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Abstract—Measurements on an 11-GHz four-port microstrip y
ferrite-coupled-line (FCL) circulator, employing a broad-band hy-
brid coupler and an improved air bridge, confirm that only a weak d; H.z
biasing field of 3—4 kA/m (35-50 Oe) is required. By cascading the °
S-matrices of the FCL section and hybrid coupler using signal flow ®
graphs, the measured and predicted bandwidth and losses are com-
pared for the first time. Simulated results for stripline FCL sections
exhibit broader bandwidths than those obtained with microstrip
FCL sections. Using such a structure, the simulated performance g 9 a9
of a three-port circulator indicates that, in principle, bandwidths ' W ' ‘
of at least 3:1 or 4:1 may be possible. region II

Index Terms—Broad-band, coupled transmission lines, ferrite d
circulators, losses. -al2 al2

v

Fig. 1. Cross section of the FCL structure. Regions | or Il can be a ferrite.
|. INTRODUCTION H, = H,z.

OMPARED TO A conventional junction circulator, a fer- ) ] _ _
Crite-coupled-line(FCL) circulator has the potential advarfan microstrip FCLs [6] and the simulated performance is
tages of broad bandwidth and the need for only a small bias fieRiesented for the first time of a three-port FCL circulator with
and the potential disadvantages of higher loss and greater sfg.0perating bandwidth of at least 10-40 GHz. The simu-
The purpose of this paper is to begin to address some of théated performance of a four-port circulator consisting of two
issues. three-port devices is compared with the simulated performance

Since the experimental discovery [1] of the nonreciproc&f @ “perfect” four-port circulator with a hybrid coupler. The
behavior of longitudinally magnetized FCLs, several papeggfects of relative permittivity are also briefly considered.
[2]-[7] have proposed methods of analysis and conditions
for optimum operation. A proof-of-principle experiment [7] Il. THEORY

demonstrated the nonreciprocal behavior of a three- andrhree- or four-port FCL circulators can be realized by cas-
four-port “microstrip” circulator with the ferrite above thecading the FCL sections with a T-junction or a hybrid cou-
substrate. However, multiple reflections were observed agfby, respectively. Alternatively, a four-port circulator can be
the differential isolation was poor (approximately 6 dB). Toyoduced by cascading two three-port circulators. An FCL is
improve the performance, three- and four-port stripline-tyRestructure that has a pair of closely spaced parallel lines with
ferrite-on-top circulators with matching transformers at thgagnetized ferrite loading. Fig. 1 shows the cross section of the
ferrite/dielectric interfaces were designed and measured [Bk| in whichS is the separation between the two coupled lines
The previous multiple reflections were reduced, but reflectiog$ \yidth q, andd,, d» are the thickness of the superstrate (re-
from the hybrid coupler became evident. In this paper, thgon [) and substrate (region 1), respectively. Either regions | or
measured and predicted performance of a four-port microst{jRan pe a ferrite. The metallic enclosure has a widtiwhich

FCL circulator with a ferrite substrate and an improved couplgy typically set to a value = 6(2¢ + S), and for microstrip
and air bridge is reported. The pe.rformar'uce of the circula}tg{ode”ng,dl = 10d». The enclosure serves to suppress radi-
with and without conductor loss is predicted by cascadingion |osses, as well as being convenient for the finite-element
the FCL section with the hybrid coupler using signal flownethod. A biasing magnetic field is applied longitudinally in the
graphs. The separate bandwidth-limiting effects of the couplgfection of propagation, i.e., perpendicular to the cross section.

and FCL are discussed and the need for a broader bandwidiing normal mode analysis, the condition for an equal power
FCL section is seen. Stripline FCLs have broader bandwidthgipyt is given by [4]
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Fig. 2. Electric-field distributions in the microstrip FCL section for signal
input at port 1.

