentally with a semi-auto-
matic measurement system at one frequency. However,
extensive tests have subsequently been performed by com-
puter simulations. By assuming a certain set of system
parameters, the detected signal was calculated for two
known and variable reference coefficients I', and TI;. Then,
this calculated signal was used for evaluating the system
- parameters. Also, errors in the detected power measure-
ment have been simulated. The system parameters ob-
tained in the calibration procedures are compared with
those used for the signal calculation. The results are pre-
sented below for four different measurement cases. The
experimental measurements reported above support the
validity of such simulations.

Due to the integration procedure used during the
calibration, errors depending on irregularities in the refer-
ence load adjustment, as well as errors depending on
detector noise, are almost eliminated. Departures from
detector linearity influence the accuracy in determining the
scattering coefficient of a test object in two different ways.
First, the accuracies of the system parameter determination
depend on the detector linearity. Second, the registered
power values during the test object measurements also
depend on the detector linearity. Hence, the accuracy in
determining the scattering parameters of the test object
depend on both the accuracy of the system parameters and
the accuracy in the registered powers.

The error, depending on system parameter inaccuracies,
can roughly be estimated from the computer simulations as
within twice the relative departure from linearity of the
detector if the circle method is used, while for the integra-
tion method (see [10]) the associated error is a factor of two
smaller.

However, besides errors caused by the detector, ad-
ditional contributions have to be considered. These ad-
ditional errors depend on both the measurement arrange-
ment and the method used. A review of some methods and
arrangements are given below:

a) reflection measurements, circle method (this paper),
b) reflection measurements, integral method [10],
¢) transmission measurements, circle method.

For the measurement cases above, all the internal scatter-
ings in the measurement arrangement can be compensated
for, with one exception. For case c), the accuracy is limited
by possible multiple scatterings in the directional coupler,
which links the test object and the four-port (see Fig. 1
(b)) ,

Dimensional errors of waveguides, etc., in the analyzer
will not be important due to the nature of the calibration
procedure. However, temperature effects may have to be
considered if measurements are performed at temperatures
considerably different from those used at the calibration.
The compact construction of the analyzer should make
such temperature effects comparatively small.

With dimensional errors and leakage kept under control,-

the different main error contributions will be indicated as
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follows:

d8x relative detector noise and (systematic) irregularities
in the used reference load (estimated),

8y relative error in detector linearity including the di-
ode as well as the amplifier (estimated),

8s errors due to system parameter inaccuracies (esti-
mated from computer simulations); 8s = 8y for case
b) and 8s =28y for cases a), c), and d),

8z average primary line reflection coefficient of the

directional coupler, which links the test object and
the four-port (only case c) above). In the error
budget, 822 should be multiplied by |S,,|%. We will
use [S,,|%=0.25. ‘

Hence, the systematic error in magnitude
(\/8s2 +8x2+8y? +O.25-822)
and in phase

(605> +6x> + 8y> +0.25-62% ) Q

becomes
Magnitude = /8x? + 58y
Phase degrees = 60)8x* +58y? /Q

Magnitude =2 8y
Phase degrees =1008y/0Q

Case

a)

Case ,
b)

Magnitude = /8x> + 582 +0.2582>
Phase degrees = 60/8x2 +58y2 +0.258z% /Q

Case

©)

Errors due to a finite directivity of the input directional
coupler is not included in the formula yielding case c). The
notation Q above is equal to the magnitudes of the mea-
sured reflection or transmission coefficients, respectively.

However, the systematic errors are somewhat smaller for
small measured reflection and transmission magnitudes
(Q <1) than the expressions above indicate. A rough esti-
mation leads to the following magnitudes for dx, 8y, and
8z for frequencies up to 100 GHz:

dx = 0.0002-0.001
8y = 0.0002-0.0005 (for diode detectors)
8z =0.01-0.04.

The estimations of 8x and 8y above have been obtained
considering use of low-noise chopper amplifiers and a
dynamic range between 30 and 40 dB. Errors due to the
amplifier and detector linearity are discussed extensively in
[12]. With these values inserted in the error functions
above, the total systematic errors for @ <1 can be esti-
mated as follows:

Case Magnitude Phase, degrees
a),b) 0.0005-0.002 0.02/0-01/Q
c) 0.005-0.02 02/0-1/Q

Error contributions depending on possible inaccuracies
in the frequency adjustments are not included in the esti-
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Radical center = (X,Y)
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Fig. 10. The common chords of three circles intersect in a point (X, Y)
known as the radical center.

mations above. Although extensive systematic measure-
ments have to be performed to get more detailed informa-
tion about what accuracy can be achieved for different
frequency ranges, it should be possible to achieve an
accuracy comparable to the accuracy of a six-port system.

Although the accuracy estimation in this section is based
on experience with a movable short circuit, nearly the same
accuracy should be obtainable using, for example, a varac-
tor diode as a reference load. However, the system has to
be calibrated as described in the companion paper [9]. The
scattering properties of the varactor diode has to be
determined separately, using a movable short circuit as the
reference.

APPENDIX

If the center of the ith circle is (x;, y,) and the radius of
the ith circle is r, then the relevant intersection point
(x, y) of the three circles can be calculated as “the radical
center” [10] of these circles (see Fig. 10).

R R R R
Q o P’

X,Y)= Al
(XY)=| WA (A1)
Q ¢ o o

where
P=2(x2—x1)
P’=2(x3—x1)
Q=2(y,— »)
Q'=2(J’3_}’1)
R= 12_"2‘*"‘2 xi+y}—yi
R'=ri—r}+xi—xi+y]-yi
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