IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 3, MARCH 1992 577

certainties of probe-pattern parasitics and device capacitances de-
termined from the previous cutoff technique, due to cutoff biasing,
are eliminated by the optimization of HBTs in the active mode.
The remainder of the device parameters are determined from the
active mode optimization. The HBT equivalent circuit including a
RF probe pad and interconnection circuit model determined from
these techniques shows good agreement with measured
S-parameters, while providing physically acceptable circuit param-
eter values. The extrinsic device de-embedded from probe-pattern
parasitics may be used in circuit design programs,
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An Analysis of a Coupled-Ring Rotary Joint Design
E. D. Evans

Abstract—This paper describes a theoretical and experimental anal-
ysis of a coupled-ring rotary joint design. A rotary joint of this type is
commonly used for mechanically scanned, multichannel radars. The
main goal of the analysis is to develop a better understanding for the
transfer of energy through the joint’s highly coupled rings. We first
consider the geometry of a typical single channel and then describe a
coupled transmission line model for the coupled-ring network. Using
the model, we determine the type of ring network needed for low chan-
nel loss and small rotational variations of this loss. A series of mea-
surements on some test models support the predictions of the analysis.

I. INTRODUCTION

Many radar systems use multichannel rotary joints to allow me-
chanical scanning of the radar beam in azimuth or elevation. More
recent radar designs require rotary joints with higher powers and
larger numbers of channels to achieve new range and beamforming
requirements. Because of these new requirements, multichannel ro-
tary joints must be carefully designed to achieve low channel loss
and small rotational variations of this loss.

In this paper a theoretical model for the performance of a cou-
pled-ring rotary joint is derived. This type of rotary joint is com-
monly used in radars that have more than five or six channels. The
theoretical approach uses coupled transmission line theory to model
the transfer of energy across the joint’s highly coupled rings. Using
the model, we calculate the effect of the coupled-ring network on
the joint’s power transmission coefficient. To check the predictions
of the theory, we also measure the performance of some rotary joint
test models.

Fig. 1 shows a cross section view and an expanded three-dimen-
sional view of a typical coupled-ring rotary joint channel. The sin-
gle channel consists of a stationary stator section and a rotating
rotor section. The channel has a pancake shape that can be stacked
for multichannel systems, and the ring design allows a hole through
the center of the joint for passing cables to the multiple channels.
The key components of the single channel are the stator and rotor
coupling rings. The rings sit in a ring cavity and are positioned
very closely together to allow strong capacitive coupling. The cir-
cumference of the rings is usually under a wavelength, and the size
of the ring cavity is small enough to prevent the propagation of any
coaxial waveguide modes.
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Fig 1. Cross section view and an expanded three dimensional view of a
coupled-ring rotary joint design.
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The energy traveling through a single rotary joint channel goes
through several components of the rotor and stator. Energy trav-
eling into the rotor feed is first divided equally by a stripline net-
work. The network is typically a four-way or eight-way power di-
vider consisting of cascaded, two-way Wilkinson dividers. The
outputs of the divider are connected to a set of ring feeds spaced
equally around the rotor ring. The feeds excite the rotor ring, and
energy capacitively couples to the stator ring. An equal number of
output feeds collects energy from the stator ring and sends it through
a stripline combining network to the output stator feed. Usually the
combining network is electrically identical to the stripline dividing
network.

The ground path for the single channel is across the small gap
between the rotor and stator housings. At microwave frequencies
part of this gap can be set up as a quarter-wavelength choke to short
the ground path gap in the ring cavity. At lower frequencies quarter-
wavelength chokes are usually too long to fit in the housings, and
small point contacts are used to short the ground path.

When the rotation angle of the rotor changes, the orientation be-
tween the rotor and stator ring feeds changes. The changes cause
rotational variations in the phase and amplitude of the channel’s
transmission coeflicient S,,. These variations are called the S,
wow, and they are usually measured in units of S,, dB per degree
of rotation and S,, degrees per degree of rotation. The value of the
S,; wow can have a significant effect on a radar’s MTI and adaptive
nulling performance.

To investigate the effect of the ring network on a single channel’s
power transmission coeflicient, it is useful to have a good theoret-
ical model for the network. In this paper we derive a theoretical
model for the ring network and test it through a series of measure-
ments. Using the model, we investigate the effects of the ring cav-
ity impedances, ring circumference, and feed spacing on the value
of 8.