to zero. The expected behavior of the FCL section satisfying
(1) is described in [5] and [6] and will not be discussed here. It
is shown in [2] that the strongest coupling effect occurs when
Beven = Boaa fOr an unmagnetized structure and, therefore, for
microstrip or slotline FCLs, the optimal operating frequency can  -40;
be defined [4] as the frequency at which the propagation con-
stant curves fo.ven and Boqq intersect. However, this defi- 60 - ‘ - ‘

nition cannot be used for TEM structures such as the stripline 1°F,eque;gy (GHZ)12 13 1
FCL for which Beven = Boad in the unmagnetized state. In [6],

it was shown that, potentially, the stripline FCLs have broagy.3. Predicted frequency responsedt;; — £ S4; (solid line) andz.Ss, —
bandwidths and a power transfer factor (PTF) and power is6312 — 180° (dotted line) of the FCL section.

lation factor (PIF) was defined. These factors take into account

reflections at the ferrite/dielectric interface at both ends of the pryad-Band Hybrid Coupler With Improved Air Bridge
FCL, and they enable the performance of different structures to

be compared. The step-impedance technique [10], [11] was used to design
a broad-band rectangular hybrid coupler with an air bridge at
11.4 GHz on a substrate of relative permittivity = 10.2 and
of thicknessh, = 0.254 mm. The optimized broad-band hy-
[ll. FOUR-PORT MICROSTRIPFCL CIRCULATOR brid coupler is shown in Fig. 4, and the section impedauftes
Zy, 743, 24, Z1c, andZy - have values of 56.8, 46.6, 27.5, 16.7,

A four-port microstrip FCL circulator consisting of two com-46.7, and 37.22, respectively, and each has an electrical length
ponents, i.e., amicrostrip FCL section and alBgbrid coupler of 90° at the design frequency. The air bridge in the earlier
with an air bridge, was analyzed in terms of its separate comggur-port devices [7], [8] caused a degradation in performance
nents and the overall performance was predicted and measuggf@ to reflection loss at the adjacent port. The reflection loss of

an air bridge, however, can be minimized by introducing square
A. Microstrip FCL Section pads of widthS at both ends of the air bridge [12] using a design
procedure described in [13]. Computation of an air bridge alone,

For convenience of fabrication, a microstrip FCL with a ferwithout the coupler, using Momentum shows that the image
rite as a substrate was selected with the following paramet@tfpedance of an air bridge with a height of 0.25 mm, width of
[6]: ferrite magnetization and relative permittivity;, = 239 0.4 mm, and length of 1.6 mm on a substrate of relative permit-
KA/m (47 M, = 3000 G) ande; = 12,ds = 0.2 mm,d; = tivity £, = 10.2 is reduced to 5@ whenS = 0.45 mm. This
2 mm, g = 0.16 mm, andS = 0.2 mm. Using (1) for an equal results in the minimum reflection loss-64 dB) occurring near
power output condition], = 36 mm and this structure was sim-11.4 GHz, which is a significant improvement over the conven-
ulated using Ansoft HFSS software. The simulated electric-fietibnal design where the reflection loss is approximately2 dB
strength distribution along the FCL at 11.4 GHz is shown igt 11.4 GHz. A wide bandwidth of 6 GHz (over 50% of the de-
Fig. 2 where coupling occurs and signals emerge from portsign frequency of 11 GHz) for the broad-band hybrid coupler
and 4, when a signal is fed into port 1. As reported in [9], the pr@yth the improved air bridge has been reported in [9], and here
dicted bandwidth for this structure is from 9.75 to 11.25 GHzye report the phase characteristics of that coupler. With refer-
where the insertion loss is from3.75 to—2.5 dB, and the isola- ence to the port numbering in Fig. 4, the predicted values for
tion Sy; and reflection loss';; are below-14 dB. Note thatthe both /5,5 — /S5 and /S, — /S15 — 180° at the band edges
bandwidth in this paper is defined at a fixed length, whereas #ife approximately 25and are zero at approximately 10.7 GHz,
[6], the bandwidth is defined using a variable optimum lengtlas can be seen in Fig. 5. The rectangular hybrid coupler design
When a signal is fed into port 2 instead of port 1, an odd signiglpreferred to the ring design as the former is neater, especially
emerges from the output ports instead of an even signal. Thigh the air bridge, and simulation shows that it has a slightly
phase characteristics of the microstrip FCL when the signalgoader bandwidth than that of the latter.
fed into ports 1 or 2 are shown in Fig. 3 and we observe that
even or odd output signals (respectively) occur at approximat%y
10.3 GHz, i.e., at a frequency 10% lower than predicted. Over
the bandwidth, the maximum value for bdthSs; — /.S41| and The cascaded design, in which the two isotropic sections
|£/S32 — £S42 — 180°| is 20°. If the direction of magnetization (A and C) are matched to the ferrite section (region B) via
is reversed, the outputs are odd (even) for an input at port 1 (Buarter-wave transformers at 11.4 GHz, is shown in Fig. 6. By
and this behavior has been discussed earlier [2]-[7]. cascading theS-matrices of the FCL section and the hybrid

