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procedure of [7] was applied to alleviate the problems associated
with the reactive discontinuities at section junctions. The couplers
were constructed employing offset parallel-coupled striplines, with
the line dimensions obtained from [9]. The tri-plate stripline structure
consisted of two Duroid RT/5880 substrates of 31-mil thickness and
relative permittivity 2.2, with a similar substrate of 5-mil thickness
sandwiched between them. The transformers shown in Fig. 1(b) were
implemented as 100–50-
 impedance tapers, thereby matching the
split to the 50-
 coupler, and again to combine the two coupler
output signals. Fig. 3 shows a photograph of the center substrate
of the manufactured prototype, with the reference line on the left-
hand side, and the phase shifter toward the right. The symmetrical
phase shifter produced satisfactory results over a bandwidth of
1–17 GHz, as shown in Fig. 4. The results confirm the theory,
but practical difficulties with especially the implementation of the
splits were experienced. These were constructed using a number
of via connections, and the resulting asymmetry deteriorated the
high-frequency performance. Measured results for the reflection and
transmission coefficients shown in Fig. 5 were also satisfactory. The
insertion loss exceeds 3 dB at the higher end of the frequency
range, but this may largely be attributed to inherent losses, as seen
from the result shown for the reference line. Only a small portion
of the curve for the reflection coefficient of the reference line is
visible, since it is below�20 dB for nearly the whole frequency
range.

A 90� phase shifter can be constructed by either cascading two
45� phase shifters, or by directly applying the synthesis technique.
The latter will require a coupler with a nominal coupling coefficient
of 0 dB, which may be realized by means of a tandem connection
of two �3.01-dB couplers, or in practice, four�8.343-dB couplers.
Employing couplers identical to those used in the previous example
(i.e., C0n = �8:343 dB and �Cn = 0:862 dB) will result in
a differential phase shift of 90�� 10�. The insertion loss will
ideally still be zero. However, due to the additional line length, the
total dielectric and ohmic losses are expected to almost double in
comparison to those of the 45� phase shifter. Applications where the
input signal is to be simultaneously applied to both the input ports
of a 90� phase shifter and the reference line will require the use
of a power splitter. For these applications, a better option will be
to merely use a symmetrical wideband�3.01-dB coupler as shown
in Fig. 1(a), where a differential phase shift of 90� and negligible
phase ripple between the signals at the coupled and through ports are
established intrinsically.

IV. CONCLUSION

Progress in the field of wideband microwave has largely been
limited to improvements or extensions to one of the six basic classes
of Schiffman phase shifters, thereby restricting the realizability of
these devices to about 9 : 1 bandwidth, up to 12 GHz. The novel class
of ultrawideband phase shifters proposed here has the possibility of
achieving up to a 20 : 1 bandwidth, extended to an upper limit of 20
GHz. Practical results confirmed the theory, although certain aspects
like the implementation of the split to the coupler still need to be
refined.
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A Simple and Accurate MESFET Channel-Current
Model Including Bias-Dependent Dispersion

and Thermal Phenomena

Tae Moon Roh, Youngsik Kim, Youngsuk Suh,
Wee Sang Park, and Bumman Kim

Abstract—A new channel-current model of GaAs MESFET suitable
for applications to microwave computer-aided design (CAD) has been
developed. This model includes the frequency-dispersion effects due to
traps and thermal effects. The model parameters are extracted from
pulsed I–V measurements at several ambient temperature and quiescent
bias points. This model is verified by simulating nonlinear circuits, such
as a power amplifier and a mixer.

I. INTRODUCTION

For microwave-circuit design, commercially available computer-
aided design (CAD) software is widely used. These CAD tools
are based on the accurate device models, and a proper modeling
is very important. In large-signal modeling, the gate–source and
drain–source voltage-controlled drain–source channel currentIds(vgs,
vds) is the most important element because it is the major nonlinear
component. The usual measurement method for determiningIds(vgs,
vds) is pulsed I–V technique [1]-[5], which is free from the fre-
quency dispersion due to deep-level trap/surface state and thermal
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Fig. 1. Comparison of experimental pulsedI–V data (OKI KGF-1284 GaAs
MESFET,Vgmin = �2:6 V, Vgmax = �1:55 V, step= 0:15 V).

effects due to the internal power dissipation [6]–[8]. However,
the dynamicI–V data from the pulsed measurements are strongly
dependent on the quiescent bias conditions. An accurate drain-
current model should be capable of predicting the dynamic current
behavior for different quiescent bias conditions (Vgso, Vdso). The
dynamic channel currents can be modeled using the first-order
function of gate and drain quiescent voltages;Ids(vgs, vds, Vgso,
Vdso)[4].

