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Abstract— A reflectometer designed for operation at:
submillimeter wavelengths and based on the sampled-:
transmission line architecture is described. The reflectome-
ter is a relatively simple implementation of the six-port net-
work analyzer introduced by Engen and consists of a section
of rectangular waveguide and an ensemble of Schottky diode
power detectors. Design considerations for the instrument
are described and measurements in the 270 GHz to 285 GHz
range are presented and discussed.

Keywords— Six-port network analyzers, submillimeter-
wave systems, reflectometers, Schottky diodes.

I. INTRODUCTION

HE TEST AND measurement infrastructure that has

played such a pivotal role in the development of mi-
crowave and millimeter-wave systems is either scarce, ex-
pensive and complex, or does not exist for much of the
submillimeter-wave region. This is unfortunate because the
submillimeter-wave spectrum has long been recognized as
a fruitful region for fundamental research, particularly in
radio astronomy [1], atmospheric remote sensing [2] and
molecular spectroscopy. More recently, scientists and en-
gineers have begun to recognize the potential of submil-
limeter systems in applications ranging from scaled radar
range measurements to the detection and monitoring of
chemical and biological warfare agents [3]. Because of the
importance of these and other applications, a significant ef-
fort has been focused on developing electronics capable of
operating at submillimeter wavelengths. Still, the limited
availability of diagnostic instrumentation remains a major
obstacle limiting full use and exploration of the submillime-
ter portion of the electromagnetic spectrum.

The lack of instrumentation for measuring scattering-
parameters in the submillimeter region has prompted a
number of investigators to explore methods for extending
traditional four-port analyzers to higher frequencies [4,5] as
well as finding alternative network analyzer architectures
[6,7]. An attractive technique for realizing a submillimeter-
wave s-parameter measurement system is based on the six-
port reflectometer proposed and developed by Engen (8,9].
In this paper, we present a submillimeter-wave implemen-
tation of the six-port reflectometer based on a sampled-
transmission line structure. Design considerations and cal-
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Fig. 1. Basic architecture of the sampled-transmission line six-port
reflectometer (based on the work of Williams [10]). A set of power
detectors samples the standing wave on the section of transmission
line.

ibration of the instrument are discussed and measurements
over the 270-285 GHz band are presented.

II. BACKGROUND

The sampled-line analyzer was introduced by Williams
[10] and is a relatively simple version of the six-port re-
flectometer. The basic instrument, shown in figure 1, con-
sists of a single section of transmission line and an ensem-
ble of power detectors. The detectors sample the stand-
ing wave at discrete points along the transmission line and
the error-corrected reflection coefficient is computed from
power measurements through a bilinear transformation.

It has been shown that only three power detectors are
required if the load being measured is known to be passive
[8,10]. Effectively, this apriori knowledge (which is nearly
always valid at submillimeter wavelengths) reduces the six-
port analyzer to a five-port reflectometer. To eliminate
aliasing, the standing wave along the transmission line is
sampled at intervals not exceeding a half-wavelength. Con-
sequently, a triplet of detectors spaced by Ag/6 (where Aq
is, the guide wavelength) will permit reflection coefficient
measurements of passive loads over an octave bandwidth.
The operating range of the instrument can be extended to
several octaves by adding extra power detectors as shown
in figure 1.

As with all six-port reflectometers, calibration of the
sampled-line analyzer consists of two steps. In the initial
calibration step, the six-port network is converted to an
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tometer. (b) Diagram showing details of the microstrip probes and
waveguide channels.

Fig. 2. §a; Photograph of the submillimeter sampled-line reflec-

equivalent four-port reflectometer. This conversion, which
involves finding five calibration constants that are a prop-
erty of the network architecture, is most easily accom-
plished using a sliding termination. Details of this pro-
cedure are well-documented [11] and will not be repeated
here. The second part of the calibration consists of the
familiar technique of using three well-characterized stan-
dards to determine the error coefficients in the four-port
reflectometer model. The extra calibration step required
for six-port reflectometers can be inconvenient. However,
the vast simplification in circuit hardware that results from
the six-port architecture is often worth the inconvenience,
particularly at submillimeter wavelengths where complex
or intricate circuit designs are difficult to realize.