Phase difference (dB)
o

Predicted Cascaded Performance
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Fig. 4. Broad-band hybrid coupler with improved air-bridge design. - S31
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Fig. 7. Predicted frequency response of the four-port microstrip FCL

10 circulator. Note that the air bridge is adjacent to port 2.
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Fig.5. Simulated frequency response/df,; — 2513 (solid line) andz S, —
2515 — 180° (dotted line) of the hybrid coupler.

Fig. 8. Photograph of the four-port microstrip circulator in the aluminum jig.

! ‘| 36 mm q 0 ‘ ' '
19 mm
| : |
3 12 ) ; AN A s e
Region A Region B (FCL) Region C (coupler) =g -10¢
§
Fig. 6. Actual circuit of four-port microstrip FCL circulator (not actual size). % -15¢
c
[+]
coupler, using signal flow graphs [14], the overall cascaded § -20
performance of the lossless structure (B and C) has been= s ;22;:5
computed and are shown in Fig. 7. Region A was omitted  -25f ---- port3-4 |
for simplicity. Defining the bandwidth as the frequency range “oo port 4-1
where insertion loss is less than 0.5 dB, we observe that the .30 s
bandwidth is from 9.6 to 11.4 GHz and, over this bandwidth, ° 13 4

: ' € Frequency (GHz)
the isolation 1, and.S3;) and reflection loss{;1) are below

—15 dB. It was also found that the predicted insertion l0$3g.9. Measured insertion loss and isolation at all ports.
curves forSsq, Si3, andS14 were similar to that 055,, while
the isolation curves’;, Ss4, andSy; were also below-15dB.  form-field solenoid of cross section of 66 mm36 mm and of
This predicted result clearly demonstrates the nonreciprogahgth of 132 mm was used to provide a static magnetic bias
behavior and circulation effect of the cascaded design. field. Fig. 9 shows the insertion loss and isolation between ports
of the following combinations: 1-2, 2-3, 3-4, and 4-1, and it
clearly shows that the direction of circulationis12 — 3 —

The fabricated FCL circulator circuits with gold tracks werd — 1. The measurement shows the improvements in this de-
mounted onto an aluminum jig, as shown in Fig. 8, and meegice compared to earlier devices, e.g., a more clearly defined
sured using an HP 8510C Network Analyzer. A rectangular uriegion of nonreciprocity, and (as shown in Fig. 10) low reflec-

D. Measurement of the Circulator
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the formulas from Pucett al. [15], who used Wheeler's mi-
crostrip equations [16] to derive the expression for conductor
loss per unit lengtlc (in decibels/unit length)

RsAc
= 2
ac =7 @)

where R, is the surface resistance;, is the characteristic
impedance of the microstrig, is the dielectric thickness, and
A, (in decibels) is the geometry factor.

For1l/(27) < w/h < 2

ae =52 - (')

Frequency (GHz) . |:1 + h + h {ln <%> — E}:| (3a)
h

. . woq Wwoq
Fig. 10. Measured reflection loss measured at all ports.