In this investigation, a new simple bias-dependent channel-current
model is presented. This model represents all required characteristics,
i.e., frequency-dispersion effects, thermal phenomena, and higher
order derivative terms ofIds, which are important for predicting
harmonic components [9]–[11]. The authors’ model is applied to the
design of a power amplifier and mixer, and its simulation capability
is experimentally verified.

II. NEW CHANNEL-CURRENT MODEL INCLUDING

BIAS-DEPENDENCY AND THERMAL PHENOMENA

For the modeling of the dynamic channel-currentIds(vgs, vds,
Vgso, Vdso), pulsed I–V measurements should be performed at the
several quiescent bias conditions (Vgso, Vdso) due to the trapping
effect [1]–[5]. According to Filicori’s results [4], only a weak
correlation exists between the gate quiescent bias and the drain
quiescent bias effect. Therefore,Ids can be modeled as a sepa-
rated first-order function ofVgso and Vdso. The I–V curve of OKI
KGF-1284 GaAs MESFET’s is measured at several bias points
(shown in Fig. 1). This figure is obtained from measurements
at three different bias conditions with lowVgso and low Vdso,
low Vgso and high Vdso, and high Vgso and low Vdso. All of
these biases lead to different states of the traps with negligible
power dissipation. As the drain quiescent bias voltage increases,
the dynamic output conductance increases and the channel-current
decreases. The gate quiescent bias variation changes the magni-
tude of channel current a little. These drain and gate quiescent
bias effects are similar to the previously reported results [2], [4],
[5].

Another important issue of channel-current modeling is the capa-
bility of representing temperature effects and higher order derivatives
of transconductance. Based on Pedro’s channel-current model [11],

an improved channel-current model is proposed as follows:

IdsRF = �[u+ log(e
u
+ e

�u
)] tanh(�vds)

Vp = Vpo + 
vds; d =
vb � vgs

Vp

u = A(1� d)� C (1)

vb = vbo + vb;dso � Vdso

A = Ao + Adso � Vdso
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 = 
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�Tj = R� [(1� �)Po � P
�

o ] + (Ta � T
�

a ) (2)

whered represents the depletion width.u, which is a function of
d, A, andC can be interpreted as the active channel height. The
parametersvb, A, �, 
, and � are represented by quiescent bias
points and temperatures. The channel temperature difference is�Tj ,
power-added efficiency�, thermal resistanceRth, dc input power,
and ambient temperature of the devicePo and Ta at the operation
condition, dc input power and ambient temperature of the deviceP �o
andT �a in modeling procedure, respectively. The pinchoff voltageVp
is Vds dependent in order to represent the observed turn-on voltage
variation with drain bias and to improve the output conductance
description. RepresentingI–V curve variations due to the quiescent
bias (Vdso, Vgso), and channel temperature (�Tj ), the parameters
in (2) are expressed as the first-order functions ofVdso, Vgso, and
�Tj . For predicting drain quiescent bias effects, the parameters
vb;dso; �dso; 
dso, andAdso are expressed as functions ofVdso. The
gate quiescent bias effect can be predicted by the parameters�gso,
and �gso. The channel pinchoff voltage and transconductance are
affected by the channel temperature and the effect is accounted
for by the parameters
T and �T . The internal power dissipation
of the transistor in the modeling (pulsed measurement at quies-
cent bias point) is different from the real RF-operation due to the
dc to RF conversion efficiency (�). This effect is considered by
introducing �.

III. M ODELING AND EXPERIMENTAL RESULT

In order to validate this paper’s channel-current equation, a non-
linear model has been extracted for OKI KGF-1284 MESFET. Using
the optimization method, the parametersVpo, vb, A, C, �; 
, and
� in (1) are extracted from the pulsedI–V data at a quiescent bias
point and an ambient temperature. The extracted parameters from
the measured pulsedI–V data at different temperatures with a bias
point Vgso = �2:2 V and Vdso = 3 V are shown in Table I.
The temperature effect terms in
 and�, represented by parameters

T and �T , are calculated from Table I. The extracted
T ’s and
�T ’s under the different quiescent bias points show similar values.
From the pulsedI–V data for several quiescent biases with the
same ambient temperature and internal-power dissipation, the seven
parameters in (1) are extracted. The gate quiescent bias dependency
parameters (�gso; �gso) and drain quiescent bias dependency param-
eters (vb;dso; �dso, Adso; 
dso) are calculated from the parameters
following the same procedure in the temperature-dependent parameter
extraction. Complete channel-current model parameters are shown
in Table II. Also, the nonlinear capacitors and linear elements in
the large-signal model are extracted from the bias dependentS-
parameters [12], [13]. The extracted complete large-signal model with
channel-current equation and other parameters has been implemented
using the symbolic defined-device model (SDD) in HP-EEsof MDS.
Fig. 2 compares the pulsed measurements with the model. The model
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TABLE I
PARAMETERS OF THE CHANNEL-CURRENT MODEL