III. DESIGN

The sampled-line reflectometer investigated in this work
consists of a 5 cm section of rectangular waveguide and a
set of four Schottky detector diodes. A photograph of the
reflectometer is shown in figure 2(a). The waveguide has in-
ner dimensions of 406 umx 787 pum, resulting in single mode
propagation over the 190 GHz to 370 GHz band. Shallow
(125 pm deep x 178 pm wide) cross channels are machined

Waveguide Probe
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Schottky Diode

Microstrip Lowpass
Hilter

Fig. 3. Photograph of a UVA SCIT5 Schottky diode flip-chip
mounted to a microstrip probe. The substrate is 125 pm thick quartz.

in the block to accommodate microstrip probes for sam-
pling the standing wave inside the guide. The probe spac-
ing is 195 pm, corresponding to Ay/6 at 320 GHz. In addi-
tion, two narrow (100 pm wide) side channels are machined
parallel to the primary waveguide channel (see figure 2(b)).
These side channels accommodate quarter wave (Ao/4) long
bond wires that are used as dc returns-to-ground for the
Schottky power detectors. The entire waveguide block was
fabricated by Custom Microwave, Inc. and was designed
with waveguide flanges that mate to standard WR-3 com-
ponents.

Sampling probes and microstrip lowpass filters for the
reflectometer were designed with the use of Ansoft’s High
Frequency Structure Simulator. To minimize perturbations
to the standing wave being sampled, each probe was de-
signed to couple no more than 5% of the energy in the guide
to the detectors. The probes and filters were fabricated
photolithographically on 125 pm thick quartz substrates.
SC1T5 planar Schottky diodes fabricated at the University
of Virginia were then flip-chip mounted onto these probes
using silver epoxy. These devices are typically used for
mixer applications at 600 GHz. A photograph of one of
the probe circuits is shown in figure 3.

Commercial calibration standards are not readily avail-
able at frequencies significantly higher than 100 GHz. Con-
sequently, a set of custom-designed standards were fab-
ricated along with the reflectometer waveguide housing.
These standards consisted of a short-circuit termination or
“plug” and two offset shims of lengths 33 mils and 37 mils.
The shims, and their combination (70 mils long), are used
to, realize three offset short-circuits. These loads provide
a set of standards that can be used to calibrate the reflec-
tometer over the entire 270 GHz to 360 GHz band.

IV. MEASUREMENTS

The experimental setup for the sampled-line reflectome-
ter is shown in figure 4. A mechanically tunable 70 GHz
to 105 GHz Gunn diode oscillator (Carlstrom H208) with
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Fig. 4. Experimental setup of the sampled-line reflectometer for
measurements in the 270 GHz to 285 GHz range.

output isolator is used as the source. This is followed by
a broadband frequency tripler (model WR-3.4-X3-LP) de-
signed by Virginia Diodes, Inc. [12]. An adjustable atten-
uator placed after the isolator permits control of the input.
power provided to the tripler and reflectometer. The typi-
cal output power of the tripler at 280 GHz is 300 uW. DC
bias is supplied to the Schottky detectors with commercial
bias supplies (model E3610A by Hewlett Packard) and the
output current of the detectors is monitored with a set of
Keithley-2000 63 digit multimeters. ’

A. System Calibration

The first step in calibrating the sampled-line reflectome-
ter consists of converting the six-port analyzer to an equiv-
alent four-port by use of a sliding termination. The sliding
short used in this work was designed in-house using a com-
mercially available micrometer with a custom-machined fit-
ting. This fitting (shown in figure 5) consists of a cylindri-
cal brass shim of length 1.8 cm and diameter 356 pm. The
shim slides into a waveguide ‘adaptor (also shown in fig-
ure 5) to act as a sliding load. The complete assembly for
the backshort is shown in figure 5.

