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Abstract—A new relaxation-time large-signal table-based
diode model for circuit simulation and an associated automated
system which characterizes the device and generates the model
data file, are presented. Excellent agreement between simu-
lated and measured fundamental and second through fourth
harmonic power levels is demonstrated for a HEMT diode Up

to frequencies of 48 GHz. Excellent agreement is demonstrated

between simulated and measured large-signal oscillation fre-

quency versus varactor tuning voltage for a varactor-tuned os-
cillator circuit fabricated with a varactor diode designed using
the model.

INTRODUCTION

H ETEROSTRUCTURE and varactor diodes have

charge-voltage relations and current-voltage rela-

tions under reverse bias and breakdown conditions that

can be quite different from the simplified explicit formulas

used by most large-signal models [8]. For example, the

depletion layer capacitance of an ideal diode is given in

(l), where Cjo is the zero bias capacitance, 4 is the barrier
height, and ~ is the grading coefficient. Equation (1) is

only applicable to real varactor diodes over small ranges

of bias and, in general, ~ must be considered to be voltage

dependent. Better fits to capacitance data over a wider

range of bias can be obtained using more complicated em-

pirical expressions for which an equation-specific param-

eter extraction methodology must also be developed [10].

C@
q(v) =

() V7
l–i

(1)

In contrast, the modeling approach described in this paper

defines the intrinsic nonlinear current-voltage and charge-

voltage constitutive relations by means of appropriate

spline interpolation of several bias-dependent functions

computed directly from the measured dc and small-signal

S-parameter data as functions of bias. This ensures both

excellent model accuracy and great flexibility by making

the model largely independent of the device process and
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technology; the model generation procedure is the same

for any device for which the dynamical equaticms

(’‘equivalent circuit”) is valid, independent of the func-

tional form of the constitutive relations. This technique,

applied originally to GaAs MESFET and HEMT transis-

tors [1], has been successfully applied to GaAs MESFIEiT

and MODFET (HEMT) diodes, and varactor diodes in

one- or two-port configurations. The automated systtim

presented here adaptively characterizes the diode over its

entire safe operating range, taking more data whine

needed depending on the local nonlinearities of the DUT.

The model generator constructs a complete large-signal

model from the data, including parasitic extrinsic element

values and bias-dependent functions from which device-

specific nonlinear current-voltage and charge-voltage

model constitutive relations are defined. Spline functioms

interpolate the tabulated nonlinear model functions during

simulations. The validity of the model is confirmed herein

by comparisons of simulations to measured dc data, small-

signal S-parameter data versus bias and frequency, and

extensive large-scale measurements of gain and harmonic

levels versus output power at several bias points and dif- .

ferent fundamental frequencies.

Another novel feature of this work is the use of the -

table-based model before device fabrication as a key com-

ponent in a process of customized device design. Meeting

the performance specifications of varactor-tuned oscilla-

tors [5] and nonlinear transmission lines [6], for example,

requires the development of varactor diodes with custom-

ized C-V characteristics. In particular, the varactor (-V

characteristic has a direct impact on’ the tuning range and

tuning linearity of varactor oscillators and on the voltage-

dependent delay and pulse steepening performance of

nonlinear transmission lines. By using a table-based model

for the varactor capacitance, the device or circuit designer

can accurately specify a C-V characteristic without hlav-

ing to explicitly generate a closed-form nonlinear C-V

equation for each desired variation. The ease with which

a table-based C–V model can be generated allows the de-

signer to investigate a wide range of C-V charactensti cs.

Once the circuit simulations meet specifications, a doping
profile can be extracted from the successful C-V charac-

teristic. At this point epitaxial layer growth or implant
schedules can be designed to produce wafers on which the

circuits can be fabricated and tested. This procedure is

verified by comparing simulations and measurements of a

varactor-tuned oscillator circuit fabricated with a GiiAs
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varactor diode, the epitaxial structure of which was de-

signed using the model.