Reflection loss (dB)

for w/h > 2
20

Ac =868 |24 4 o mh

1+ h n h I 2_h B i
Weq  MWeq t h
w, 2 w, 2
eq - . eq
{ h + 7r1n{o.447r( o + 0.94> }}

Weq IS the equivalent width for a microstrip with physical width
w and metal thickness and the relationship is given ly.q =

w + Aw, whereAw (for w/h > 1/2r) is the Wheeler's cor-
rective term [16] in order to take the thickness of the metal strip

(3b)

9 10 1 12 13 14

Frequency (GHz) into consideration, which is as follows:
Fig. 11. Effect of magnetization currehf, to nonreciprocal behavi¢f;.| — Aw = i In % +1 (4)
|S21| for I, = 0 to 1.5 A at a step of 0.25 AH, = 0—4 kA/m). T t ’

tion loss at port 2, which is located near to the improved air. 1 N€ termAw is often negligible, except for very narrow strip
bridge. At 11 GHz, the insertion losses §f, Ss2, S35, and width w7/h < 1. F(_)rt =4 pm, conductlwty of golde =

5,4 are approximately-8 dB, and losses are discussed in Sed:1 * 10" S/m and simply assuming that the signal follows only
tion llI-E. The effect of bias field strength on the differentiaP"® path from ports 1t0 2 (|n_F|g. 9)’ the conductor Iossng_r
isolation|S12| — |Sz1| is shown in Fig. 11, where the value of'S approximately 1.5 dB. This estimated loss may_ be slightly
|S12] — | S21| reaches a maximum near 11 GHz. As the magntndervalued due to surface roughness$, (but assumingh =
tization current in the solenoid was increased to 1.0 A (equit? "™M- the correction makes a negligible difference. o
alent to an applied static field of 2.8 kA/m) in steps of 0.25 A, The dielectric loss (in decibels/unit length) of a microstrip is
|S12] — |Se1| increased to approximately 17 dB. Further incred'Ven by [17]
ments up to 1.5 A (4.1 kA/m) produced little change in the non-

X ) o er (et — 1) tanéd
reciprocity curve, hence, confirming the early theory that only ap = 27.3 e (e — DA %)
a weak longitudinal bias field is needed for FCL circulators. v Seff \=r g

wheree,. ande.g are the dielectric constant and effective di-
electric constant of the substrate, respectivelyy is the loss
Simulation using HFSS [9] shows that the predicted cotangent, and\, is the wavelength. Again, assuming a single
ductor loss in the four-port microstrip circulator (regions B andath from ports 1 to 2, the calculated dielectric lossSer is
C only) is approximately 2 dB (within the bandwidth), assumin@.46 dB. Thus, the simulation and simple estimates suggest that
zero metal thickness and the conductivity of copper 5.8 x  both conductor and dielectric losses together may account for
107 S/m. To provide a simple comparison with the loss predicted-3 dB at most. The extent to which other loss mechanisms such
by simulation, an alternative calculation was made assuming #iemagnetic loss and radiation and surface-wave loss contribute
signal was transmitted along sections of microstrip of differeitd the overall losses of the four-port circulator is not known at
width between ports 1 and 2. This estimate was obtained usthis stage.

E. Losses in the Microstrip Circulator
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Fig. 13. Simulated frequency response (magnitude) of a stripline FCL section
-10 ' ' for input at port 1.
— broadband
N - conventional
-15) ] compared to 3 GHz (27%) with the conventional hybrid. Over
\ / the bandwidth, the reflection loss and isolation are below
oy I N —20 dB. The broader bandwidth is, however, at the expense of
r a slightly deteriorated performance at 11 GHz.
=]
.'é‘
é’-zs»
V. BROAD-BAND STRIPLINE FCL CIRCULATOR
-30¢ As mentioned earlier, the design procedure described in [4]
is not applicable to a stripline FCL becau8g€en, = [odq at
- . vy ‘ all frequencies. For a stripline FCL with the following param-
8 9 10 11 12 13 14 etersie; = 12 (substrate)e; = 12 (superstrate), thickness
®) Frequency (GHz) hy = hqg = 0.1 mm,q = 0.045 mm, S = 0.09 mm, and

