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A Linear Dependence of Fiiy
on Frequency for FET’s

Brian Hughes, Member, IEEE

Abstract— The minimum noise figure of a FET, expressed
in decibels, is shown to increase approximately linearly with
frequency to frequencies approaching the FET’s fo... This
observation is useful for extrapolating noise figures and pr0v1des
a simple frequency-of-merit.

I. INTRODUCTION

ATURE is occasionally kind, and an approximation

works much better than expected. Surprisingly, the
minimum noise figure of a FET, Fy,;,, which is expressed in
decibels, increases linearly with frequency to frequencies that
approach the fi,.x of the FET. This simple linear relationship
is useful because F;, (the most important noise parameter) is
usually measured and presented in decibels. This paper shows
experimental evidence that F,;, is proportional to frequency,
and uses a noise model to explain the linear behavior. Fiin
results are easily extrapolated versus frequency with the linear
approximation. A simple figure-of-merit is f/Fpi, (dB). This
frequency-of-merit can be used to compare noise performance
as fr and fpax are used to compare the gain of different
FET’s.

II. APPROXIMATION

Noise theories predict that the equivalent minimum input
noise temperature of a FET (Ty,,) increases linearly with
frequency at low frequencies, but increases faster than linear
at higher frequencies [1], [2]. In this paper, Tii, is modeled
with Pospieszalski’s resistor temperature noise model [2], {3].
The expression for Ty, is

_(TT)1/2 f 1+E( f )2 1/2
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Fmax is the frequency where the G4 max of the FET extrapo-
lates to unity. T, and Ty are the equivalent noise temperatures
of the input resistor and output resistor of the simple FET
equivalent circuit model shown in Fig. 1. T; has been shown
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Fig. 1. Equivalent circuit of the intrinsic FET for the noise model.
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Fig. 2. Plot of Ty,in and a linear approximation versus frequency normalized
t0 fmax for a FET with a Ty of 298 K and a T; of 500 K.

to be close to ambient [2]. T4 of an intrinsic FET, biased for
low noise, is typically 1000-2500 K [2], [4], [21]-{23]. The
effective T; of an extrinsic FET noise model is much lower,
typically between 300 and 700 K, because the extrinsic fmax
is proportionally lower [3]. Extrinsic Ty and fmax values are
used in this paper so extrinsic Fii,’s are directly predicted.
The frequency dependence of T, (1) is shown in Fig. 2.
The linear approximation for Ti, (1a) is applicable only at
frequencies much less than fuax, as shown in Fig. 2. The
linear dependence of Ty, on frequency is the same as that of
the popular Fukui formulas [5]. The Fukui fitting factor K is
approximately /[4 - Ta/(Ty - gm - Ras)] [3].

The minimum noise figure of a FET, Fpn, is a simple

function of Tinin:
Tmin
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where Ty is the standard temperature 290 K. The dependence
of Fin on T, is shown in Fig. 3. For Ty,;, much less than
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Fig. 3. Plot of Fi,,, and a linear approximation versus Top,p.

Tp, the natural log (1 4+ X) function can be approximated by
the first term of a series expansion (2a). Fini, is proportional
t0 Tmin only for Tii, much less than Tp, as shown in Fig. 3.

A simple expression for the frequency dependence of Fl;,
is found by substituting the low-frequency approximation for
Tmin (12) into the approximation for Fl,i, (2a). T, equals
aTyp, where « is close to unity.
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The frequency-of-merit f,, is the frequency where Fiy;y, is 1
dB. A higher f,, is better. f,, is about 20 GHz for a good DBS
MODFET. f,, can be used to compare the noise performance
of FET’s just as fimax is used to compare gain performance
of FET’s.

This simple expression for Fy,;, was expected to work only
for frequencies much less than f,,,. However, a comparison
of the linear approximation (3) and the full expression for
Flyin in Fig. 4 shows that the linear approximation fits the full
expression surprisingly well to frequencies up to fuax. The
full expression for Fy,;, is found by substituting (1) into (2).
Frum 18 5.7(f/ fmax) dB for a typical FET with an effective
T4 of 500 K. The difference between the linear approximation
and the full expression is less than 0.35 dB for frequencies
as high as fnax, as shown in Fig. 5. For frequencies less
than half f.,.x, where the FET is used for an Fy;, less than
3 dB, the difference between the full model and the linear
approximations is less than 0.05 dB. The linear dependence of
Frin on frequency is not unique to Pospieszalski’s resistor
temperature noise model [2]. This is evident in the Fi;,
modeled by Pucel [1].

