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Short Papers

Improved HEMT Model for Low Phase-Noise MESFET-based and power-application-oriented model extractors [1]
InP-Based MMIC Oscillators are an improved procedure for the extrinsic element extraction [7] and
an optimized grid of intrinsic bias conditions at whidhparameter
D. Schreurs, H. van Meer, K. van der Zanden, W. De Raedt, measurements are performed [8].

B. Nauwelaers, and A. Van de Capelle From the point-of-view of nonlinear modeling, the major difference
between InP- and GaAs-based HEMT'’s is the more pronounced
dispersion effect. We distinguish two types of dispersion. The first

Abstract—This paper focuses on two modeling aspects to improve type is the LF dispersion, which corresponds to the frequency-

the accuracy of low phase-noise monolithic-microwave integrated-circuit - . .
(MMIC) oscillator design. Up until now, the modeling of InP-based high dependent behavior of. and ga. in the kilohertz and megahertz

electron mobility transistors (HEMT’s) has mainly been limited to the frquency range. We measured the dispersion degree as a function
representation of small-signal and thermal noise behavior. In this paper, Of bias for both GaAs- and InP-based HEMT’s. The degree of

we present a scaleable nonlinear and bias-dependent low-frequency (LF) dispersion is dependent on the layer structure and on the bias

noise model. conditions. The largesjss dispersion is noticed in the knee region
Index Terms—MMIC oscillators, MODFET’s, nonlinearities, phase at the Vs, corresponding to the maximum of the transconductance
noise. gm (Vymax). Thegas variations are 6% and 30% for pseudomorphic

GaAs HEMT's and lattice-matched (LM) InP HEMT's, respectively.
The ¢,, variations at maximuny,, are 2% and 6%, respectively.
These measurement results indicate that the LF dispersion is more
InP-based high electron mobility transistors (HEMT's) are thsignificant for InP-based HEMT’s than for GaAs-based HEMT’s. In
optimum  choice for high-performance low-noise microwave anghe nonlinear model description, the LF dispersion is modeled by a
especially, millimeter-wave monolithic microwave integrated circuitfrst-order transfer function [1].
(MMIC,S) Regarding the Stl’ingent Sma“'size requirement Of future The second dispersion type occurs in the gigahertz range and
telecommunication systems, it is mandatory to extend this functiongy- rejated to the so-called kink effect, which is caused by impact
ity to nonlinear circuits. The existing nonlinear HEMT models [1], [2Jonization [9]. Impact ionization occurs in InP-based HEMT's at
are elaborated for HEMT's in general and do not explicitly address thgyer drain-source voltages;. compared to GaAs-based HEMT’s
specific properties appropriate to InP-based HEMT's. Furthermoggse to the lower bandgap of the InGaAs channel layer. Hence,
the low-frequency (LF) noise studies on InAlAs/InGaAs HEMT shjs effect is noticeable at typical operating conditions of nonlinear
have been mainly limited to characterization in the linear regio&bpﬁcations_ Therefore, the high_frequency (HF) dispersion needs to
[3], [4]. They have not yet resulted in an accurate empirical Lie included in the nonlinear InP HEMT model. This phenomenon
noise model, which is valid over the total bias range and can Remore complex since it is accompanied by both a resistive (output
implemented in miCrOWaVe CiI’CUit Simulators, as haS already beQBnductancest) and a reactive dispersion (Output Capacitaﬁ’qe).
done for MESFET's [5]. Reuteret al. [10] have proposed to extend the intrinsic small-signal
In Section Il, we summarize the problem areas inherent to tR@uivalent scheme at the drain side by a parallel branch consisting
nonlinear modeling of InP-based HEMT’s and propose solutions 9 a resistanceR;, in series with the parallel connection of a
overcome them. Secondly, we present a measurement-based Ri@g$sconductance...., controlled by the intrinsic drain—gate voltage
dependent LF noise mOdel in Section Il. As Veriﬂcation Of this/’dg, and a Capacitancgim. Based on th|s extended Sma||_signa|
model, we discuss the results of a fabricated coplanar waveguisiQuivalent scheme, we can add the following implicit equation to the

I. INTRODUCTION

MMIC oscillator in Section IV. nonlinear model description to incorporate the HF dispersion:
, dVay  Va—-Vas
Il. NONLINEAR INnP HEMT MoODEL gimVag + Cim = R 0 @

We have elaborated a procedure to generate a nonlinear HEMith 1, the voltage acros§’;

ime

model, which is dedicated for low-power nonlinear applications since for a circuit designer the device width has to be a degree

[6]. The model is shown in Fig. 1. The gate-source charge souigefreedom in order to achieve optimal performance, we have inves-

Qg incorporates both the effect of the small-signal gate—sourggated the scaling properties of 0.2a InAlAs/InGaAs HEMT's.

and gate—drain capacitances, whereas the drain-source charge sQEcdound that the scaling rules of the extrinsic elements agree

@a- includes the contributions of both the small-signal drain-sourgith the physical expectations. Since it is our aim to set up a

and gate—drain capacitances. The major differences with origirglaleable nonlinear model, we directly investigate the gatewidth
dependency of the intrinsic constitutive relatiods:( ss, as, and

wo'\r/llf nvlﬂlzcsrip;turr;%?tiggd bgci?,geﬂuz,i,‘:_,lv%g?; br;vi?]?ad EASTI ulrfderl ggght;r;\ i as) and not that of the small-signal intrinsic elements. The scaling

