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Abstract— We present a new four-state interferometer
for measuring vectorial reflection coefficient from 50 to
1800 MHz. The interferometer is composed of a four-state
phase shifter, a double-directional coupler and a spectrum
analyzer with an in-built tracking generator. We describe
a design of the interferometer and methods developed for its
calibration and de-embedding the measurements. Experimen-
tal data verify good accuracy of the impedance measurement.
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1. Introduction

Vectorial reflection coefficient measurement may be per-
formed today using various instruments. Besides the most
popular vector network analyzers, there is a broad class
of interferometers, in which the relationship between the
incident and reflected waves on the tested device is es-
tablished indirectly by measuring power of interfering dif-
ferent microwave signals that are linearly related to those
waves. Within the class, there are instruments perform-
ing the measurement instantly (measurement multiports)
or in successive steps (multistate reflectometers). The for-
mer group is represented by the well-known six-port junc-
tion [1], while the last one by multistate reflectome-
ter [2] or AM/PM switched three port reflectometer [3].
All they yield almost the same number of measured pow-
ers necessary to unambigously determine the reflection
coeflicient.

As it has been shown in [3], sequential measurements
made with one detector in several independent states of the
switched three-port are equivalent to simultaneous readings
from four detectors in the six-port junction. Since design-
ers of the interferometers pursue for simplicity and lower
cost, they tend to substitute the number of measurement
states for the number of measurement ports at an expense
of extended measurement time.

For automated measurement, the multistate interferome-
ters use switched AM/PM modulators to realize different
measurement states. Set of all amplitude and phase states
realized by the modulator at a given frequency is typ-
ically depicted with points in polar coordinates and re-
ferred to as the modulator state distribution. Since accu-
racy of the impedance measurement depends on a partic-
ular state distribution, an optimal arrangement of the dis-
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tributions in the whole frequency range is a challenging
task for an instrument designer. As it was shown in [4],
AM/PM switches of reflection type may operate over the
bandwidth of few octaves, if properly designed.

The theory behind the reflection coefficient measurement
using the six-port has been known for over quarter of a cen-
tury [1] and can be applied to the multistate interferometers
as well [2, 3]. There are two types of models that describe
such a measurement, the linear and nonlinear ones and this
results in the relevant calibration and accuracy enhance-
ment techniques utilized for the multistate interferometers.
Generally, the linear methods [5] are much simpler to im-
plement in computer than the nonlinear ones [6], but usu-
ally utilize more unknown quantities and thus are more
measurement extensive.

We present here a new four-state interferometer system for
impedance measurement from 50 to 1800 MHz. The sys-
tem employs a spectrum analyzer with an in-built tracking
generator, a four-state phase shifter and a double directional
coupler. The generator stimulates the measurement circuit
through phase shifter and the coupler while the receiver
of the spectrum analyzer measures the interfering waves in
every phase-state of the shifter. We describe the shifter
design and discuss two different models for the impedance
measurement validating they usefulness with experimental
measurements.

2. Multistate interferometer

A general scheme of the multistate interferometer is
shown in Fig. la. The instrument measuring unknown
impedance Zy consists of a signal source, an AM/PM
switch, a double directional coupler and a detector. In the
kth state, the modulator produces two stimulating signals,
ik and ag, that emerge then as the reflected waves bsy
and by at relevant ports of the coupler. Due to mismatched
terminations (the detector and Zy), incident waves asy
and ag, respectively, appear also at these ports. Conse-
quently, all the waves interfere in the coupler’s main line
and the detector measures the resultant power. The mea-
sured power depends on the phase and magnitude relation-
ships of both stimulating signals, which vary along with
the modulator state. Generally, any stable receiver capable
of measuring power may fulfil the detector’s role.
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The waves’ interference can be explained using the equiv-
alent circuit shown in Fig. 1b, where two wave sources bz
and by model the stimulation, and the reflection coeffi-
cient I'yk represents the receiver (detector) impedance for
the kth state. The power measured by the receiver in this
state is described by

H( — k|b3k+rxb4k|2 =y |rX_Qk|2 (1)
|1_ rxrrk|2 |1_ rxrrk|2 ’
where Qx = —bak/bg is the reference point, i.e., the

value of [y for which the power drops to zero, and Qg
and = Qi|bg|? are system constants. In the plane of
the complex reflection coefficient Iy, formula (1) de-
scribes a family of cirles, being loci of constant power.
The circles are excentric if the receiver is mismatched
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Fig. 1. Multistate interferometer: functional diagram (a) and its
equivalent circuit (b).