magnetizationV/, = 239 kA/m, Xie and Davis [6] found that
Fig. 12. Ideal performance of the broad-band and conventional four-p¢hie predicted PTF and PIF exhibit little variation over the fre-
circulator in terms of: (a) insertion los$;;, (b) isolationS;., and reflection quency range of 10-50 GHz, but that the onset of a third mode
10585 could occur at 41 GHz. Defining the bandwidth as the frequency
range where the PIF is below 0.210 dB) and using 41 GHz
IV. BROAD-BAND FOUR-PORT FCL CIRCULATOR as the upper frequency, a center frequency of 26 GHz was se-
. . . . - lected [6]. However, it should be noted that the bandwidth in [6]
thgg‘;g{?&?&'x]dg; ?;;hren%:gzﬁfggf esztgt)ig;” %’_Vr?j Itl)r;]rlltg\(/jvit()j)tls defined including variable optimum FCL lengths, but the pre-
. ' icted optimum lengtli varied only from 30 to 33 mm over the
could be broadened by the following. frequency range of 20-50 GHz. When the structure was simu-
* Replacing the microstrip FCL with a stripline FCL. Earlyjated using Ansoft HESS, the optimum length was found to be
investigation [6] revealed that stripline FCLs are potentiallyg mm rather than 32 mm. With = 28 mm, it can be seen
broad-band, which will be discussed in Section V from the simulated performance in Fig. 13 that the insertion
* Increasing the separation between the two coupled lingsss S3; and S4, are approximately-3 dB over a wide fre-
Wh|Ch WOUld I’educe the Coupling Coefﬁcient. HOWeVer, thiauency range_ Sp|kes occur at frequencies above 41 GHz and
would be at the expense of a longer structure and would fiese could be due to the higher order mode observed in [6].
sult in higher conductor loss. Redefining the bandwidth as the frequency range where inser-
To investigate the bandwidth limitation due to the broad-barin loss is—3+0.5 dB up to 41 GHz, the bandwidth is from 16
coupler, a perfect FCL section was assumed, +8-dB out- to 41 GHz, i.e., 88% of the center frequency of 28.5 GHz. Over
puts and zero phase difference over a specified frequerhis bandwidth, reflection losS;; and isolationS,; are gener-
range, and cascaded it with an ideal broad-band hybrid coupkdly below—15 dB. We observe from Fig. 14 that the phase dif-
which was analyzed using an even—odd method [11]. Usifegrences at ports 3 and 4 are almost constant at approximately
signal flow graphs, the predicted performances of the “perfet?° over the defined frequency range, except for a large dif-
FCL” cascaded with an ideal coupler for both conventional adidrence near 33 GHz. The phase differences appear to be less
broad-band couplers were obtained and are shown in Fig. $2nsitive to frequency than in the microstrip structure. We also
The bandwidth (for insertion loss abowve0.1 dB) with the observe that the two large positive spikes in the phase behavior
broad-band hybrid is 4.7 GHz (43% of design frequency) ascur at the same frequencies as the spikes in the insertion loss
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0 ‘ - —— ;
| N R T
3 _ 10t
> o
o k=2
2 ()]
£ 3-15
" \/\
= Si — Two 3-ports
’ - FCL+hybrid
Mo 20 a0 40 50 60 a0l L . .
Freauency (GHz) Frequency (GHz)

Fig. 15. Predicted frequency response (magnitude) of the three-port striplifig. 17. Comparison of predicted performance (magnitude) between four-port
FCL circulator. circulators that are made up from: (a) two three-port circulators and (b) an FCL
cascaded with a hybrid coupler.

woffésti’iggslﬁsﬁ ;hsep?fegﬁ]tl\é?gsglge at 33 GHz in Fig. 14 over 60% of design frequency. This is a significant improvement

When this broad-band ECL structure is cascaded with®Y€" the four-port microstrip FCL circulator, which has a 16%

