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Abstract—Planar microstrip Y-junction circulators have been fabri-
cated from metallized 130um-thick self-biased strontium hexaferrite
ceramic die, and then bonded onto silicon die to yield integrated circulator N\ =
circuits. The impedance matching networks needed to transform the Alumina Ferrite Alumina
low-impedance circulator outputs were deployed on low-loss alumina or I E T EEET Ty
glass dielectrics to minimize circuit losses. These magnetically self-biased
circulators show a normalized isolation and insertion loss of 33 and 2.8 dB,
respectively, and a 1% bandwidth for an isolation of 20 dB. Application
of small (H < 1.5 kOe) magnetic bias fields improved the isolation CROSS-SECTION
and insertion loss values to 50 and 1.6 dB, respectively. This design may
form the basis for future monolithic millimeter-wave integrated circulator  gig 1. Plan-view and cross-sectional schematics of the integrated circulator
circuits that do not require magnets. circuit (not to scale). GP/BL indicates the ground plane/bond layer. The plan
view does not show the third (upwards) microstrip line.

Index Terms—Circulators, ferrite devices, ferrites, microstrip compo-
nents, millimeter-wave devices, millimeter-wave integrated circuits.

In this paper, we describe the fabrication and performance of inte-
grated planar microstrip circulator circuits operating ek -band.
These circulator circuits anticipate the considerations needed to
The value of integrating planar ferrite components along witbtombine hexaferrite films with semiconductor substrates to yield
semiconductor substrates in microwave integrated circuits mhyw-loss microwave integrated circuits, including the batch processing
become compelling if good device performance is retained whi@ circulators that use minimal hexaferrite material, the integration
obtaining significant decreases in the component size and weiglitferrites and dielectrics with metallized silicon wafers, and the
[1]-[4]. For example, the application of planar Y-junction circulatorplacement of the impedance matching networks on the dielectrics to
at millimeter wavelengths becomes particularly favorable becaussluce the overall system losses. Thus, this paper builds on previous
the diameter of the resonator junction scales with wavelength. Thissults obtained on both microstrip hexaferrite circulators [6] and
decrease in resonator size can be further enhanced by using self-biasegrated ferrite—film/semiconductor microstrip circulators [2], [3].
hexagonal ferrites, or hexaferrites, as the gyromagnetic medium since
the large dielectric constant,( ~ 21-23) measured for hexaferrites 11. INTEGRATED CIRCULATOR FABRICATION

further reduces the component size compared to that of garnets or . ) ) )
spinel ferrites {, ~ 10-15). Moreover, the large uniaxial anisotropy The hexaferrite permanent magnet starting materials were oriented

fields present in hexaferrites can be used to provide ferrimagne?féont'um hexaferrlte_(SrEeO1_9) ceramic pucks that showed good
self-resonant frequencies above 40 GHz in oriented materials whaare loop hystert_a&s_behawor with a remanent qux_denBi,ty of
they are self-biased, i.e., behave as permanent magnets. This matérilakG and acoercive field valué{(r:J) of 2'9, KOe. Sections of these i
property can be used to rid the component of external magnets, greRiF<s were diced, ground, and polished using standard metallographic
reducing the overall circulator size [1], [5]-[8]. Thus, planar microstrif)echnlques to OF’ta_'” 1.5cm1cemx 130"‘_m'th'Ck chips, Wherg the
Y-junction circulators fabricated from hexaferrite materials appe(‘ﬂtemal magnetlcfleld lay normgl to the chip surface. These chlpgwere
to be excellent candidates for incorporation into millimeter-wav&'€n metallized on both faces withidn of copper sputtered ontoa TiW -
adhesion layer, thus ensuring high conductivity for both the transmis-

sion line and ground plane. Batches of Y-junction microstrip circula-
tors were fabricated by patterning the top-face copper using standard
photolithographic and wet-etching processes, and then dicing the pat-
terned piece into 3 mnx 3 mm die for transfer and bonding to the
silicon substrates.
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Fig. 3. Scattering paramete$(;, Sz1, S31) results versus frequency for an
Fig. 2. Magnetization versus applied magnetic-field behavior of a strontiugs-produced self-biased circulator circuit. Tha data is the dotted line. The
hexaferrite circulator die. Hysteresis loap) (initial magnetizationg), magnet dashed line shows transmission results when an impedance-matched microstrip
load line (solid line). line replaces the hexaferrite chip in the circuit.

the external 52 coaxial lines were made using asymmetrically offsekation valges approa(.:hing the remanence value can be maintained even
type-K coaxial-line-to-microstrip-line launchers. for very thin hexaferrite die [9].