There are five real parameters: Cx, Reqk, Imqgk, Rel
and Im[ g, in formula (1). Therefore, calibration of the
multistate interferometer requires, in general, measuring of
at least five different impedance standards in each state to
determine the unknown parameters. Considering K states
of the interferometer, one gets the total of 5K calibration
measurements. In case, when the input reflection coef-
ficient of the receiver is invariant to the interferometer’s
state, the number of the unknowns reduces to 3K + 2 and
thus fewer standards are necessary for the calibration.
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3. Four-state phase shifter

We have decided to use a four-state phase shifter as our
modulator and designed it considering availability and
affordable costs of its components. The block diagram of
the shifter is presented in Fig. 2. With the signal source
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Fig. 2. Block diagram of the four-state phase shifter.

at the input, this three-port circuit produces two signals
shifted in phase by 0° or 180° at one output and 0° or 90°
at the other one. The phase shifts are realized by two
specialized sections of this circuit, which are separated
with the in-phase input power divider. Each section com-
prises a power divider whose outputs are shifted in phase
and the phase keying rely on selecting the appropriate
signal.

In contrast to the 0°/180° section, the 0°/90° section is
composed of two branches, A and B, to provide cover-
age of the full frequency range. Due to limited bandwidth
(50-700 MHz) of the 0°/90° commercial divider in
branch A, the phase shifter in branch B, composed of an-
other in-phase power divider, a tandem coupler and a ref-
erence line (a delay line), was built entirely in house
for the upper subband (700-2000 MHz). The switches,
single pole double throw (SPDT) and single pole four
throw (SP4T) controlled by a microcontroller (not shown
in Fig. 2), select the appropriate signals in each section,
shifted in phase by: 0°, 90°, 180° or 270°. The phase
shifts have been optimized in the whole frequency range
using advanced design system (ADS), a microwave circuit
simulator, on the basis of characteristics measured for the
major components. To correct the phase at low frequency
end, the high-pass filter (see Fig. 2) has been added in the
0°/180° section.

Distribution of the reference points can be evaluated from
the three-port S parameters:

Si1
- o)
gji S, 2)

where indices i = 2,3 and j =4,5,6,7 regard relevant mod-
ulator’s states in both subbands.
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Fig. 3. Distribution of the modulator’s phase states versus fre-
quency in: lower (a) and upper (b) subbands.

Figure 3 shows frequency variations of (2) in the polar
coordinates. The curves revolve similarly on each diagram
thus maintaining almost 90° separation. The characteristics
obtained by measurement and simulation in ADS are well
matched, especially over the upper subband.

4. Calibration of multistate
interferometer

Since in contrary to the six-port junction, the measure-
ments made on the multistate interferometer do not com-
prise straight information on the incident wave in the cir-
cuit, the known six-port methods cannot be directly ap-
plied to calibration of the multistate interferometer. There-
fore, we have developed our own method based on a linear
model describing the measurements. For 'k =T, = const
(k=1,2,3,4) in formula (1), we write the equation:

XBk + PxXp Br = Pk 3)

where py is a dimensionless power indication of the receiver
in the kth state, the row vectors depend on I':

x=[1—|r|2 142 —2Rel —2|mr}

and
Xp = [|r|2 2Rel 2|mr},
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while the vectors Bk and fB; represent the system parame-
ters:

BE:%[]-_MHZ 1+l —2Reqq —2|ka]7

Bl =— [|r,\2 —Rel; |mr,] .

In the above formulae, the 3 parameters are nonlinearly
related and this can be exploited to reduce the number of
unknown coefficients in the Eq. (3) by K+2. The nonlinear
relationships are as follows [7]:

BS— B4 — B%— B = BiDBk =0,

Brzl_Brzz_Brzi% = B-errBr —eBr =0,

“4)

where D = diag {1-111}, D, = diag {011} and
e=1[100].