FOR OKI KGF-1284 (V = �2:2 V, V = 3 V)

(a)

(b)

Fig. 2. Measured and simulated pulsedI–V curves (Vgmin = �2:6 V,
Vgmax = �1:55 V, step = 0:15 V) (a) quiescent point:Vgso = �2:2

V, Vdso = 3 V (b) quiescent point:Vgso = �2:0 V, Vdso = 4 V.

is capable of reproducing the variations inI–V curve with the
quiescent point very well. Fig. 3 shows the agreement between the

TABLE II
PARAMETERS OF THECOMPLETE CHANNEL-CURRENT MODEL

FOR OKI KGF-1284 (INCLUDING BIAS AND THERMAL EFFECTS)

Fig. 3. Measured and simulatedS-parameter using large-signal model
(points: measured, lines: simulated) (OKI KGF-1284,Vgso = �2:0 V,
Vdso = 4 V, frequency: 0.6–3 GHz).

Fig. 4. Comparison of experimental () and simulated (�) results for power
amplifier performance.

measured small-signalS-parameters and simulation results using this
paper’s large-signal model in the frequency band from 0.6 to 3 GHz.
The transconductance and output resistance extracted from theS-
parameter are 0.234S, 42.2
, and the same parameters extracted
from theI–V curve are 0.231S, 44.3
 at Vgso = �2:0 V, Vdso = 4

V. These data confirm that the proposed model is very accurate.
A one-stage power amplifier has been fabricated with these MES-

FET’s. Fig. 4 shows measured and simulation results of the two-tone
output power andIMD3 for the input-power sweep from�6 to
4 dBm. At the frequency of 1750 MHz andVdso = 4:2 V, the
maximum differences ofIMD3 and output power are 2 dB and
0.2 dBm, respectively. Using the same methodology, a 400-�m-wide
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Fig. 5. Comparison of experimental () and simulated (�) results for MMIC
mixer performance.

MESFET from Kukje has been modeled and a monolithic-microwave-
integrated-circuit (MMIC) mixer has been designed and tested for
PCS applications. Fig. 5 shows the measured and simulation results
of the conversion gain for the frequency range from 0.95 to 2.05
GHz. The maximum conversion-gain difference is less than 1 dB.

IV. CONCLUSION

In this paper, a very simple new-channel-current model has been
proposed, which can represent the frequency-dispersion effects due to
traps, channel temperature effect, and higher order derivative terms of
Ids. The derivative terms are important for predicting nonlinear circuit
performance. The model parameters are extracted from the pulsedI–V
measurements at several ambient temperatures and quiescent bias
points. The extraction procedure is straightforward and simple. In
order to validate this model, a large-signal model has been extracted
for OKI KGF-1284 and Kukje MESFET. The extracted large-signal
MESFET models have been implemented using SDD in HP-EEsof
MDS. By comparing the pulsedI–V andS-parameter measurements
with simulation results, the accuracy of this model was verified. This
model has also been applied to the design of nonlinear circuits such
as power amplifiers and mixers. The harmonic-balance simulations
with the proposed model and the experimental results for fabricated
circuits confirm the accuracy of the proposed modeling.
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Two-Port Scattering at an Elliptic-Waveguide Junction

Kin-Lung Chan and Sunil R. Judah

Abstract—A concentric waveguide junction consisting of an elliptic
waveguide has been formulated using the mode-matching method. The
formulation is a generalized solution of the problem such that the second
waveguide, which forms the junction, can be any regular shape in
cross section. Exact closed-form expressions for computing the coupling
integrals have been obtained from the generalized formulation. As a
special case of the general solution, the expressions for evaluating the cou-
pling integrals of rectangular-to-elliptic, circular-to-elliptic, and elliptic-
to-elliptic waveguide junction are given. Theoretical results compare well
with the experimental and published results.

Index Terms—Elliptic waveguide, mode-matching method, waveguide
junction.

I. INTRODUCTION

One of the advantages of using elliptic waveguides is that the
spectral separation between propagating modes can be varied by
changing the eccentricity. It then prevents mode coupling due to im-
perfection of waveguide curvature or waveguide bending, as happens
in a circular waveguide. The desired propagating mode, therefore,
can be preserved. The use of elliptic waveguides is becoming
more popular in microwave systems and the behavior of transition
from waveguides having different geometries to elliptic waveguides
becomes important.

The formulations of waveguide discontinuities involving rectan-
gular or circular waveguides have been well documented in the
literature [1]–[5]. Recently, Matraset al. [6] studied the scattering
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