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Fig. 6. Measured conversion loss versus LO pump power for the balanced A Method for Investigating a Class

mixer at 16.4 GHz. s .
of Inhomogeneous Stripline Circulators

Giuseppe Macchiarella, Gian Guido Gentili, and Alberto Lobina

r Lower Sideband and matching structure on dielectric substrate) constitutes a planar circuit

The method of study presented here allows the determination of
the overall impedance matrix of the planar circuit constituted by the
nonreciprocal disk with sections of striplines connected to each port;
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i Abstract—Broad-band stripline circulators are studied by means of a

—~ L mixed numerical technique which employs both Boundary Integral and
i% 30 + — Segmentation methods; this technique allows the analysis of planar cir-
@ o ~ cuits where the substrate is constituted by several regions with arbitrary
3 B b shapes and different electrical properties.
o B ] It is known that tracking circulators require matching structures
.g 20 - N because they present a low-gyrator impedance (real and almost constant
5 L i in an octave frequency band). The matching structures (generally tapers
2 L 4 or multisection’s transmission line transformers) must be realized on a
8 - E reciprocal substrate. The overall device (circular disk on ferrite substrate

10 — | with an inhomogeneous medium.

0 L L : L 1 L 1 L . in this way, the discontinuities between reciprocal and nonreciprocal
medium are included in characterization of the overall device. Moreover

0 1 2 the accuracy of the representation is increased. In fact, the coupling ports

IF Frequency (GHz) of the overall device may be located at a suitable distance from the disk

boundary where higher-order modes excited by the discontinuities have

Fig. 7. Measured conversion loss versus the IF frequency for the Sbeen sufficiently attenuated and only the TEM mode is present on the
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gle-sideband balanced mixer. The LO frequency is fixed at 17 GHz durié}g:{]péltzfgs()wmm Is the only one considered in the design of the matching

the measurement.
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circuit module. To our knowledge, the micromachined SSB mixer

presents state-of-the-art conversion loss and image rejection. While

this chip is physically larger than competitive GaA’s FET-based . INTRODUCTION

MMIC's, it requires no dc power and only 1-2 mW of LO power. The Intrinsic wide-band stripline circulators were proposed in [1] and

membrane technology is fully compatible with the via-hole procesince that time this kind of device (often referred to as a tracking

in silicon, SiGe, GaA’s and InP and can result in high performanagrculator) has been deeply investigated [2]—[5]. It is now well known
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that with proper design, intrinsic circulation (i.e., gyrator impedance Port 1
[4] approximately real and constant with frequency) is obtainable in e
approximately an octave frequency band.
A specific feature of tracking circulators is the large widths of
coupling ports, which determine low characteristic impedance at
the coupling striplines. It is then necessary to introduce impedance-
matching structures to obtain the usual80mpedance level at the
input connectors of the overall device. Various examples of matching
networks are shown in the literature, such as the taper [1] and the
multisection’s quarter-wave transformer [2]. However, in all cases
the reference planes of the circulator coupling ports are taken at the
disk boundary, where the ideal gyrator impedance of the circulator
is defined. Such an approach does not take into account the effect of
the discontinuity between the stripline and the circular disk which is )
the higher-order mode excited at the junction. Port 2
In order to include the discontinuity contribution into the gyrator ’
impedance evaluation the reference plane of the circulator should be
taken along the outgoing striplines at a suitable distance from the
disk boundary where the electromagnetic field is practically of a pure
TEM mode. Following this approach, a problem arises for computing T B
the gyrator impedance; in fact, the overall structure is no longer Metallic strip
homogeneous—there is a magnetized ferrite under the disk circulator
and an isotropic dielectric under the striplines. As a consequence,
the Contour Integral method, which is the most common numerical
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method for solving arbitrarily shaped planar circulators [7], cannot
be directly applied. b

A mixed approach is proposed in this work: first, the circular disk Diclectrig|  Ferrite Disk Dielectrid
(nonreciprocal circuit) and the stripline sections (reciprocal circuits) ring ring

are analyzed separately by means of the Contour Integral method; -
then, the impedance matrix of the overall planar circuit is obtaingqlg. 1. Geometry of the tracking circulator.
by applying the segmentation method [8] at the junction between the
disk and the striplines.

The background of the two methods are briefly outlined in Sectias finally evaluated by combining all the substructures impedance
I, together with their combination for representing the overall plananatrices by means of the Segmentation method.
circuit. In Section 11l the effects of the above-described discontinuities In the following, “circulator” refer to the overall device, while the
are analyzed in the case of a typical tracking circulator design. nonreciprocal region is called “disk.”