Some previous authors have considered the performance of other
types of rotary joints. The earliest work [1] describes the design of
single channel waveguide and coaxial rotary joints. In [2]-[5]. sev-
eral types of annular waveguide rotary joints are described. These
types of joints are adequate for use in high-power multichannel
radars. but they all tend to be very large in size at L-band and UHF
frequencies. In [6] and [7], multichannel coaxial joints are de-
scribed for S-, C- and X-band systems. In [8] a brief review of

several single channel and multichannel rotary joints is given. The
paper mentions a coupled-ring design, but gives no detailed anal-
ysis.

In Section II of this paper, we first describe a coupled transmis-
sion line model for the coupled-ring network. We calculate S,, for
a single-input/single-output ring network as a function of its even-
and odd-mode impedances and ring circumference. In Section III
we find the best coupled-ring impedances and feed spacing for a
good match between the rings and feeds. The analysis also gives
the theoretical S5, wow performance for the coupled-ring design.

II. MobpELs FOR THE CoOUPLED-RING NETWORK

Fig. 2(a) shows an equivalent transmission line circuit for a cou-
pled-ring network. For this network four input feeds are spaced
equally around the upper transmission line ring. and four output
feeds spaced equally around the lower transmission line ring. The
input and output feeds are offset by an arbitrary rotation angle. The
fields between the transmission line rings are highly coupled to
allow an efficient transfer of energy between the input and output
feeds. To simplify the sketch, the ground paths have not been
shown.

The symmetries in Fig. 2(a) suggest a way to simplify the net-
work and break the ring into smaller equivalent rings. For a sym-
metric and balanced input and output feed system, the ring voltages
and currents at an angle # have the same value as the ring currents
and voltages at angles 6 + 90°, 8 + 180°, and 6 + 270°. Because
of this equivalence of voltages and currents, we can break the ring
at these symmetry points and recombine a ring section into a smaller
ring with a single input feed and a single output feed. The smaller
ring shown in Fig. 2(b) has the same power transmission properties
as the ring in Fig. 2(a), except that the wow variations of §,; are
modulo 360° for the small ring and modulo 90° for the large ring.

Fig. 3 shows a more detailed sketch of the ring network from
Fig. 2(b). The figure shows that the coupled-ring network is a par-
allel combination of two coupled-line sections, labeled section A
and section B. Each of these coupled-line sections has a four-port
network equation written in terms of y parameters. For symmetric
and lossless coupled lines, the voltages and currents at the four
ports are related by [10]

I Y Yiz Vi3 Yua Vi
L1 _ |y yn ¥ yu V2 , "
I i Y Y1 Yu V3
1y Va1 Va2 Va3 Va4 Vs

where

1/Zy, + 1/7,
_j W 212D oy 2

Yiu = Y2 = Y33 = Y =

2
Vi =Y = Vu = Ya = —J Q/_Zo_;__l@ cot (81, (3)
Vi3 = Y31 =Y =Y = —J (_1/_Z@__-2_-_1__/Z_0?) cse (B,
Yie S Ya =¥ =V = Q/Z%—Zl/@ csc (BD).  (5)

In the above equations / is the length of the coupled-line system,
and 8 is the propagation constant 27 /\.

In equations (2)~(5), Zy, is the network’s even-mode character-
istic impedance, and Z,, is the network’s odd-mode impedance.
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Fig. 3. Coupled transmission line model for a single-input/single-output
coupled-ring network. The ground paths have been omitted to simplify the
drawing.

Simple expressions for these impedances are written [11]

1
vC,y’

(awm)
v Co + 2Cm ’
where v is the propagation velocity for the even and odd modes,
C, is the capacitance between a single line and ground (with the
other line present), and C,, = is the coupling capacitance between
the two lines. For a set of highly coupled lines, Z;, depends mainly
on the fields around the coupled lines, and Z;, depends mainly on
the fields between the two lines. )

To find the transmission coefficient for the ring network in Fig.
3, we next calculate the y and z parameters for the total network.
The y parameter expressions for each coupled-line section are writ-
ten in the vector form

ZOe (6)

ZOo (7)

L =YV, ®

I e

where Y, is the y parameter matrix for the coupled-line section A,
and Yj is the y parameter matrix for the coupled-line section B.
When the two networks are combined in parallel, the total voltage

Yp Vs,
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and current vectors are related by
Lo = Y4 Vi + YpVp = Yiu Vi, (10)

where Vo, = V, = Vj, and Y, is the y parameter network for the
total network.
To solve for the input impedance of the network, we use

Vo = Yl;tl Lo = Zigi Lo, (11)

where Z,,, is the z parameter matrix for the total network.