For the system calibration, a set of known impedance
standards {I'n}, n=1,2,...,N >4, is used and the mea-
surements described by Eq. (3) can be set up in matrix
form:

XeB =Y, &)

where the vector BT = [BI Bl Bl Bl B-rr} represents the

unknown parameters, y' = {y-{ y;- yg y-'4-] comprises the

measurements y{ = {pkn} and the block coefficient ma-
trix Xe is composed of matrices:

X={xn}, Xp={Xpn} and Py =diag(pun),

P1Xp
P2Xp
PsXp
PaXp

Xe

I
o o o X
o o X o
o X o o
X o o o

The over-determined equation set (5) may be solved using
a least squares method accounting for the constraints (4) [7].
For this purpose, we use the objective function:

LA, B) = (y—XeB)TW(y — XeB)

—Z)\kBIDﬁk—/\r(BIDrﬁr _eBI')v (6)

where W is a diagonal weight matrix and the vector A =
[A1 A2 Az Az A]T comprises Lagrangian multipliers. We
minimize (6) with a similar method as in [7] approaching
the optimal solution iteratively. If the system is calibrated,
reflection coeflicients of measured devices are calculated in
similar way as in [7].
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5. Experimental results

For measurements, we arranged the interferometer in
a measurement system shown in Fig. 4. The interferom-
eter comprises the four-state shifter, a double directional
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Fig. 4. Block diagram of the measurement system.

coupler and an HP8590L spectrum analyzer with in-built
tracking generator. The generator stimulates the measure-
ment circuit through phase shifter and the coupler while
the spectrum analyzer measures the interfering waves
at one port of the coupler’s main line. The other port of
this line is terminated with measured impedance Zy. For
the calibration, the system is equipped with an electronic
impedance tuner that produces 36 known and repeatable
values of the reflection coefficient [8]. All the system is
controlled from a PC through GPIB and RS 232 commu-
nication buses using a program developed in VEE Pro en-
vironment [9].

The program enables user to perform the system calibra-
tion in two ways, with either a simplified or complete pro-
cedure. The simplified procedure assumes 'k = 0 in the
model (1) and in consequence By = 0 in (3)—(6). It may
be, thus, applied to spectrum analyzers with well-matched
input, e.g., using an attenuator. The simplified calculations
go faster than in case of the complete procedure. This is
achieved, however, at an expense of higher measurement
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Fig. 5. Frequency dependence of the RMS error.
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uncertainty. Figure 5 shows this with two traces each for
different procedure.

The graph in Fig. 5 illustrates frequency dependence of the
root mean square (RMS) error of the reflection coefficient
measurement in the system. The RMS error is calculated
from deviations of the reflection coefficient:

|AT| = [FmiF —Tvnal s (7)

where 'y and Nyna are the reflection coefficients mea-
sured using the multistate interferometer (MIF) and VNA,
respectively.

The results shown in Fig. 5 refer all the reflection coef-
ficients realized using the impedance tuner. The differ-
ences between both curves are not very pronounced due
to the return loss of the receiver that was higher than
30 dB over the whole frequency range. Two prominent
picks seen in the both curves are, perhaps, caused by inter-
ference coming from mobile communications bands. Thus
except these two bands, the measurement uncertainty is less
than 0.025.

6. Conclusions

We have presented a new multistate interferometer system
for measuring vectorial reflection coefficient from 50 to
1800 MHz. The interferometer is composed of a four-
state phase shifter that was designed in house, a double-
directional coupler and a HP 8590L spectrum analyzer with
an in-built tracking generator. The generator stimulates the
measurement circuit through the shifter and the coupler
while the spectrum analyzer measures the interfering waves
in the coupler’s main line. The reflection coefficient is
determined from the measurements made for four phase
states of the shifter. A PC controls the system and provides
automation of the measurement process.

We described the design of the phase shifter, which was
optimized in the whole frequency range to achieve the high-
est measurement accuracy as well as maintain low cost of
the interferometer. The shifter’s characteristics agreed well
with the designed ones. We introduced also the technique
we had developed for calibration of the system. The tech-
nique is based on a linear model and a LSQ method ac-
counting for nonlinear constraints, which reduces the num-
ber of identified system parameters. We performed reflec-
tion coefficient measurements using the system and com-
pared them with similar measurements made using a VNA.
The experimental results have validated both the technique
and high system’s performance.
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