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Short Papers

Losses in Multiport Stripline/Microstrip Circulators Port 1

Hoton How, Carmine Vittoria, and Ronald Schmidt

Abstract—We have included losses in the analysis of &N-port
stripline/microstrip circulator and have reformulated the circulation
conditions previously postulated for the lossless case. Our calculations
have been compared to three published data on circulator designs biased
above ferromagnetic resonance (FMR). Scattering parameters at each
port have been calculated as a function of assumed material losses and
coupling capacitance of a multiport circulator.

Index Terms—Circulator, ferrite junction, magnetic loss, 3N -port de-
vice.

. INTRODUCTION Port 4

The first commercial microwave circulator appeared in the ea
1950's, while a full theoretical account of its operation was n
published until 1962 [1]. Fay and Comstock presented a working
model for a Y-junction circulator based on the splitting of the two Il. FORMULATION

counter-rotating magnetic dipole modes of the ferrite in the presenceF irculator iunction (besid tional three th h-nort
of a magnetic biasing field [2]. Thus, the present theory is able to or a circulator junction (besides conventional three through-ports),

calculate reasonably well the required external magnetic field aﬂgd't'onal ports may be included which act as tuning stubs whose

operating frequency at which the circulation condition is obeyebe.ngths need to be considered separately for each case to account for

However, present theory is not able to predict insertion loss the _resultant coupling admitt_ance tq the pentrgl ferrite juncti_on. Fig. 1
the coupling efficiency between ports at circulation. Clearly, tr@epicts the geometry of a six-port junction circulator in which ports
insertion loss must somehow be related to the intrinsic losses of the3: @nd 5 are through ports which are connected to matched loads.
ferrite—both magnetic and electric losses. In this paper, we want t§€ height of the ferrite disk(s) will affect the input impedance of
elevate this qualitative notion to a more precise quantitative predicti8i junction at circulation, which needs to be explicitly considered to
of insertion loss at circulation based upon intrinsic loss of the ferrigé€sign a matched load (80). Ports 2, 4, and 6 are open-circuited
and external microwave loading to the circulator. ports, which behave similarly to tuning stubs in transmission lines,
We have avoided the traditional approach which relies on the ugeoviding additional control over the performance of the circulator. In
of Bessel functions, which take only real numbers as arguments simcder to achieve cyclic operation of a circulator, threefold symmetry
in the previous calculations, intrinsic losses are assumed to be zenust be retained in the junction geometry.
Instead, a new computational algorithm have been developed whichn this paper, the operation of a genefaV-port circulator is
directly processes complex numbers upon which the circulatofgrmulated. The3N ports are numbered fromtN—-3N with the
interport impedance can be conveniently calculated. through ports denoted as 1,4+ N, and1 + 2N. The threefold
Also, previous theoretical formulations of circulator performancgymmetry of the junction requires ports, m + N, andm + 2N
was based upon the principle that, at the circulation condition, tge pe characterized by the same parameters. Herés an integer
transmission efficiency between the two circulation ports was 1004441 < 1 < N. The azimuthal angle at the center of pertis
and the isolation port was zero. ThIS prlnC|pIe.cannot pe app_“%‘énoted a®. andoé, = 27(a —1)/3N for 1 < a < 3N. The port
here. We need to relax this principle by allowing the C'rCU|at'°§uspension angle and the effective loading impedance atpare