THE MODEL

Fig. 1 illustrates a standard equivalent circuit model for

the diode. Interpreted as a linearized model at each intrin-

sic bias voltage V, the intrinsic admittance, Ya, is ex-

pressed by (2a). There are three bias-dependent functions

GDC(V), R(V), and C(V), which must be independently

specified. Interpreted as a large-signal model composed

of a two-terminal voltage-dependent resistor in series with

a voltage-dependent capacitor, all in parallel with a volt-

age-controlled current source, the linearized admittance

takes the form of (2b). This time, there are only two bias-

dependent functions, G~c(V), and C(V), which must be

independently specified. The reason is that no voltage is

dropped across the two-terminal nonlinear resistor in se-

ries with the capacitor under any dc bias. Therefore,

whatever its constitutive relation, its resistance will al-

ways (in small-signal at least) be its value with no voltage

across it.

Ya(v, 0)) =
juC(V)

1 + juR(V)C(V)
+ GDC(V) (2a)

Y~(v, co)’=
j~C(V)

1 + jtiR(0) C(V)
+ GDC(V). (2b)

If the large-signal model is to reduce to the bias-depen-

dent admittance of (2a), either more circuit elements or

else more complicated elements must be used. The solu-

tion adopted in this work is to express the dynamical

equation of the model in terms of an implicit ordinary dif-

ferential equation for the instantaneous current, which has

bias-dependent coefficients related to the three indepen-

dent bias-dependent functions of (2a). In particular, a

first-order differential equation, or relaxation-time equa-

tion [2], is used which is similar in form to those reported

recently for nonquasi-static FET models [1], [2], [7]. The

three independent constitutive relations which must be

specified are the stored charge, Q(V), related to C(V) by

simple integration, ZDC(V), similarly related to G~c (V),

and the relaxation time ~(V), given by the product of C(V)

and R(V). The implementation of the model is such that

it can be used for large-signal transient analysis in the

time-domain, large-signal harmonic balance in the fre-
quency domain, small-signal analysis in the frequency

domain, and many other analysis types.

AUTOMATED MEASUREMENT-BASED MODELING SYSTEM

The htterpolation of the bias-dependent model func-

tions, with respect to the intrinsic voltage, and the sam-

pling of the device data in bias space are both critical for

the correct model behavior. Naive interpolation and im-

proper sampling rates can result in spline oscillations be-

tween discrete data points, and can cause convergence

problems for the harmonic balance and transient analysis

+ r-1
c(v) *

v
gdc(V)

R(V)

—

Fig. 1. Equivalent circuit of a general diode. Interpreted as a linear circuit
at each bias, the element values are parametenzed by the dc bias, V, ap-
plied to the device (neglecting the voltage drop across the parasitic resis-
tance for simplicity). This corresponds to an admittance function for the
intrinsic device given by (2a). As explained in the text, one cannot con-
struct a large-signal model by replacing the three bias-dependent linearized
elements by a two-terminal nonlinear capacitor and a pair of two-terminal
nonlinear resistors and still obtain the same bias-dependent admittance as
(2a). The large-signal model described in this paper implements a relaxa-
tion-time differential equation for the terminal current with three bias-de-
pendent coefficients which are related to the parameterized linear element
values.

algorithms. To minimize these problems, as well as to

save measurement time and data storage requirements, the

bias points are adaptively computed by the automated sys-

tem using a predictor corrector algorithm [1] based upon

the device-specific dc current and intrinsic capacitance

versus bias behavior. In addition, the simulator per-

forms spline interpolation on functions of the data [e.g.,

Log (I)], rather than interpolating the data directly. This

technique provides better extrapolation beyond the

boundary of the measured data than obtained by extrap-

olating the data directly. Fig, 2 shows a comparison of a

subset of the current-voltage relation between measured

(discrete triangles), the new model (well-behaved curve)

and a direct application of a cubic spline-interpolation
(nonmonotonic curve) of the measured current.