Why should the simple expression for Fi;, work? T,
as a function of frequency increases faster than linear, as
shown in Fig. 2. Fy;, as a function of Ty,;, increases slower
than linear, as shown in Fig. 3. One curve is convex and
the other concave. Fortunately, for F;, as a function of
frequency, the nonlinearities cancel for typical coefficients, and
the relationship is almost linear. The linear approximation is
better for MODFET’s with lower T; values, such as when the
MODFET is biased at lower drain current.
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Fig. 4. Plot of Fy,,;, versus frequency normalized to finax for a FET. The
linear approximations (dashed lines) and full models (solid lines) are for
MODFET’s with a Ty value of 290 K and T; values of 95 K (low I, ),
372 K, and 500 K (higher I4s for lowest Finin ). ® are experimental data
for 0.25 pm AlGaAs/GaAs MODFET’s [6]. O and 4 are measured data for
a 0.25 pm pseudomorphic MODFET biased for lowest Fiin and low I,
respectively.
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Fig. 5. Plots of the modeled Fy,,5,’s minus their linear approximations and
plots of measured Fin;, s minus their linear approximations versus frequency
normalized t0 fmax. The model and linear approximations are for MODFET’s
with a Ty value of 290 K and T values of 95 K (low I4;) and 500 K (higher
Ig4s for lowest Finiyp ). e are experimental data for 0.25 um AlGaAs/GaAs
MODEFET’s [6]. O and ¢ are measured data for a 0.25 um pseudomorphic
MODFET biased for lowest Finin and low I, respectively.

II. EXPERIMENTAL RESULTS

Three sets of experimental Fi;, results are shown in
Fig. 4. All the sets of Fi;, data are fit well by the linear
approximations. The first sets of Finin data for 0.25 um
AlGaAs/GaAs MODFET’s biased for lowest Fi;, are shown
as solid circles in Fig. 4 [6]. These data were chosen for
comparison because they spanned a large frequency range
(8-62 GHz), and the highest measurement frequency was a
higher fraction of f.,.. than other published data. Frequencies
were divided by an f,,,,x of 127 GHz for the plot of these data.
This fr.x value is extracted from the Fj,;, and associated
gain data, and agrees well with the f,,.x reported in the paper
[3]. Also shown in Fig. 4 are F;, data at two biases for a
0.25 pm AlGaAs/InGaAs pseudomorphic MODFET made by
Hewlett-Packard. These data were chosen because there was
little scatter in the Fl,;, data measured at many frequencies,
and data were available at two biases. The Fi,;, data were
measured from 2 to 26.5 GHz with an ATN on-wafer noise
measurement system [19]. The second set of Fy,;, data for the
Hewlett-Packard MODFET biased for lowest Fi;, (I45/width
= 60 mA/mm) is shown by open circles in Fig. 4. Frequencies
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were divided by an fy.x of 69 GHz for the plot of these
data. The Fy,;, data for both MODFET’s biased for lowest

Fhin (open and solid circles) show that linear approximation

is valid for frequencies to at least half fi,.x.

To demonstrate that the linear approximation worked to
frequencies approaching f,ax, the Hewlett-Packard MODFET
was biased to a low drain current (I;,/width = 4 mA/mm). The
fimax of the 0.25 ym MODFET decreased to 31 GHz at the low
drain current bias. Therefore, fy,. Was close to the maximum
measurement frequency of 26.5 GHz. Fy;, increased linearly
with frequency to frequencies approaching fi.x, as shown in
Fig. 4 as solid diamonds. A least square fit to these data had an
excellent fitting coefficient of 0.999. The least squares fit had
a nonzero intercept of 0.02 dB that can easily be attributed
to measurement error (e.g., noise source ENR uncertainty).
The noise data at low drain current were fit with a lower
effective Ty of 97 K. T, is a fitting factor for the extrinsic
FET noise model, and its value does not have to be physically
reasonable. The Fl,;, data at low drain current clearly show
that linear approximation for Fy,;, works well to frequencies
approaching fiax.

The differences between the measured F,,;, data and the
linear approximations are shown in Fig. 5. The points are
distributed fairly evenly around zero. The experimental data
were fit with the simple linear approximation, +/—0.2 dB, to
frequencies approaching fmax. The measurement uncertainty
appeared to be similar to the maximum difference between the
linear approximation and the full noise model.