The ring network in Fig. 3 is fed at ports 1 and 3, while ports 2
and 4 are left open. Since ports 2 and 4 are open, .the currents I,
= 1.1« = 0, and the expressions for V| ; and V;_, are written

Viot = Zitodi o + 21300053, 100 (12)

Voo = B odiie T 233,000, 10t (13)

If port 1 is an input feed and port 3 is an output feed with load
Z,, the impedance looking into port 1 is written
213, 10131, tot

(233,100 + Z1) '

The values of |S;,| and £ S,, for the total network are calculated
using (14) and the well known definitions given in [12].

Z

m = 11,0t

(14

III. RESULTS

In this section we use the above ring network model to find the
feed spacing and the values of Z,, and Z,, required for a good match
and low §,; wow. For some of the results we compare calculated
and measured values.

Fig. 4 shows a sketch of the coupled-ring model used for the
measurements. The measurement model had a set of highly cou-
pled stripline rings, centered between upper and lower ground
planes. The stripline rings were separated by a thin dielectric sheet
to allow strong capacitive coupling between them. To test the re-
sults of the calculations, the measurement model was set up with
a single input feed and a single output feed, and both feeds had a
Z, = 50 Q. The ground plane spacing, stripline width, ring sepa-
ration and cavity dielectric were then varied to create a wide range
of even- and odd-mode impedances. To reduce the effects of the
feed discontinuities, the measurements were made at low frequen-
cies near 25 MHz. At these frequencies the rings in the measure-
ment model were scaled to have a circumference near A /8.

Fig. 5 shows the |S,,| performance of the coupled-ring network
as a function of Zy,. For this case the input and output feeds are at
the same orientation angle (the feeds are lined up), and the Z,, has
a value near 1 Q. The figure shows that values of Z,, between 160
and 360 Q allow a good match between the feeds. Calculations and
measurements for other feed orientations give similar results. Since
large values of Zy, require large ring cavities, the best values of Z,,
are probably between 160 and 200 Q. )

Fig. 6 shows the |S$,,| performance of the coupled-ring network
as a function of ring circumference and Z,. The input and ontput
feeds are again at the same orientation angle, and Z,, has a value
of 200 Q. Fig. 6 shows that the network has the smallest transmis-
sion losses with a ring circumference between 0.05\ and 0.15\.
When the ring circumference is smaller than 0.05X, the ring net-
work performs more like a lumped capacitor, and the match is poor.
When the ring circumference is larger than 0.150A, the ring net-
work performs more like a long stub tuner, and the match is again
poor.

Fig. 6 also shows that the ring network performs well with Z;,
values smaller than 2 ©. Knowing the largest acceptable value of
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Fig. 5. |Sul versus Z,, for the single-input/single-output coupled-ring net-
work. The rotatiori angle between the input and output feeds is 0°.

Zy, is important for the mechanical design of a channel. From (7)
the value of Z,, is inversely proportional to the capacitance be-
tween the rings. The impedance Z, is then proportional to the
spacing between the rings. To avoid possible ring contact, it is
important to choose the largest acceptable value of Z;, and design
the tings to be as far apart as possible.

Fig. 7 shows the peak-to-peak rotational variation of S, as a
function of ring circumference. This is equivalent to showing the
peak-to-peak wow as a function of feed spacing for a multiple-
input/multiple-output ring network. The wow values in the figure
are for a well-matched ring network with Zg, = 200 Q and Z,, =
1.0 Q. The figure shows that a ring circuinference or feed spacing
smaller than A /8 allows relatively small values of |S,;| and 2 S5,
WOW. ]

Fig. 8 shows the relationship between S;; and the rotation angle
between the feeds. For this case the ring network has Zy, = 200 Q,
Zy, = 1.0 Q, and a ring circumference of \/8. The value of |Sy]
(in dB) is most negative when the feeds are aligned, and least neg-
ative when the feeds are 180° opposite. The phase delay for the
network i$ smallest when the feeds are aligned and largest when
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Fig. 6. Theoretical |55} versus ring circumference and Z,, for the case
where Zy, = 200 {. The rotation angle between the input and output feeds
is 0°.
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Fig. 8. Measured (after through calibration) and calculated S,1 versus ro-
tation angle for a well-matched coupled-ring model. For this case Z,, =
200 Q, Z,, = 1.0 Q, and the ring circumference is N/8.

they are opposite. The differences in the S,; values for these feed
orientations define the peak-to-peak wow for the coupled-ring net-
work. Fig. 8 shows that the impedarices and circumference chosen

- for the ring network allow a good match throughout the full fange

of rotation arigles.
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The measured values in Fig. 8 support the predictions of the
theory. The measurements were taken after calibrating the network
analyzer through the coupled-ring model. A through-calibration re-
duces the mismatch effects due to the feed-to-ring transitions.