The automated data acquisition and model generator

system is based on the HP 85122A parameter extraction

test system, consisting of an HP 8510 network analyzer

and HP 4142DC source/monitor, with software imple-

mented in the HP ICCAP program for measurement con-

trol and graphical interface. DC and single-frequency

S-parameters are taken over the entire safe operating re-
‘gion of the device. The extrinsic parameters are extracted

by means of single frequency small signal measurements

with the device forward biased [3]. The link between the

automated data acquisitionimodel generator system and
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Fig. 2. Measured (A), modeled (well-behaved solid lines), and naive
spline-interpolated (wavy solid lines) dc I-V relations for a MODFET
Diode. (a) From breakdown to full forward bias. The model is well-be-
havedover theentire range ofdevice operation. Oscillations of a simple
piece-wise cubic spline interpolation are not visible at this scale. (b) Mag-
nifiedscale near zero current. Themodel iswell-behaved and goes through
all the data points except when the measured current is in the noise level
(500 PA in this case). The oscillations of the naive splines are clearly vis-
ible at this scale.

the simulator is accomplished by the model data file con-

taining the parasitic element values and the dc and other

intrinsic model functions of the internal bias. This file,

containing the device characterization, is the only input

required by the simulator.

Fig. 3 compares measured (x) and modeled (—)

C-V nonlinear constitutive relations for a MODFET

diode. The modeled curves are nearly identical to the

measurements.

Fig. 4 compares measured (a) and simulated (b) S1~ver-

sus bias and frequency for a varactor diode. Fourteen bias
points are compared from V = – 1,8 to v = + 1.2 V. The

frequency range is 1-26 GHz, For each bias point, the

agreement between simulations and measurements is very

good over the entire frequency range, despite the fact that

the model data file was constructed from $pararneters

measured at the single frequency of 3 GHz.

SYSTEM

200

c [m]

0.0

-8.0
v

2.0

Fig. 3. Measured (X) and modeled (—) C-V relation for MODFET
diode. The agreement with data is much better than that which can be ob-
tained by fitting to fixed, “canned” model constitutive relations based on
simplified physics or empirical expressions

—

(a) (b)

Fig. 4. Measured (a) and simulated (b) S,, versus frequency and bias for
a varactor diode. There are 14 bias points shown from V = – 1.8 to +-1.2
V. The frequencies range from 1 to 26 GHz. Recall the model was con-
structed from data at the single frequency of 3 GHz.

LARGE-SIGNAL HEMT DIODE VERIFICATION

Fig. 5(a) and (b) compares simulated (solid lines) to

measured large-signal gain (A) in dB, and second har-

monic (”), third harmonic (+), and fourth harmonic (X)

levels in dBc versus output power for a 48 pm two-p)ort

MODFET diode. The bias for this comparison is V =

–0.5 V, and the fundamental frequency is 2 GHz. ‘Irhe
agreement is excellent.

Fig. 6(zI) and (b) compares simulations and measvme-

ments under the same conditions as Fig. 5, except IIOW

the diode is forward-biased to + 0.5 V. Again, the agree-

ment is excellent, except perhaps for the fourth harmolnic

at very low power levels, where the large-signal meastlre-

ment is questionable. The model even predicts the IIllea-
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Fig. 5. Simulated (solid lines) and measured gain (A), second harmonic levels (.), third harmonic levels (+), and fourth
harmonic levels (x) versus output power for a MODFET diode. Bias: V = –0.5. Fundamental frequency 2 GHz.
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Fig. 6. Simulated (solid lines) and measured gain (A), second harmonic levels (.), third harmonic levels ( +), and fourth
harmonic levels (x) versus output power for a MODFET diode. Bias: V = +0.5. Fundamental frequency 2 GHz.
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Fig. 7. Simulated (solid lines) and measured gain (A), second harmonic levels (.), third harmonic levels (+), and fourth
harmonic levels (X) versus output power for a MODFET diode. Bias: V = O. Fundamental frequency 2 GHz.