T-junction to form a three-port circulator, its predicted Iossle?se_mdw'qth' and it clt_aarly shows that the I|m|tat|on_s du_e to the
crostrip FCL section can be reduced by replacing it with a

performance using HFSS is as shown in Fig. 15, where tf{ucro . L : .
insertion 10ssS,; is less than 0.5 dB from 11 to 61 GHz stripline FCL. In this case, the limitation of the circulator lies

while the reflection lossSy; and isolationSy; are mostly in the hybrid coupler. To gain a much broader bandwidth for a

below—15 dB. Also, the spikes at frequencies above 41 GH ur-port circulator, two three-port stripline FCL circulators can

P : : cascaded with each other and, it can be seen from Fig. 17,
observed in Fig. 13, have vanished and this may be due%]%t the simulated bandwidth is from 11 to 49 GHz, i.e., over

the summation in the T-junction of the complimentary spike . . .

observed inS3; (upward spikes) and,; (downward spikes). th3o:‘% band¥V|ch.|B:a sides dbeflng btroa?;]band, th[e .advlartnag('e of

For direct comparison, the insertid; and isolationS;, of thetour-poL gércu ator ma Z (rjom tW(t)h res-por cwch[Jha %rsb|§d

the four-port microstrip FCL circulator (from Section IIl) and atno air bridge Is required due to the absence ot the hybri
upler. However, a disadvantage of such a device might be its

the three-port stripline FCL circulator (this section) are plotte tivel ter lenath and hiah ductor |
in the same graph, as shown in Fig. 16, where fre(;1uencyr<‘§‘1la Ively greater length and higher conductor 1oss.

the devices have been normalized to their respective center
frequency of 10.5 and 36 GHz. The bandwidth for the latter is
clearly much wider than that of the former. With reference to Fig. 1, the effect of ferrite position in either
When the same stripline FCL structure is cascaded withregions | or Il on the performance of the circulator has been in-
broad-band hybrid coupler designed at 28.5 GHz, the predictegktigated. For a stripline structure whéke= d,, the optimal
bandwidth of the overall structure is from 20 to 38 GHz, i.elength of FCL section is unaffected when the ferrite material

VI. POSITIONING OF FERRITES
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TABLE | observe that, consistent with [6], the maximum PTF is lower

EFFECT OFFERRITE POSITIONING TO THE FCL LENGTHS AND for a microstrip with a ferrite as a substrate compared to that

OPERATING FREQUENCY . .
° of the other two structures. The structure with a ferrite on top

Microstrip,  Microstrip,  Microstrip, is easier to fabricate because the ferrite can be placed on top
Structure ﬂl‘g;ff;;ite mizflfzgﬁe ferrite on after the circuit has been fabricated. However, a disadvantage
Details i text MFCLI MFCL2 MFCL3 is that the power reflection factor (PRF) will increase due to
FCL length, L (mm) 620 345 44.6 a mismatch at the isotropic—ferrite interface where the FCL is
Operating freq, /5 (GHz) 7.4 5 4

normally fed by microstrips. The effect of permittivity of the

ferrite has been investigated in the case of a thick ferrite on top
using the following parameters (all dimension in millimeters):

2 dy = 15,dy = 0.2, ¢ = 0.16, 5 = 0.2, ¢, = 10.2, and
26t M, = 239 kA/m. We see from Fig. 18 that the optimal length
of the FCL increases ag decreases, and this is due to higher
24r field concentration in the medium with a higher dielectric
522- constant.
ES
220 VIl. CONCLUSION
§18’ Measurements of a four-port microstrip FCL circulator,
16l which includes a rectangular hybrid coupler, have demon-
strated a differential isolation greater than 10 dB over a
14; frequency range of 10.4-11.4 GHz. Further work in both the
modeling and measurement of FCL structures is required to
9 10 11 12 13 14 15 16 17 produce closer agreement between the two and to address some
Frequency (GHz) of the problems that have been identified. For example, there is

Fig. 18. Effect of=; to the optimal length of FCL section.