IV. DISCUSSION

The linear expression was compared to published data. Most
papers that report Fini, at millimeter-wave frequencies gave
only one or two data points, so they could not be used to
‘demonstrate the frequency dependence of Fini,. However,
there were examples of Fiui, data following the linear ap-
proximation [20]. Data sheets for commercial low-noise FET’s
gave Fl;,’s at many frequencies. In general, Fi,;, increased
linearly with frequency, as shown in Fig. 6 [7]-[11]. The data
demonstrated that the linear approximation worked for low

Fiin values and frequencies much less than fyax. Sometimes, -

deviations from linear frequency dependence were seen at
high frequencies. This may be because the measurement
uncertainties were worse. For some MODFET’s, Fy;;, did not
decrease with decreasing frequency at low frequencies (e.g.,
less than 4 GHz), as shown in Fig. 6 [8], [9]. This behavior
was not predicted by any of the standard FET noise models.
This problem was more evident in some InP-based MODFET’s
where Fl;, increased with decreasing frequency for some
devices [12]. The author is unfamiliar with papers that explain
this behavior. This behavior was probably due to noise from
gate—drain leakage current or possibly measurement errors
because the FET optimum reflection coefficient for minimum
noise is large and the FET Si; is large [13]. The deviation
of Fii, from linear frequency dependence might be used to
identify measurement problems or FET’s with nonstandard
noise mechanisms.
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Fig. 6. Plot of Fyyin versus frequency for commercial low-noise MODFET’s

[7}-11].

Foin is easily extrapolated to higher frequencies with the
linear approximation. For example, the Fujitsu SuperHEMT
has an Finin 0of 0.55 dB at 12 GHz [8]; the linear approximation
predicts an Fi,;, of 0.825 dB at 18 GHz. The Fi,;, measured
at 18 GHz was very close, 0.075 dB higher. For the Fujitsu
SuperHEMT example, the frequency-of-merit f,, is 21.8 GHz.
Fp;y is simply f/f, dB.

The approximate expressions for noise parameters assumed
by Fukui have been popular with experimentalists because
they are simple and they predict the dependence of Fiin
on FET circuit elements and physical parameters [S], [14].
These dependencies were demonstrated with experimental
data. Fukui’s expression for Fyi, has the form 1 + cf,
where ¢ is a constant. This expression implied that Tip;, was
linearly proportional to frequency f. This dependence was not
demonstrated. However, experimentalists have successfully
fitted Finin data versus frequency with the Fukui expression
[6], [15]-[18]. Their data are fit equally well with this paper’s
linear approximation. The maximum error for any measure-
ment was less than 0.16 dB for both expressions. This small
error was easily attributed to measurement uncertainties, and
illustrated the high quality of these difficult millimeter-wave
noise measurements.

V. CONCLUSIONS

- The simple approximation—minimum noise figure Fii,
increases linearly with frequency—was derived and shown to
have an accuracy approaching the measurement uncertainty
for many low-noise FET’s. Deviations of F;;, from linear
frequency dependence might be used to identify measurement
problems or FET’s with nonstandard noise mechanisms. Fiyin
results for FET’s measured at different frequencies are easily
compared with the frequency-of-merit f,, which is f/Fnin.
A higher f,, is better. f, can be used to compare the noise
performance of FET’s just as fr and f.x are used to compare
the gain performance of FET’s. ’

ACKNOWLEDGMENT

The author would like to thank D. Wandrei (ATN), M. Fen-
nelly (ATN), and J. Raggio (TRW) for the noise measurements.
The author also appreciates H. Kondoh, C. Crespi, and E.
Schmidt (HP) for reviewing the paper and Hewlett-Packard
for their support. :



982 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 6/7, JUNE/JULY 1993

REFERENCES

[1] R. A. Pucel, H. A. Haus, and H. Statz, “Signal and noise properties of
gallium arsenide microwave field-effect transistors,” Adv. Electron. and
Electron Phys., vol. 38, pp. 195-265, 1975.

[2] M. W. Pospieszalski, “Modeling of noise parameter of MESFET’s and
MODFET’s and their frequency and temperature dependence,” IEEE
Trans. Microwave Theory Tech., vol. 37, pp. 1340-1350, Sept. 1989.

[3] B.Hughes, “A temperature noise model for extrinsic FETs,” IEEE Trans.
Microwave Theory Tech., vol. 40, pp. 1821-1832, Sept. 1992.

[4] M. W. Pospieszalski and A. C. Niedzwiecki, “FET noise model and
on-wafer measurement of noise parameters,” in IEEE MTT-S Dig., June
1991, pp. 1117-1120.

[5] H. Fukui, “Optimal noise figure of microwave GaAs MESFET’s,” IEEE
Trans. Electron. Devices, vol. ED-26, pp. 10321037, July 1979.

[6] M. A. G. Upton, P. M. Smith, and P. C. Chao, “HEMT low-nois¢

amplifier for Ka-band,” in IEFE MTT-S Dig., June 1987, pp. 1007-1010.
[7] NE202 Data Sheet, “Ultra-low noise K-band heterojunction FET,” NEC,
1990.
[8] FHX15X Data Sheet, “SuperHEMT,” Fujitsu, 1992.
[91 KGF1870 Data Sheet, “Low-noise HEMT,” Oki, 1990.

