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Fig. 9. Experimentally measured added power as a function of input
power for the three designs of Fig. 5§
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Fig. 10. Experimentally measured output power as a function of input
power for the amplifier of design A, under both fixed-bias operation
and self-bias operation. For fixed-bias operation, Vee = 20 V; I =
100 mA. For self-bias operatlon, Vee = 20 V, and Ic is as indicated
in the figure.

is approximately 1 dB less than the measured small-signal power
gain. The data of Fig. 8 are replotted in Fig. 9 to show that the
predicted values of large-signal power gain did indeed occur
near the point of maximum added power.

All of the preceding data are for fixed-bias operation (class A
operation). In many cases, however, a microwave transistor
power amplifier is operated under self-bias conditions (class C
operation). The question arises whether the design procedure
described here also applies to such self-bias operation. To
investigate, the test amplifier was modified for self-bias opera-
tion by grounding the base bias lead. The results of this test are
shown in Fig. 10. This figure shows that the performance of the
self-biased amplifier became identical to the performance of the
fixed-bias amplifier at the exact point where the self-bias operating
point became identical to the fixed-bias operating point. Hence
this design approach appears to be valid for both fixed-bias
and self-bias amplifiers.
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CONCLUSION

A method of large-signal device characterization and power
amplifier design has been described and shown to be valid for a
1-W silicon BJT operating at 1.3 GHz. This approach not only
allows the designer to predict the load and source terminations
required for optimum added-power circuit efficiency, but also
graphically shows how efficiency and power gain change with
different load terminations. The method is felt to be generally
applicable at frequencies sufficiently high such that significan
clipping does not occur at the output of the device. While the
precise lower limit of this frequency range is not presently
known, experimental results indicate that it should be valid for
those frequencies where the added-power circuit efficiency is
50 percent or less.
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New

Passive Millimeter-Wave IC Components Made of
Inverted Strip Dielectric Waveguides

R. RUDOKAS anp T. ITOH, SENIOR MEMBER, IEEE

Abstract—New directional couplers and ring resonators for millimeter-
wave IC’s were fabricated from the inverted strip (IS) dielectric wave-
guide. They were tested in the 75-80-GHz range, and the agreement
between the theoretical and experimental results was found to be good.

1. INTRODUCTION

Inherent limitations in conventional metal waveguides at
millimeter wavelengths have spurred research into alternate
guiding structures [1]-[4]. In particular, the inverted strip (IS)
dielectric waveguide [5] shows promise from the standpoint of
low loss, ease of fabrication, and convenient size. Comparison
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Fig. 2. Top view of distributed directional couplef.

between this and other millimeter waveguides is included in [5].
Also included there is a detailed analysis of the IS waveguide.

This short paper discusses the distributed directional coupler,
the beam-splitter-type directional coupler, and the ring resonator
fabricated with the IS waveguide. Both numerical and ex~
perimental results are presented and compared.

The basic IS guide structure is as shown in Fig. 1. A major
portion of the energy propagates in the top plate (typically fused
quartz) which has the highest dielectric constant ¢, of the three
media. A lens effect, created by the dielectric strips (typically
Teflon) of dielectric constant ¢; beneath the top plate, localizes
this energy in the region directly above the strips. Conductor
loss for this structure is low since there is a separation (k) between
the ground plane and the propagating energy, yet the ground
plane is available as a heat sink and dc bias return for solid-state
- devices mounted in the IS guide.

11. DiSTRIBUTED DIRECTIONAL COUPLER

The distributed coupler consists of a section of a coupled IS
guide of length / and separation s with four connecting guides
as shown in Fig. 2. If we assume that the coupling due to the
connecting guides is negligible, then the length L needed to
completely transfer energy incident at port 1 to port 3 is given
by [6] :

T
L=—" 1
kze_kzo . ()

where k,, and k., are functions of the separation s of the coupled
guide. Given some length of coupled guide /, the ratio of the
power at ports 2 and 3 is

% = tan? (ﬁ) . )

2

In the preceding analysis, the coupling between the con-
necting guides was ignored. This coupling may not be trivial and
must be included in the analysis of the coupler. Equation (2)
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Fig. 3.

Distributed directional coupler.

can then be modified to include this additional effect in the follow-
ing manner:

P3 2 7'![
32—t =
P, (2L) @
where the effective length is
I=1+4%; @)
) Y/
Ad =2 f [koel2) — o(@)] d. )
z0 .

In (5), the integration is carried out along the axial (2) direction
of the directional coupler. z, corresponds to the junction between
the coupled guide and the connecting arm, while z’ is chosen
to be some value of z beyond which the coupling between the
arms is negligible, and k., is practically identical to %,,. The
factor of 2 occurs because of the symmetry of ‘the coupler;
otherwise, a different integration would have to be made for the
other side of the coupler.

When the coupler is designed, the relation between L and s
may be used to estimate the required length ! of the coupler.
This coupler is expected to be slightly different in performance
from theoretical predictions, since we have ignored the coupling
between connecting guides as described in (3)-(5). However, -
by slightly adjusting the separation s, the desired coupling
performance may still be obtained.

A photograph of a typical distributed directional coupler is
shown in Fig. 3. Teflon and fused quartz are used for the dielectric
strip and the top plate, respectively. Notice that the major
portion of millimeter-wave energy propagates in the quartz
plate, not in the Teflon strip.

ITI. BEAM-SPLITTER-TYPE DIRECTIONAL COUPLER

The coupler shown in Fig. 4(a) is based on the principle of the
optical beam splitter. The coupler consists of two perpendicular
intersection guides, in which a gap s, oriented at 45° to each
guide, is made in the dielectric strips. The effective dielectric
constant of this gap portion is ¢,; corresponding to the top plate
floating above the ground plane, while in the regions where the
dielectric strips are present, it is &,,. Therefore, the coupling
structure can be replaced with the sandwiched structure shown in
Fig. 4(b). .