1. METHOD OF CHARACTERIZATION A. The Contour Integral and Segmentation Methods

The structure of the circulator considered here is representedrhe contour integral method (CIM) is a powerful technique for
in Fig. 1, together with the relevant geometrical parameters; th@alyzing arbitrarily-shaped homogeneous planar circuits, both with
structure is assumed planar, i.e., the dimendias small enough isotropic or anisotropic spacing media. Many works may be found
to make the variation of the electromagnetic field in the direction the literature where CIM is thoroughly explained and analyzed
perpendicular to the plane negligible. All along the boundary, whef8]-[5]. Recently, a novel formulation of this method has been
the coupling ports are not present, a magnetic wall is assumed; atpheposed [9], [11], which allows for more stable results with a
coupling ports (1, 2, and 3 in Fig. 1) only the TEM mode of the ideakduction of the computing time, especially for nonreciprocal planar
triplate-type waveguide is assumed to be present (as a consequeciceyits (circulators).
the current density distribution is uniform along each port). Note thatIn order to apply CIM, the contour of the planar circuit is ap-
the overall device considered here is an inhomogeneous planar cirpudximated by a finite number of straight segments. Those belonging
because the coupling striplines are filled with an isotropic dielectrio the coupling ports are characterized by a uniform current density
material while the circulator disk is embedded into an anisotropiormally injected. For all the remaining segments, a magnetic wall
magnetized ferrite. is assumed (the normal current density is null).

For characterizing the three-ports’ circulator, the overall impedanceThe solution which is generally obtained from CIM is the
matrix Z; of order 3 can be used; however, for the inhomogeneity @hpedance matrixZ; of order M, where M is the total number
the structure, its computation cannot be directly performed through the segments belonging to all ports [8]. A circuit impedance
some usual approach, neither analytical (the eigenfunctions expansiwatrix Z of order equal to the number of ports of the planar circuit
in [6]) nor numerical (the Contour Integral). may be then derived by averaging the V or the current distribution

A simple mixed numerical approach is then proposed in thaong each port.
paper. The planar structure is first subdivided into its reciprocal The segmentation method was originally proposed in [8] for
and nonreciprocal substructures, as shown in Fig. 1 (note that eadlalyzing planar circuits whose shape is decomposable into simple
component is a homogeneous planar circuit). After dividing thegular polygons for which analytical characterization is easily ob-
boundary of each subregion into segments, the impedance matriésable. A more efficient formulation was subsequently proposed in
of all the substructures are then evaluated by means of the Contfff], which makes use of impedance matrices only, with a relevant
Integral method. The impedance matrix of the overall structushortening of the computing time.
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B. Implementation of the Mixed Method

Let's assume that by means of CIM the impedance matédgeand
Z s of disk and striplines, respectively, (Fig. 1) have been computed.
Letting N be the number of segments over each port of the disk and
the striplines, the order af¢ is then3N, while that of Zs is 2N
(Fig. 2). The explicit forms of a generit/ x M impedance matrix of
a reciprocal Zs) and nonreciprocalZ¢) planar circuit can be found
in [8]. Following the formalism introduced in [10], the ports of the
circuit in Fig. 1 are classified into external (1, 2, 3) and connecteg
(1, 2, 3). The following matrices of orde3 N are then introduced segments
(the elements not reported are zeros):

segments

:'il ‘ iiz ) N
= z° , Z = zZ? segments
=pp =0 o0 =pq =12
=11 =12
@
whereZ® andZ:_ (of order V') are the components &s: stripline g
=¥ ) Zs (2Nx2N) /
5 2
_ = 22 N
Zs = ‘Zél ,” . (2 segments
=12 =11
The overall Z; matrix at the external ports is then given by therig. 2. Schematic of segmentation.
following expression:
Zi=2 —-Z (Z +2)'-Z . 3) not the case for tracking circulators. Thus, although the electric and
= —pp —pq —pp —c =—rq

magnetic fields of a TEM mode in the equivalent planar waveguides
From Z; the circuit impedance matrix of order 3 (which is threeeorresponding to the striplines are constant, when one evaluates them

fold symmetric) can be obtained as follows. The external ports afong the curved part of the boundary corresponding to a port, the

the overall device (the disk with the coupling stripline sections) afeelds are no longer independent on the curvilinear coordinate defined

assumed far enough from the disk boundary that only the TEbh the port. This second effect is also taken into account by the

mode of the ideal triplate-type waveguide is present at each paregmentation technique.