[10] MGFC-4316 Data Sheet, “Super-low-noise GaAs HEMT,” Mitsubishi,
1992. ‘

[11] JS8900-As Data Sheet, “Microwave low noise HEMT,” Toshiba, 1989.

[12] L. Nguyen, private communication, 1992.

[13] L. D. Nguyen, P. J. Tasker, and A. C. Niedzwiecki, private communi-

cations, 1992.

H. Fukui, “Design of microwave GaAs MESFET’s for broadband low

noise amplifiers,” IEEE Trans. Microwave Theory Tech., vol. MTT-27,

pp. 643-650, July 1979.

[15] K. H. Duh, M. W. Pospieszalski, W. F. Kopp, P. Ho, A. A. Jabra, P. C.
Chao, P. M. Smith, L. F. Lester, J. M. Ballingall, and S. Weinreb, “Ultra-
low-noise cryogenic high-electron-mobility transistors,” IEEE Trans.
Electron Devices, vol. 35, pp. 249-256, Mar. 1988.

[16] K. H. G. Duh, P. C. Chao, P. Ho, M. Y. Kao, P. M. Smith, J.
M. Ballingall, and A. A, Jabra, “High-performance InP-based HEMT
millimeter-wave low-noise amplifiers,” in IEEE MTT-S Dig., June 1989,
pp- 805-808.

[17] P. C. Chao, P. Ho, K. H. G. Duh, P. M. Smith, J. M. Bailingall, A. A,
Jabra, N. Lewis, and E. L. Hall, “Very low-noise AlGaAs/InGaAs/GaAs
single quantum-well pseudomorphic HEMTs,” Electron. Lett,, vol. 26,
pp. 27-28, Jan. 1990. ’

[18] P. C. Chao, A. J. Tessmer, K. H. G. Duh, P. Ho, M. Y. Kao, P. M.
Smith, J. M. Ballingall, S. M. Liu, and A. A. Jabra, “W-band low-noise
InAlAs/InGaAs lattice-matched HEMT’s,” IEEE Electron Device Lett.,
vol. 11, pp. 59-62, Jan. 1990.

(14]

[19] V. Adamian, “2-26.5 GHz on-wafer noise and s-parameter measure-
ments using a solid state tuner,” in I[EEE 34th ARFTG Dig., Nov. 1989,
pp. 33-40.

[20] S. Nakajima, K. Otobe, N. Shiga, N. Kuwata, K. Matsuzaki, T.
Sekiguchi, and H. Hayashi, “Low-noise characteristics of pulse-doped
GaAs MESFET’s with planar self-aligned gates,” IEEE Trans. Electron
Devices, vol. 39, pp. 771-776, Apr. 1992.

[21] M. W. Pospieszalski, J. D. Gallego, and W. L. Lakatosh, “Broadband
low-noise, cryogenically cooled amplifiers in 1 to 40 GHz range,” in
IEEE MTT-S Dig., June 1992, pp. 1253-1256.

[22] M. W. Pospieszalski, “Cryogenically cooled, HFET amplifiers and
receivers: State-of-the art and future trends,” in IEEE MTT-S Dig., June
1992, pp. 1369-1372.

[23] P. J. Tasker, W. Rienert, J. Braunstein, and M. Schlectweg, “Direct
extraction of all four transistor noise parameters from a single noise
figure measurement,” in Proc. 22nd FEuropean Microwave Conf., 1992,
pp. 157-162.

Brian Hughes (M’89) received the B.Sc. (Hons.)
degree in material science from Queen Mary Col-
lege, University of London, and the Ph.D. degree
in material science from the University of Southern
California, Los Angeles. His dissertation was enti-
tled, “A Transmission Electron Microscopy Study
of lon Implanted GaAs.”

He joined the Hewlett-Packard Microwave Tech-
nology Division, Santa Rosa, CA, in 1979, to in-
vestigate why undoped GaAs was semi-insulating.
Next, he gained insights into the origins of flicker
noise and reduced the 1/f noise corner of GaAs MESFET’s to 1 MHz.
He helped develop a theory and method for predicting phase noise in
microwave oscillators. He was a Visiting Scientist at Cornell University with
Prof. Eastman’s group in 1988. He was an HP Faculty Loan professor at
the University of California, Santa Barbara, in 1990, where he taught a
course entitled, “Design and Characterization of High Frequency Devices.”
He has been involved with the design and characterization of millimeter-
wave pseudomorphic, power MODFET’s. His current interests are techniques
for measuring power and noise figure of FET’s and extracting their models.
He is currently designing low-noise MODFET MMIC amplifiers.