_transmlss_lon 0 b? a maximum, since ther_e may b? d|§5|pa_t| Bnoted agf,, andZ., respectively. Port 1 will be used as the input
included in the ferrite. This suggests a theoretical formalism in whi t, and portsl + N and 1 + 2 are either the transmission port
some type of mathematical extremum conditions are derived from the . -

equation of motion of the magnetization or the isolation port, respectively.
q g ' The ferrite disk is of radiusk® and heighth, whose dielectric

constant, dielectric loss tangent, saturation magnetization, and fer-
romagnetic resonance (FMR) linewidth are denotede gstan &,
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by a Polder tensor in the following form: 0
notk 0 —
p=1|—ir p 0 (2) %
0 0 1 »n -10 7
. o j
where i and x are given as g X
fofm, ffrn E _20 u X :
=1+ 32" k= 2 S E vl
H f2-f " - f? @ o 0, = 0.425 % x X
@) 9,=0.425 \ - * X
and f is the frequency, and,, and f, are defined as % r=0.762cm - T
) 41M, = 1000 G - *x
= -30 [H-13690e - *
fm = 4xyMs  f, = vH. © AH = 200 Oe
1= d=15
. . . 2 tsan;x 0.0001
Here, v is the gyromagnetic ratioy( = 2800 Oe/GHz) andH; %, = 0508 cm .
denotes the internal dc field within the ferrite. The time dependence -40 1 1'5 é 2'5 3
of exp(—iwt) has been assumed in (1) and (2). ’ ’
From [3], the scattering matrix of the circulator junction is Freguency (GHz)

(3) Fig. 2. Calculated scattering parameters for Riblet's six-port circulator de-

— ¢ -1
S=1- (Z/Zfl)(é"‘g) sign.

where I denotes the unit matrixG is the matrix of interport
impedance given by

6= -i2(%) $ [z

n=—oc

the linewidth AH was measured (usually at 10 GHz). Therefore,
when complexe; and H; are used,Zy, k, and p.s become all

K Tng1(z) -t complex numbers, which result in a complex argument for Bessel
< ) - W} functionsr = kR. We have purposely arranged Bessel functions in
] . (4) as ratios involving successive orders. As such, we may use the
.<sm "9“> <sm "95> ein(®a=9p) (4) following algorithm to evaluate these ratios [4]:

I

nb, nbz
Jo(2) 1 1 1
andZ is the impedance of the ports defined as Toa(z) © @) Al 2t (6)
Zop = 16032y cot (2w \/Ere/c). (5) where » can be a complex number and a real number (not

necessarily an integer). Equation (6) is in the form of continued
Here, x4 is the length of porty, ande.. denotes its effective relative fractions, which converges very rapidly, and the radii of convergence
dielectric constant. For stripline ports, = e, and for microstrip in the » and thewv variables are both infinite. For positive integer
ports,ere = 1+ q(ea — 1), whereq denotes the filling factor of the » no larger than 20, and for a real positivesmaller than 100, the
dielectric in the microstrip transmission lines. In (4), variablés above expression, which evaluatés(x)/.J,+1(x) to an accuracy
defined as within 10~ ', requires less than 25 terms. For larggermore terms

are needed, and for = 100, about 45 terms are required to achieve

r=kR an accuracy of 10'°.
In a lossless junction, the circulation conditionds; = 0. How-

k is the wave propagation constant given by ever, in the presence of losses, circulation conditions are modified

as follows:

k= w(pener)?/c . . .
: [S11|=minimum |S; 1)1 |=maximum (minimum)  (7)

w = 2xf is the angular frequency, and.; is the effective These circulation conditions implyS(; 2x:| to be a minimum
permeability of the ferrite given by (maximum) if threefold symmetry is retained in the junction geome-
) ) try. That is, as thé NV + 1)th port is optimized to be the transmission

pese = (1 = K7)/ . (isolation) port, the(2N + 1)th port will be (automatically) the

) ) ) ) ) _ . isolation (transmission) port. Therefore, search of circulation condi-
The effective wave impedances in the ferrite and dielectric fillingons requires optimization of scattering parameférsandS(; ),

materials are, respectively, with respect to the parameters of the junction. In the following
1/2 calculations, we will useq, I, and H; as the three independent

Zf = (pefifrof €5€o) variables exploiting the so-called multidimensional simplex method

and in optimizing the circulation conditions (7). The multidimensional

Za = (o) eacs)"/?, simplex method [5], although_it is r_elatively slow in _cgmp_arison with
other slope-related methods, is quite robust and efficient in the present