a need for a reliable model to optimize all parameters to obtain
the desired amplitude and phase characteristics. Also, further
research on loss mechanisms is required because measured

and the dielectric are exchanged between the two regions, insertion losses are higher than can be explained simply in
the direction of circulation is reversed. The effect of ferrite posierms of conductor and dielectric losses. However, in principle,
tioning in the microstrip FCL is more complicated as the lengtery broad bandwidths appear to be possible. Simulation of
of FCL, the operating frequency and the PTFs are affectaal.lossless three-port stripline FCL circulator has indicated
Here, we consider three different structures (MFCL1-MFCL3) broad operating bandwidth of at least 10-40 GHz with a
in which all of them have the following common parameterdifferential isolation of greater than 10 dB, an insertion loss of

(all dimensions in millimeters)y = 0.75; b = d; + dy = 8, less than 0.5 dB, and with an external bias field of less than
S =0.75,a =16,e4 = 10.2, 4 = 11.7, andM, = 111 KA/m 4 KA/m. It may be possible to realize similar structures using

(4w M, = 1400 G). The three structures are as described beldvigh-T.. superconducting circuits and, if so, FCLs would have

and the computed FCL lengths and operating frequencies areadvantage that the bias field is parallel with the conductors
given in Table I. rather than perpendicular to them.

MFCL1

MFCL2  Microstrip with a thick ferrite of top, wheré, =
6.426 mm (ferrite) andd, = 1.524 mm.
MFCL3 Microstrip with a ferrite as a substrate, wher

Fields are more concentrated in the substrate of a microstrip

Microstrip with a thin ferrite on top—this is a
three-layer structure with airh{ 4.976 mm) on ACKNOWLEDGMENT
the top followed by a thin ferrite materiél; =
1.5 mm and then a dielectric df; = 1.524 mm.
This structure has been reported in [7].
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REFERENCES

line and. hence. the coupling coefficient will be greater if [1] L. E. Davis and D. Sillars, “Millimetric nonreciprocal coupled-slot fin-

line components,TEEE Trans. Microwave Theory Techol. MTT-34,

a ferrite is used as a substrate. As a result, the length of
MFCL3 is shorter than MFCL1. Also, a thick ferrite on top [2]
of the microstrip requires a shorter length than a thin ferrite,
i.e., MFCL2 is shorter than MFCL1, because the coupling |3
coefficient is stronger as well due to a larger cross-sectional
area of the ferrite. The operating frequency varies for different
ferrite positioning due to the dependence of the propagation[4]
constants on the effective dielectric of the microstrip. We also

pp. 804-808, July 1986.

J. Mazur and M. Mrozowski, “On the mode coupling in longitudinally
magnetized waveguiding structure$EEE Trans. Microwave Theory
Tech, vol. MTT-37, pp. 159-164, Jan. 1989.

J. Mazur, “Millimeter-wave three-port finline circulator using dis-
tributed coupling effect,’lEEE Trans. Microwave Theory Techiol.

41, pp. 1067-1070, June—July 1993.

C. S. Teoh and L. E. Davis, “Normal-mode analysis of ferrite-coupled
lines using microstrips or slotlines|EEE Trans. Microwave Theory
Tech, vol. 43, pp. 2991-2998, Jan. 1995.



QUECK AND DAVIS: MICROSTRIP AND STRIPLINE FCL CIRCULATORS

[5] K. Xie and L. E. Davis, “Nonreciprocity and the optimum operation of
ferrite coupled lines,’TEEE Trans. Microwave Theory Techol. 48, pp.
562-573, Apr. 2000.

[6] —, “Performance of axially-magnetized ferrite coupled linégdtio
Sci, vol. 36, no. 6, pp. 1353-1361, Nov.—Dec. 2001.

[7] C. S. Teoh and L. E. Davis, “Design and measurement of microstr
ferrite coupled lines,Int. J. RF Microwave Computer-Aided Engol.
11, no. 3, pp. 121-130, May 2001.

[8] C. K. Quecket al, “Performance of stripline-type FCL circulatordtit.

J. RF Microwave Computer-Aided Engubmitted for publication. , :

[9] C. K. Queck and L. E. Davis, “Bandwidth and losses of 4-port ferrite

2917

Lionel E. Davis (SM'64—LF'95) received the B.Sc.
(Eng.) degree from the University of Nottingham,
Nottingham, U.K., and the Ph.D. and D.Sc. (Eng.)
degrees from University College London, London,
U.K.