The hexaferrite circulator was designed to operate above resonance
since the self-resonant ferrimagnetic resonance (FMR) frequency, as
provided by the internal fieldd{;) asf = (v/2#)H; = (v/2m)(Ha— S-parameters for the integrated circulator circuits of Fig. 1 were
47 M) lies at a much higher frequency than the desired circulator omeasured on a Hewlett-Packard HP 8510B vector network analyzer
erating frequency of 30 GHz. Here, is the gyromagnetic constantat a power level of 10 dBm. Measurements were taken in the iso-
(v/27 = 2.8 GHz/kOe) andH 4 is the uniaxial anisotropy field{,» = lator configuration where the third port is terminated in af50sad.

19.5 kOe) for strontium—hexaferrite. Values for the resonator junctiofig. 3 shows digitized data for th8-parametersS:, (reflection or
radius and port suspension angle were obtained by performing an eturn loss),S2; (transmission or insertion loss), arsg; (isolation)
tremum search of the circulator performance over all parameters in tifean as-produced circulator circuit over the frequency band from 25
circulator design parameter space. In particular, the values were choseB2 GHz. All circulators showed maximum isolation at frequencies
such that the circulator maintained good isolation and insertion losigghtly below the designed. of 30 GHz. This effect may be due to
over maximal bandwidth while remaining relatively insensitive to ththe hexaferrite having a lower than expected dielectric constant. The
exact values of design parameters such as the internal field and F®IRulator circuit of Fig. 3 shows a maximum isolation value of 37 dB
linewidth. This approach allowed for circulator operation under difat 28.9 GHz, with a corresponding insertion loss of 6.9 dB. From the
ferent magnetic biasing conditions, which may vary the internal fielfl;; data, it is noted that the minimum in reflection occurs at a lower
by almost 3 kOe, depending on the value of the magnetization as gifegguency than that of maximum isolation, indicating a slight mismatch
by the hexaferrite hysteresis loop. This design also incorporated theiaftuning.

fects of fringing fields that act to increase the effective resonator junc-In addition to the circulator circuif-parameters, Fig. 3 also shows
tion radius and, thus, lower the operating circulator frequency. The idigitized transmission data (dashed line) where the hexaferrite circu-
sults of this design yielded a junction radius of 0.054 cm, while tHator chip was replaced in the circuit by an impedance-matched mi-
total angle sub-tended by the output port was 0.56 rad. crostrip line on alumina. This curve approximates the losses incurred

In contrast to typical circulators, no magnetic flux closure structutia the test mount connectors and launchers, microstrip lines on alu-
was incorporated into the integrated circulator circuit. Hysteresis loopsna, and wire bonds. At 28.9 GHz, this curve has an insertion loss of
were measured on the patterned hexaferrite die to appraise the magde8alB, indicating that the remainder of the planar microwave circuit,
properties of the circulators before and after magnetic poling. Fig.a&d connectors, are the largest contributors to the overall circulator cir-
shows the volume magnetizatioh®(}) versus applied magnetic field cuit loss. Upon normalizing the effects of the transmission lines and
(H) behavior of a 13Q:m-thick hexaferrite circulator, where the openconnectors, the self-biased hexaferrite circulator was found to have an
circles show the major hysteresis loop behavior of this circulator as itirsertion loss of 2.8 dB, and an isolation of 33 dB. The bandwidth of
magnetically poled normal to the plane. Here, the major loop is skewtdls circulator was 1% for an isolation of 20 dB.
because of the strong demagnetizing fields in this thin plate geometrylt has been noted from the magnet operating condition shown in
The volume saturation magnetization valde {/,) was 4.4 kG. The Fig. 2 that the hexaferrite chip was patrtially demagnetized and, thus,
magnet operating condition was given by the intersection of the magdees not recover the maximum possible values for magnetic polariza-
load line with the hysteresis loop in Fig. 2 [8], [9]. Here, the load lindon (47 ,) or effective permeability [10]. Thus, the circulator cir-
is found fromdw M = — H/N., whereN. is the demagnetizing factor cuits were also measured with a permanent magnet biasing the res-
normal to plane of the hexaferrite chip. For this thin plate geometry, tb@ator junction. Here, the small magnetic fiel (< 1.5 kOe) was
value of N is approximately 0.9. The resulting intersection occurs @sufficient to saturate the material, with the circulator magnetization
47 M = 1.6 kOe, a value that was confirmed by measuring the initidying on a minor hysteresis loop within the major loop of Fig. 2. All
magnetization curve of the circulator weeks after being magneticaltirculators showed improved values for the insertion loss and isolation
poled, as per the solid circles in Fig. 2. This reduction in net magnehen tested with the biasing magnet compared to their as-produced
tization decreases the effective gyrotropy of the hexaferrite and, thessults. Fig. 4 shows normalizédparameter resultS>; and.Ss; ob-
key circulator parameters such as the bandwidth. It also raises the vaaieed by biasing the circulator of Fig. 3 with the permanent magnet,
of the internal field. These demagnetizing effects may be mitigated tghere the circulator now shows a normalized insertion loss of 1.6 dB
developing hexaferrites having large coercive fields, such that magnetird an isolation of 50 dB. No significant increase was observed in the
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Accurate RF Large-Signal Model of LDMOSFETs
Including Self-Heating Effect