In (4), we have to evaluate Bessel functions with complex argumef§@lculations. For most calculations, no more than 300 iterations are

if dielectric and magnetic losses are included in the formulatiof€duired to yield convergence in an accuracy of 10

i.e., dielectric constant of the ferritey needs to be replaced by

e;(1 + itan 6), wheretan 6 denotes the dielectric loss tangent. lll. CALCULATION RESULTS

Magnetic loss can be accounted for if the internal fildis modified Fig. 2 shows the calculated scattering parameters as a function

to H, — (iAH/2)/(f/f.), wheref, denotes the frequency at whichof frequency for a six-port stripline circulator operating above FMR
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Fig. 3. Optimization of Riblet's six-port circulator design subject to onéig. 4. Optimization of Riblet's six-port circulator design subject to two
circulation condition. circulation conditions.

resonance. This design, which was originally proposed by Riblet, wiabricated since air can be conveniently used as the dielectric filling
intended for high-power wide-band operation [6]. For this desigmaterial. When applied at high power, air exhibits the highest dielec-
the same ferrite is used as the dielectric filling material and thec breakdown voltage and, hence, the design can be advantageously
secondary (tuning) ports possess the same suspension angle asdbpted. Furthermore, it is seen in Fig. 4 that the transmission band
primary (through) ports. The circulator parameters used by Riblist surrounded by two very wide stopbands at which the circulator
are as follows:r = 0.762 cm, 47 M, = 1000 G, ¢f = ¢4 = 15, becomes highly reflective. The reflection at these two stopbands are
61 = 62 = 0.425, andz; = 0.508 cm [6]. The external field used roughly approximately-0.3 and—1 dB, respectively. The circulator

by Riblet was 2000 Oe [6]. To minimize the return loss, we havean thus be deployed in front of a frequency-selective radome which,
found that the ferrite junction shall be biased at an internal field @fhile it is able to transmit/receive signals at the desirable frequencies
intensity 1369 Oe. The loss parameters used in the calculations Béar 2.528 GHz, effectively blocks other unwanted jamming signals
AH = 200 Oe andtan 6 = 10~*. It is seen in Fig. 2 that the above and below the transmission band in wide frequency ranges to
insertion loss occurs with a minimum 6f0.797 dB at 1.72 GHz. protect the electronics inside the radome.

The transmission band may be defined, at which the return loss is

larger than 15 dB. As such, the transmission band extends from 1.66 IV. CONCLUSION

to 1.96 GHz. Thus the bandwidth is approximately 17.2% of the C

. o . . : irculation operation in a generd@N-port stripline/microstrip
transmission frequency. Indeed, it is a wide-band circulator biased . .
circulator has been formulated. Losses of various kinds have been

above resonance, as cla_umed by Riblet [6]. Howe_ver, in [6], no da|t&luded in this paper’s analysis and the traditional circulation condi-

were reporte_d on spatterlng _parameters and there is no way to COMRATs have been rephrased. Effective numerical algorithms have been

our ca_lculatlor_15 W,Ith experlments. o reported, which efficiently and accurately evaluate the ratio of Bessel
!n Fig. 3, Riblet's design has_ been optimized for the returr_l_losf nctions of subsequent orders even for complex arguments. In the

usmgb’l andd, (half the suspension apgle§ of the ports) as add'tlonﬂ blet's design [6], optimization of the circulation conditions has been

varlables._We found thas:| can be m|n|D1|zed w_he(% and_Bg take explicitly carried out, which results in a practical circulator with very

the f_OHOW'ng valuess: = 35 ‘_mdﬁ? = 0.70. The_ |nter_nal field now e stopband protection. This circulator design may have potential

requires 1163 Oe. In Fig. 3, it is seen that the insertion loss has bq&n radome applications.
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