11450/95/NL/PB, by the ELEN HCM Network, by the EC-ERASMusPehavior oflys is presented in Fig. 2. From the relation between

program, by the IWT, and by the FWO-Vlaanderen. the constitutive relations and the physical behavior of the device, we
D. Schreurs, B. Nauwelaers, and A. Van de Capelle are with the Divisidmow that the constitutive relations are proportional to the device
ESAT-TELEMIC, KULeuven, B-3001 Heverlee, Belgium. width W and, hence, ideally become zero at zero device width.
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Fig. 1. Nonlinear and LF noise model for InP-based HEMT's.
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Fig. 2. Igs of InP LM HEMT's versusiW atVys = 1 VandVys = —0.5 V

(= Vr) and—0.1 V (& Vymax)- Fig. 3. 1/f noise in the gate currest (f) and in the drain currerfiz_(f)
at f = 1 Hz versusVy, and V.

nonuniformity across the wafer. Therefore, it is more accurate to
take the least squares fit of the constitutive relations of severalWe also measured the coherertg ;,(f) between the gate and
devices with gatewidths within the width range of interest than tdrain noise sources at several gate—source bias points in the ohmic
rely on the nonlinear model of only one representative device, asd saturation regions. The maximum value is approximately 0.15,
in [1]. The scaleable nonlinear InP HEMT model is implementedhich implies that in a first approximation, the gate noise source can
straightforwardly in the HP Microwave Design System (HP MDS).be treated separately from the drain noise source. This facilitates the
LF noise modeling considerably.
ll. BlAS-DEPENDENT LF-NOISE INP HEMT MODEL The LF noise can be represented in the nonlinear model by
. . . .a_spectral gate current noise source between the gate and source
This nonlinear model has been extended with an accurate bias- : .
contacts and by a spectral drain current noise source parallel to

dependent LF noise model to enable phase-noise 5|mulat|0{hsé intrinsic drain current source (see Fig. 1). The bias-dependent

We have measured the spectral current noise power denSitieSb(e)f;avior of these noise sources is characterized by the spectral
0.2 x 50 um® InP-based HEMT's in the ohmic as well as in the

. . . power densitiesS;, and Sr,, at 1 Hz and the coefficienty in
saturation regime for various values of gate—source voltdges g ds

and for frequencies from 1 Hz to 100 kHz. The principle of the Lp(f) = Si(f = 1)/f" as variables which are dependent tin

. . . and V.. These results can also be applied on devices with other
noise measurement setup has been described in [11]. All gate and_ % P

drain current noise measurements produced médréfylike spectra gatewidths if the current noise sources are Scaled. by using, for
L i S ' _example, Hooge's relation [14]. In this way, we obtain a scaleable

which implies that the generation—-recombination and thermal noise )

sources are not dominant below 100 kHz. Fig. 3 shows the measuré%s-dependent LF noise model.

1/f noise in the gate and drain curre$it(f) at f = 1 Hz versus

Ves and V.. According to the literature, the LF noise in the drain IV. InP HEMT MODEL VERIFICATION

current is proportional td’ for low values ofVy, [3], i.e., in the Based on this developed scaleable nonlinear and bias-dependent LF

linear regime, which is in agreement with our measurement resultgise InAlAs/InGaAs HEMT model, a 22.8-GHz coplanar waveguide

The relativel/f noise in the drain current of an InAlAs/InGaAs(CPW) MMIC oscillator (see Fig. 4) has been designed and fabricated

HEMT is about three decades smaller than the reported value foith the in-house developed MMIC technology [15]. The oscillator

GaAs-based HEMT’s [12]. The noise in the gate current is strongbpnsists of a 0.2x 150 um® InAlAs/InGaAs HEMT, which is

dependent on the operating point and is proportiondftfi3]. From destabilized by a metal-insulator-metal (MIM) capacitor in the

our gate current noise measurements, it can be concluded that flusrce. As this circuit is meant as a simple demonstrator, it has

dependence is only valid for values Bf. near 0 V. an on-chip resonator, which is formed by the combination of the
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Fig. 5. Comparison of the measured and simulated phase noise.
[14]

gate bias network and a CPW transmission line. Fig. 5 compares
the measured [16] and simulated phase noise, calculated with thel
phase-noise analysis tool of HP MDS. The measured phase noise is
—77 dBc/Hz at 100 kHz from the carrier. This agrees well with the g
simulated value of-83 dBc/Hz. The phase-noise performance of this
22.8-GHz oscillator is comparable to reported values of HBT-based
oscillators in the same frequency range [17], which underlines i ]
important potential of InP-based HEMT'’s in nonlinear applications.

V. CONCLUSIONS

InP-based HEMT’s are suitable candidates for microwave and
millimeter-wave MMIC oscillators. We have developed a scaleable
nonlinear and bias-dependent LF noise model for these devices. It
has been highlighted that the LF and HF dispersion have to be
included to correctly represent the specific physical characteristics.
The model accuracy has been successfully demonstrated by phase-
noise measurements on a CPW MMIC oscillator.
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