Several techniques could be used to alter the S,, performance of
a ring network. Using a mismatched ring network with stub tuners
on the feeds is one possible narrowband approach to reduce wow.
Reactive tuning networks near the feed-to-ring transitions can im-
prove the wow performance in a similar way. Changing the relative
phase and amplitude errors between the feeds in a multiple feed
network also has an effect on wow. The effects of each of these
techniques could be investigated in more detail using the approach
outlined in this paper.

IV. SumMAaRrY AND CONCLUSION

In this paper a theoretical model for the performance of a cou-
pled-ring rotary joint was derived. We first considered the config-
uration of a single channel and described a coupled transmission
line model for the coupled-ring network. We then determined the
type of ring network necessary for a good match and low wow
variations. A series of measurements on some test models support
the theoretical results.

The even-mode impedance, Z,; the odd-mode impedance, Z,,;
and the feed spacing have a significant effect on the transmission
coefficient, §,,, for the coupled-ring network. For feed spacings
between 0.05A and 0.15\, values of 160 @ < Z,, < 360 2 and
Zy, < 2 Q give 8, values better than —0.3 dB. The size of the Sy,
wow variations can be controlled by changing the spacing between
the ring feeds. Feed spacings less than \/8 allow relatively small
values of wow.
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Computation of the Dispersion Characteristics of a
Shielded Suspended Substrate Microstrip Line

I. P. Polichronakis and S. S. Kouris

Abstract—The dispersion characteristics of a shielded suspended
substrate microstrip line are calculated using five different sets of basis
functions for the current distributions. Their comparison leads to the
more suitable basis functions for the acquisition of fast and accurate
results for frequencies up to 100 GHz.

I. INTRODUCTION

Shielded suspended substrate microstrip lines (SSL) have been
widely discussed in connection with the millimeter-wave integrated
circuits [1]. Their electrical characteristics have been obtained us-
ing various methods of analysis [2]-[4]. In this paper the charac-
teristics of the dominant mode for frequencies up to the millimeter
wave region are determined using spectral domain analysis (SDA).

It is known that in the spectral domain method the assessment of
the best basis functions for the current components on the strip is
of fundamental importance for the numerical efficiency of the
method; but it is also important to keep the computation time small
enough. For this purpose a) the number of basis functions to ap-
proximate the actual current densities on the strip and b) the num-
ber of spectral terms necessary and sufficient to obtain an accurate
solution for the effective diclectric constant (e.q) and the charac-
teristic impedance (Z) of the lire, must be considered and opti-
mized. For this reason a number of sets of basis functions, found
in the literature, are examined and their results are compared in
order to find out the more suitable one which should be employed
in the analysis of SSL.

II. Basis FUNCTIONS

The characteristics of the dominant mode of the SSL, i.e., the
characteristic impedance Z; and the effective dielectric constant e g
= (B8/ky), B being the propagation constant and k, the free-space
wavenumber, are evaluated using the SDA as it is presented by Itoh
[5] and Knorr and Tufekciogloy [6]. The cross-section of the SSL
is illustrated in Fig. 1. In this work it is assumed that the line is
lossless and the strip thickness is negligible.

It is well known that various sets of basis functions have been
employed in the analysis of the different types of striplines. For
instance, Itoh and Mittra used a first order approximation with a
sine function for the representation of J, and a triangular function
for J, [7]. Jansen proposed a full set of basis functions that ensures
the singular behaviour of the field for any degree of solution ac-

" curacy and possesses the physical property of the surface current

density to be twice differentiable [8]. Leung and Valanis [9] in
order to obtain microstrip dispersion characteristics used also a first
order solution. They adopted for the J, current component the
exptession proposed by Delinger [10] and for the J; current com-
ponent the expression proposed by Kobayashi [11]. Other authors

Manuscript received February 25, 1991; revised July 22, 1991.

The authors are with Aristotelian University of Thessaloniki, Faculty of
Engineering, School of Electrical Engineering, University P.O. Box 435,
54006 Thessaloniki, Greece.

IEEE Log Number 9105441.

0018-9480/92%03.00 © 1992 IEEE