As a simple first-order approximation, the phase front of the
dominant mode in the IS guide is similar to that of a plane wave.
Using Fig. 4(b) we can easily calculate a reflection coefficient
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Fig. 5. Beam-splitter-type coupler.

for the E¥ modes p due to the discontinuity in the dielectric

, constants at the gap.
1\2 o1
.(cx - —) tan> (kosp %1)
o : 2

p)? = e — ©)
4v + (oz + ;) tan? (kosp \/ i;—l)
where
R p=\/2—(82—2) =\/s‘?—2 Q)
821 gel

and k, is the free-space wave number,
Since energy incident at port 1 is reflected into port 3, the
coupling is
. P, )
= = . 8
P, ip] ®

‘In the design of the beam-splitter-type coupler, s is the only
parameter to be adjusted in order to obtain the desired coupling,

once the IS guide structures (w, A, d, &, and &,) are fixed. A-

typical beam-splitter-type coupler is shown in Fig. 5 where a
Teflon strip and a fused quartz top plate are used in fabrication.
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Fig. 6. Ring resonator.

IV. RING RESONATOR

A photo of an IS guide ring resonator is shown in Fig. 6.
Once again a fused quartz plate is used as the top plate on the
Teflon ring. Resonance conditions for the resonator are

n = la2935' o (9)

where 1, is the wavelength in the ring and 7 is the effective radius
of the ring. If the width of the ring is small compared to the

radius, 7 & v ab, where a and b are the outer and inner radii. -

When the radius of curvature is large, we can approximate Ay
by the guide wavelength in a straight section of an IS guide.
Using these approximations, the resonant frequencies are
calculated. )

nky = 27,

V. RESULTS AND DISCUSSIONS .

The experiments were conducted over the range of 75-80
GHz using a mechanically tuned IMPATT diode oscillator.
Power measurements were made using tuned diode detectors in
RG 99/U waveguide coupled to the IS waveguide through a
tapered quartz tip. The edge of the quartz plate was ground to
produce the tip. Teflon dielectric strips were either cut or
machined from Teflon sheet and round stock. A sufficient amount
of mechanical pressure was applied to eliminate the air gap
between the layers.

Fig. 7 shows the measured and calculated characteristics of a
distributed directional coupler fabricated with Teflon and quartz.
The power ratios P,/P, were computed using both the actual and
effective lengths, [ and [ When the coupling between the ¢on-
necting guides is taken into account by the use of (4), the com-
puted and measured ratios differ by about 1.5 dB. The most
likely source of this discrepancy is the radiation effect at the
junction between the connecting guides and the coupler itself.
The measured directivity is not indicative of optimum coupler
performance because of an imperfect match between the dielectric
and metal waveguide.

The performance of the beam-splitter-type directional coupler
is shown in Fig. 8. The insertion-loss curve was obtained by
comparison of the total loss from ports 1 to 2 of the coupler
with the loss of a straight section of a single IS guide of identical
length. The discrepancy between the measured and predicted
data on coupling should be due to over-simplified theory in
which radiation and scattering phenomena at the junction are
totally ignored.

Fig. 9 shows the frequency response curve of the ring resonator.
With respect to the computed resonances, the measured even-
order resonances are shifted about 0.2 GHz toward the lower
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Transmission characteristics of ring resonator.

frequencies, probably due to the strong coupling effects, while
the odd-order resonances remain essentially unshifted. The
location of the coupling arm 90° from the excitation arm places
it at a null for odd-order resonances. This causes the weak
response of the odd-order resonances as seen in the frequency
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characteristics of the ring resonator. @ of the resonator was
found to be too low to be practical in its present form, mainly
due to radiation associated with the curve. It is necessary to
investigate and reduce the radiation phenomena by choice of
material, structural parameters, etc.

VI. CONCLUSIONS

Several passive components for the IS millimeter-wave IC’s
have been described and analyzed. Results for theoretical as
well as experimental studics were presented and reasonable
agreement was observed. The salient design features for fabrica-
tion of these components have also been presented.
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' Design, Implementation, and Performance Analysis
of a Broad-Band V-Band Network Analyzer

L. T. YUAN, G M YAMAGUCHI, MEMBER, IEEE, AND
. RAUE, MEMRBER, IEEE

Abstract—A novel V-band network analyzer has been developed for
circuit and/or device characterization in the 55-65-GHz frequency
range. Swept frequency technigues are utilized to simplify device design
and network analysis over a wide range of operating frequencies. The
design, fabrication, and performance of the unit is presented along with
an error analysis for verification of measurement accuracies.

INTRODUCTION

In recent years network analyzers have been used extensively
for circuit and device characterization. They are powerful tools
for optimizing circuit or device performance, particularly for
broad-band applications where circuit or device parameters
have to be known over a wide range of frequencies. However,
commercial network analyzers currently available can only be
operated up to Ka-band frequencies (26.5-40 GHz). For fre-
quencies higher than Ka band, circuit and device characterization
has to rely on the slotted line techniques by performing fixed-
frequency point-by-point measurements. The fixed-frequency
point-by-point measurements are not only tedious and time
consuming, but also quite often fail to identify resonances
between measurement points.

Increasing interest in communications systems operating at V-
band frequencies (50-75 GHz) has created the need for the
evaluation of circuits and devices at V-band frequencies. It is
this demand that has prompted the development of a V-band
network analyzer. This unit is capable of operation over a
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