With Pj, Py, and Ps denoting the powers measured at
three of the six-port’s detectors, Engen has shown that a
sliding termination traces out an ellipse in the P3/Ps —
P,/Ps plane [11]. Sliding load measurements taken with
the sampled-line reflectometer investigated in this work are
shown in figure 6. By least-squares fitting an ellipse to the
data-at each frequency point, the five six-port calibration
constants can be determined [11].

The second calibration step for the reflectometer consists
of using three well-characterized standards to determine
the complex coefficients for the standard one-port error
model. In this work, the custom-made short circuit and
two offset shorts previously described were used for this
calibration step.

B. Waveguide Measurements

Initial measurements performed on the system indicated
that above 285 GHz, the output power of the tripler was
insufficient to be measured by the Schottky detectors. In
addition, above 300 GHz, two of the detectors exhibited
very low responsivities, near the noise floor of our mea-

Fig. 5. Photograph of the sliding backshort assembly. This tunable
short was used in the six-port calibration procedure.
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Fig. 6. Measured “calibration ellipses” for the sampled-line reflec-
tometer at 273 GHz (@) and 285 GHz (). A least-squares fit to the
data provides the calibration coefficients for the six-port to four-port
conversion.

surement system. It is quite possible that this behavior is
a result of misalignment and other imperfections resulting
from manual assembly of the reflectometer. Consequently,
scattering parameter measurements with the instrument
were performed in the 270 GHz to 285 GHz range.

Verification standards are unavailable for submillimeter-
wave frequencies and, as a result, operation of the reflec-
tometer was evaluated using the offset shorts designed for
calibration. Because only two offset shorts (of lengths
33 mils and 37 mils) are used in the calibration proce-
dure for the 270 GHz to 285 GHz range, the third offset
(70 mils) can be used as a check to verify the reflectome-
ter is working properly. Remeasurement of the standards
used for calibration can provide information regarding the
repeatability of measurements.

Figure 7 shows the measured phase of s3; for the three
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Fig. 7. Measured phase vs. frequency for three offset short circuits.

offset shorts over the 270 GHz—285 GHz band. The mea-
sured phase is close to that predicted using an ideal, loss-
less short-circuited waveguide as a model and follows the
expected slope as a function of frequency. It should be
noted that no waveguide losses are accounted for in either
the theoretical curves or circuit models used for the cali-
bration standards. In addition, there is approximately a
+5° uncertainty in the phase measurements arising from
use of the Gunn diode source. This uncertainty arises from
frequency drift of the device as well as small errors in ad-
justing the micrometers used for frequency tuning.
Because the loads measured in figure 7 are ideally loss-
less, the magnitude of the reflection coefficient is expected
"to be near 0 dB. Magnitude measurements performed on
the offset shorts are shown in figure 8. In general, the mea-
surements for each shim average near the expected 0 dB,
but some data deviate substantially, showing significant er-
ror in the calibration. Sources of this error may include im-
precise modeling of the calibration standards, repeatability
in connecting the waveguide flanges, and the low power lev-
els used for the measurements. Magnitude measurements,
in particular, are relatively sensitive to variations in power
level and waveguide losses. The phase response, on the
other hand, depends primarily on the delay between the
measurement reference plane and the load. This is known
with good precision for the offset shorts and probably ex-
plains why the phase measurements shown above are rela-
tively close to that expected from theory.

V. DISCUSSION

In this paper we have presented and demonstrated a six-
port reflectometer for scattering parameter measurements
in the submillimeter region. Because the instrument relies
only on fundamental submillimeter components (transmis-
sion lines and Schottky detectors) and a simple architec-
ture, it can be scaled in principle to frequencies approach-
ing 1 THz. Future work will focus on improvements in
the system calibration, extension of the instrument’s fre-
quency range, and incorporation of monolithic processing
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Fig. 8. Measured magnitude vs. frequency for three offset short

circuits. Also shown is the 0 dB reference for lossless terminations.

technologies to produce an integrated instrument. In ad-
dition, the reflectometer will benefit from improvements in
submillimeter-wave source technology.
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