Then the voltage along the ports (1, 2, 3) is constant and theNote that eventually the proposed procedure can be applied also

total current is obtained by summing all the contributions from thehen the nonreciprocal part of the circulator has a noncircular shape.

segments into which each port is subdivided. From the circuit point bf this case, the analysis in [6] is no longer applicable.

view this means that all the subports corresponding to the segments

along each external ports are in parallel. It is then convenient to |lIl. PERFORMANCE EVALUATION OF TRACKING CIRCULATORS

perform the computations in terms of the admittance matrices. TheThe method discussed in the previous sections is applied to the
three independent elements of the overall circuit admittance matfx ying circulators’ characterization. The design of this kind of

¥ = [v:5] (three-folq symmetric) of the device is then readilyye,jce may be developed in several ways with the goal of obtaining
obtained fromY; (the inverse oiZ:) as the gyrator impedance which is approximately real and constant with

N N N N frequency in an almost octave bandwidth. A typical design produces
Y11 = ZZqu(i”j) Y12 = ZZYflz(i’j) the following result (the geometrical parameters refer to Fig. 1):
i=1j=1 i=1j5=1 / = R fo = ~
NN ¥ = 0.52; W = 0.31; 7 =15 ca=ey (5)
0 m
= V2,5 4 : : ;
Y1s ;; Y “) where Aoy = Xo/\/fine; is the wavelength in the ferrite at

frequencyf, (with p.g effective permeability of the ferrite, which
whereY:'', Y;'*,Y;'* are the components of orde¥ of Y;. The depends on the Polder tensor elemgnind«); .. is the magneti-
circuit impedance matri¥ can be finally computed by invertifj.  zation frequency, given by- M., with M. saturation magnetization
Some considerations on the application of this technique are nofferrite material andy = 2.8 MH/Oe; =4, and ¢ are the relative
necessary. One should observe that the technique proposed doesliefdctric constants of the outgoing striplines substrate (reciprocal)
assume a specific electric or magnetic field at the junction between thel of the ferrite, respectively.
stripline and the disk. On the contrary, the segmentation process comfhe parameter which is usually adopted to characterize the be-
bines electric and magnetic fields so that their tangential componehtsior of the circulator is the gyrator impedangg,.. For an ideal
are preserved at that interface. This “continuity condition” is imposetkvice, Z.,. must be independent on frequency and equal to the
by averaging over each segment (and not over each port) and ¢haracteristic impedance of the outgoing transmission lines. This
accuracy can be increased by increasing the number of segiientgparameter can be computed from the three independent elements of
The segmentation process inherently takes into account the reactive overall impedance matri& [4]:
field of higher-order modes excited at the junction. 72
The proposed procedure overcomes two limitations of the analysis Zgyr = Z11 — ZI; . (6)

in [6]. The first is the assumption of a pure-TEM field at theerface h ted mi wch at th ; | s of irculat
disk-stripline. The second is the assumption that the magnetic a J € expected mismalch at the external ports of a circulator can

electric field of such a TEM mode are constant over¢hevedpart tﬂen be represented by the reflection coefficgt given by:

of the boundary corresponding to a port. This latter assumption is a Lppr = Lgyr — Ze
very good approximation when the striplines are narrow, but this is Zgyr + Ze

@)
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Fig. 3. Results obtained from simulations of the test-tracking circulafef fn, = 1.5,% = 0.52, R/Aqy = 0.31, £4/c¢ = 1), for different lengths

of the outgoing stripline section.

where Z. is the characteristic impedance of the ideal stripline The application of the method to the characterization of stub-loaded

(triplate-type waveguide).

The overall circulator has been simulated using the proposed
method with 42 segments along the disk boundary. Each inner port
(assumed to be of circular shape) is defined by eight segments (which
is then the value ofV). The number of segments along the striplinem
boundary varies between 20-36, depending on the section’s léngth

Several simulations have been performed, varying the normalizeg)
frequencyf/ f, for several normalized lengttig)\, of the outgoing
stripline sections.

The results obtained are summarized in Fig. 3, whéig.| is
reported versug/ f.., for {/Xo = 0, 0.05, 0.2, 0.4. It is worth noting
that results obtained withy Ao = 0 correspond to Bosma’s result.  [4]

A degradation of the performances can be first observed (i.e., the
—20-dB bandwidth), with respect to the ideal case with, = 5]
0 (circular disk alone), when the lines are considered (i.e., the
discontinuities effects are included in the evaluationZgf.). This  [6]
means that the-20-dB bandwidth of a device designed with classical
numerical methods is generally overestimated of a fastbr. [7]

Also, the expected convergence effect as the stripline section;
length increases can be observed in Fig. 3. From a practical point
of view, a value ofl/Ao equal to 0.2 is sufficient to stabilize the
parameters of the overall circulator.

(3]

El

[20]

A method for analyzing inhomogeneous planar circuits consti-
tuted by interconnected homogenous regions (both reciprocal andj
nonreciprocal) has been presented which is based on the Contour
Integral method for the evaluation of the impedance matrices of
the homogeneous regions, and on the Segmentation method for
combining these matrices. The method proposed has been applied to
the study of tracking circulators in order to take into account the effect
of the junction between the circular disk and the outgoing striplines.
For stabilizing the computed parameters of the overall circulator, the
normalized lengtti/ Ao of the outgoing striplines must be at least 0.2.

IV. CONCLUSION

stripline circulators is currently under development.
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