Youngoo Yang, Jaehyok Yi, and Bumman Kim

Abstract—n this paper, we present a new silicon RF LDMOSFET large-
signal model including a self-heating effect. A new empirical channel cur-
rent model suited for accurately predicting intermodulation distortion is
employed. The proposed channel current model can represent transcon-
; , ; ductance (@m) saturation and rolloff in the continuous manner. It has

26 28 30 32 continuous higher order derivatives for accurate prediction of nonlinear
Frequency (GHz) microwave circuit behavior, such as power amplifiers, microwave mixers,
oscillators, etc. Using the complete large-signal model, we have designed
and implemented a 1.2-GHz power amplifier. The measured and simulated
Fig. 4. Normalized scattering parameték{, Ss1) results versus frequency amplifier characteristics, especially the intermodulation and harmonic be-
for the same circulator as shown in Fig. 3, with this circulator biased #ittt  haviors, are in good agreement.
1.5 kOe.

S-Parameters (dB)

Index Terms—Empirical channel current model, large-signal model,
LDMOS, self-heating effect.

circulator circuit bandwidth, nor did it prove possible to adjust the fre-
quency where maximum isolation occurs to coincide with the minimum
in S11. However, these improvements further indicate the importance
of the hexaferrite magnetic properties, and the state of magnetization! e recentadvances of the silicon RF LDMOSFET technology make
in determining the circulator performance. it possible to use the device for over 2-GHz band [1]. Due to the high

Considerable improvements can be expected in the performancé®in and good linearity, LDMOSFET offers a good alternative to GaAs
the circulator circuits presented here by developing hexaferrite mabdESFET and silicon bipolar junction transistor (BJT) foror 5-band
rials having large coercive fields and smaller magnetic and dielectR€Wer amplifiers [1]. For the circuit design using a nonlinear circuit
absorption, and by improved tuning and decreased losses in the §ifoulator, an accurate large-signal model in the RF band is required.
crostrip matching network. In addition, transmission-line losses migRfevious physical models, such as the BSIM3V3, have too many pa-
be greatly reduced at the systems level by designing other componéatgeters and too complex extraction routines [2], [3]. The table-based
to match the low-output impedance of these thin planar circulatof§odels have problems with a relatively long simulation time, no ca-
With these refinements, integrated planar hexaferrite circulators mRgPility to include self-heating effects, and less accuracy to predict
become as prevalent as ferrite waveguide components. distortion behavior of power amplifiers [2]-[4]. Milleet al. [5] in-
troduced an empirical large-signal model of RF LDMOSFET. How-
ever, Miller's model could not express the channel current saturation
for a large gate-bias voltage. This may cause an inaccurate rolloff of
transconductance. Here, we propose a compact channel current model
with improved characteristics. It employs fewer parameters, but accu-

rately describes transconductance rolloff to near zero and self-heating
[1] E.F. Schloemann, “Circulators for microwave and millimeter-wave inaffect.

2] Segsafga%mﬂ'tsésg; 'SEIE \g’;'n?gl’ F,i/rl" ésg;ﬁg?,ge\t;\./ 1;?1% ge, M. Forpower amplifiers, self-heating could lead to the premature break-

H. Hanes, and R. L. Messham, “Monolithic integration of drband down of the device, and could degrade the power performance to a con-

circulator with GaAs MMIC's,” inlEEE MTT-S Int. Microwave Symp. siderable extent with a large rise in channel temperature [6], [7]. In

Dig., 1995, pp. 97-99. o LDMOSFET, like conventional MOS transistors, the self-heating de-
[3] S.A.Oliver, P. M. Zavracky, N. E. McGruer, and R. Schmidt, "A mono-q - yes the effective mobility and linearly reduces the threshold voltage

lithic single-crystal yttrium iron garnet/silicali -band circulator,1EEE L .
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