sured sharp depression in the fourth harmonic at about quency is 2 GHz. The agreement is excellent except per-
Pout = – 10 dBm. haps for the fourth harmonic at very low power levels,

Fig. 7(a) and (b) compares simulations and measure- where the large-signal measurement accuracy is question-
ments under the same conditions as Fig. 6, except now able.
the diode is unbiased (V = 0.0 V). The fundamental fre- Fig. 8(a) and (b) compares simulations and measure-
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Fig. 8. Simulated (solid lines) and measured gain (A), second harmonic
levels (.), third harmonic levels (+), and fourth harmonic levels (x) ver-
sus output power for a MODFET diode. Bias: V = O. Fundamental fre-
quency 12 GHz.
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ments under the same conditions as Fig. 7, except now

the fundamental frequency for the measurements and sim-

ulations is 12 GHz. Again, the agreement is excellent.

This proves that the model, also extracted at the single

frequency of 3 GHz, accurately predicts large-signal per-

formance of this device up to at least 48 GHz, which is

the frequency of the fourth harmonic with respect to the

12 GHz fundamental.

The large-signal data were measured using the on-wafer

power and harmonic measurement system reported in [4].

The system provides on-wafer, vector error-corrected

power and harmonic levels and large-signal reflection

coefficient.

VARACTOR DEVICE DESIGN AND VERIFICATION USING

VARACTOR-TUNED OSCILLATOR CIRCUIT

Fig. 9 shows a flowchart of how the table-based non-

linear model is used in the customized device design pro-

cess. The first step is to describe the trial C-V relation

graphically or with simple piecewise approximations.

Next, discretized values are read into the diode model

“data file” tables. A large-signal simulation is done next.

The model reads and interpolates the specified nonlinear

Fig. 9. Flow chart depicting the use of the nonlinear table-based diode
model in the design of the varactor diode epitaxial structure for a given
nonlinear circuit performance goal.

constitutive relations during the simulation. If the desilred

circuit results are not achieved, the trial C– V relation is

modified and the process iterated. When the desired cir-

cuit results are achieved, a doping profile is extracted from

the successful C–V characteristic. At this point, epitaxial

layer growth or implant schedules are designed to produce

wafers on which the circuits can be fabricated and tested.

The fruitfulness of this approach was demonstrated by

using the above procedure to design the epitaxial structure

of a GaAs varactor diode and a varactor-tuned oscillator

circuit. Fig. 10(a) depicts a simplified schematic of the

varactor-tuned oscillator circuit. A large-signal oscillator

analysis was performed with the HP MNS harmonic bal-
ance simulator [9]. The measured and simulated large-

signal oscillation frequency versus tuning voltage is pre-

sented in Fig. 10(b), showing agreement within 3 percf>nt

over the entire tuning range. The measured circuit ~er-

formance met its design goals of frequency linearity with

tuning voltage and tuning range over the frequency band.
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Fig. 10. Varactor-tuned oscillator circuit composed of FET oscillator IC
and resonator IC containing a custom-designed varactor diode. (b) mea-
sured (x) and simulated (+) large-signal oscillation frequency versus tun-
ing voltage for the varactor-tuned oscillator circuit of (a).

It should be noted that the FET active device model used

for the FET Oscillator IC is the nonquasi-static measure-

ment-based MESFET/HEMT model reported in [1].

CONCLUSIONS

The results and methodology presented above prove the

measurement-based large-signal diode model and its as-

sociated automated data acquisition and model generator

system yield accurate simulations of diode devices from

diverse technologies over a wide variety of biases, fre-

quencies, and input signal amplitudes. This demonstrates

the measurement-based modeling system to be a valid

CAD tool for automated diode characterization and for

large and small-signal analysis and design of circuits and

systems where such devices are key components. More-

over, the ease with which the model tables can be speci-

fied by device designers makes the model an important

tool in the design of active diodes requiring customized

nonlinearities for specific large-signal circuit applica-

tions.
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