From 1959 to 1964, he was with Mullard Re-
search Laboratories, Redhill, U.K. From 1964 to
1972, he was a faculty member with the Electrical
Engineering Department, Rice University, Houston,
TX. From 1972 to 1987, he was with Paisley
College, Paisley, Scotland, where he was Professor

(20]

(11]

(12]

coupled line circulator,” iIHEEE MTT-S Int. Microwave Symp. Digol.  and Head of the Department of Electrical and Electronic Engineering. In 1987,
3, Seattle, WA, June 2-7, 2002, pp. 1475-1478. he joined the Department of Electrical Engineering and Electronics, University
D. I. Kim, “Broad-band design of improved hybrid-ring 3-dB direc-of Manchester Institute of Science and Technology (UMIST), Manchester,
tional couplers,”IEEE Trans. Microwave Theory Techwol. 30, pp. U.K., where he is currently Professor of communication engineering and
2040-2046, Nov. 1994. Head of the Microwave Engineering Group. He has been a Visiting Professor
C. K. Queck and L. E. Davis, “Broadband hybrid microstrip couwith the University College London and the University of California at San
plers—Amplitude and phaseMicrowave Opt. Technol. Leftvol. 32, Diego, and has been a consultant for several companies. He has carried out
no. 4, pp. 254-259, Feb. 2002. research on passive components, hHighsuperconductors, dielectric-resonator

T. S. Horng, “A rigorous study of microstrip crossovers and their posntennas, chiral materials, and liquid crystal films. His current research

sible improvements |[EEE Trans. Microwave Theory Tec¢hol. 42, pp. interests are in gyrotropic media and nonreciprocal components for microwave,

1802-1806, Sept. 1994.

millimeter-wave, and optical wavelengths.

[13] C. K. Queck and L. E. Davis, “Improved design of microstrip air Dr. Davis is a Fellow of the Institution of Electrical Engineers (IEE), U.K.,
bridges,”Int. J. RF Microwave Computer-Aided Engubmitted for and of the Institute of Physics. He is a member of the IEEE Microwave Theory
publication. and Techniques Society (IEEE MTT-S) International Microwave Symposium

[14] P. A. Rizzi, Microwave Engineering Passive CircuitsEnglewood (IMS) Technical Programme Committee, and co-chairman of the IEEE MTT-S

Cliffs, NJ: Prentice-Hall, 1998.

Committee on Microwave Ferrites. Until recently, he was a member of the Ad-

[15] R. A. Pucelet al, “Losses in microstrip,”IEEE Trans. Microwave ministrative Committee of the UKRI MTT/AP/ED/LEOS chapter, and he ini-

Theory Tech.vol. MTT-16, pp. 342-350, Nov. 1968.

tiated the Houston chapter of the IEEE MTT-S. He served on the Council, the

[16] H. A. Wheeler, “Transmission-line properties of parallel strips sepavlicrowave Theory and Devices Committee, and the Accreditation Committee
rated by a dielectric sheetlEEE Trans. Microwave Theory Teclol.  of the IEE and is member of the Peer Review College of the U.K. Engineering

MTT-13, pp. 172-185, Mar. 1965.
[17] K. C. Guptaet al., Microstrip Lines and Slotline2nd ed. Norwood,
MA: Artech House, 1996.

Cham Kiong Queck (S’00) was born in Melaka,
Malaysia, on March 28, 1976. He received the
B.Eng. degree (with First Class honors) in electrical
and electronic engineering from the University of
Manchester Institute of Science and Technology
(UMIST), Manchester, U.K., in 1999, and is
currently working toward the Ph.D. degree in
P = microwave engineering at UMIST.
g&f\ Y N His research interests are nonreciprocal microwave
et ’ ‘ devices using ferrite material.

Mr. Queck is a student member of the Institution
of Electrical Engineers (IEE), U.K. He was the recipient of a Malaysian Gov-
ernment scholarship for undergraduate studies.

and Physical Sciences Research Council (EPSRC).



	MTT024
	Return to Contents


