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ABSTRACT The model parameters describing low-frequency noise

In SPICE Gummel-Poon models one 1/f-noise sourcare usually extracted from a consideration of the bias
describes the low frequency noise behaviour diependent corner frequency8, 7]. This frequency,f
bipolar junction transistors (BJTs). In this paper wds defined as the point where the ,pink* 1/f-noise
present a method to extract the respective modepuals the ,white“, frequency independent, noise
parameters from measured 1/f-noise data without tHor. If this noise floor cannot be extracted accurately
requirement of exactly determining the cornefthis is the case especially for devices with high 1/f
frequency f i.e. the frequency at which the 1/f-noisenoise) the extracted parameters become very
equals the device noise floor. This novel method iaccurate.

applicable to low-noise as well as to very noisyn this paper we present a method to extract low-
devices. We present results of different active devicefequency noise parameters without the need to
Verification of the extracted model parameters is don@etermine the corner frequengy Therefore, it can be

in an oscillator application. Measured and calculatefmployed to any type of bipolar transistors and the
phase noise results agree within measuremefktracted parameters are very accurate. We present

accuracy of:2dB. results for different commercially available
transistors. A verification of the method and the
INTRODUCTION extracted parameters is given by the excellent

Low frequency noise is an important deviceagreement of measured and simulated phase noise of
characteristic with respect to low noise design ofin oscillator with a carrier frequency of 725 MHz.

linear and nonlinear circuits. In oscillators, for

instance, the 1/f- or flicker-noise strongly influences THEORETICAL APPROACH

the phase noise of the complete circuit [1], as the low- _
frequency noise is upconverted to sidebands of tt

carrier frequency. Therefore, it is essential fol E’O@T
efficient CAD to accurately model the noise R
behaviour of active devices. A
In general, the noise behaviour of bipolar junctiorRinl@fi

transistors is determined by various noise sources [

3]. If 1/f-noise is concerned, the dominant noise

source is located at thbase-emitter transition. In

most circuit simulation programs this is addressed b

the fact that flicker noise is modelled using only one

1/f-noise source in parallel to the base-emitter diodé:ig.1: Equivalent circuit of a BJT, including input

This is done, for example, in the standard SPICENd output terminations.

Gummel-Poormodel [4] and in a similar way in the

new industrial standard, the VBIC-model [5]. Fig. 1 shows the low-frequency equivalent circuit of a
BJT including input and output terminations.
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Although several 1/f-noise sources exist within the C oy — v 2

BJT [2, 3], in the following we consider only the S\’(f’lb)_lpEHOglo(v”L ), ©®)
dominant effect in order to be in consistency with th&/€ get for a fixed frequendy

SPICE Gummel-Poon model. Therefore, we assum&F 109,4(i,) +109,,(KF) =

thermal noise sources in parallel to the resisRys S, (fo.ip) ) .(6
R, R. R. andR, shot noise sources in parallel to the ™ 5=~ 20og,, (R, B(iy))+10gy( f,)

base-emitter diode and to the current generator IA least-squares fit of equation (6) to the linear

anq a fI_|cker—n0|se source in parallel to the basgquationyzaDHb yields
emitter diode.

All sources are uncorrelated and the rms values of th8F =2 (7)
resulting noise currents are given by and

_ T O KF =10°. (8)
Vig” = Ele [Af E forR=R,R,R.R.R, (1) To determineS, (f,,i,) from the measured noise

_ data, we consider that
Vi = (@0 mi) ) vo? Of = (R, 0B(i,)) IKF 0, =v,, *(f =1Hz) .(9)

_ AF 1 As a result we can calculag, (1Hz,i,) as the mean
Ving. =%®Db [Af +KF E’;—ame- 3) value of S, (f,i,)+100o0g,,(f)within the

. _ frequency range from f to f . The lower frequency

In consistency to the SPICE models set to unity. If  |im;t f_ is given by the measurement equipment as

we concentrate on frequencies below the cornghe |owest frequency providing reliable measurement
frequency f we can neglect all noise sources besidegg| es. The upper limit f has to be chosen below the

)

the 1/f noise source\/il,f2 = \/inb2 can be rela- ©0M€’ frequency,f

et MEASUREMENT SETUP
ted to the measuredbise voltage\/an2 at the load
by means of linear circuit theory. In general, this | p 354 f<100kHz e 11848 || ||
gives a quite complicated relation, which can be foun
for example in reference [6]. HP 71000—|

. . . . f>100kHz Low-pass

In almost any practical case it will be possible tc filter
make the following simplifications. IR is chosen Low-pass
much larger tharR,, which can be estimated by —~ % fiter DuT
R, = “beﬁ” , we can neglect botR_andR.. In the «

Shielded Chamber

forward mode of operatioR  can be set to infinity _ _
hFig. 2: Low frequency noise measurement setup.

[4]. R, models the Early-effect, i.e. base widt
modulation, and can therefore bestimated to

R, =Y [4]. The load impedance is given by theIn order to extract the low-frequency noise-

parameters, mesurements of the noise voltage power
input of the noise measurement equipmentRas=  spectral density across the load resistance have to be
50Q. The resistorR, is usually much larger than performed at several bias conditions. Fig. 2 shows the
R+R+R, and can be neglected. As a result we get thechematic of the measurement setup. Both base

equation current and collector voltage are fed via low-pass
T2 _ 1 — 4 filters in order to achieve a low system noise level.
v CBG)mR V™ @) The inst ts t iV, and |
i,) R, e instruments to measure, iV, and | are

in which the bias dependency of the low-frequenc
current gain b is included. Using equations (3), (4
and

fluence. It should be mentioned that Vhust be
easured directly at the DUT to be sure that any
voltage drop across bias resistors is considered

%:sconnected during the measurements to avoid any
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correctly. The noise voltage is fed via a blockingseen. The decrease of the measureise power at
capacitor to the baseband noise input of the HP304&quencies above 1MHz is found to be due to the
phase noise measurement system [8]. The amplifiedternal base-emitter capacitance which iparallel
noise power is then detected using an FFT analyztr the noise source. Additionally, the dc-current gain
HP3561A in the frequency range from 1Hz to 100kHZ$(i,) has been measured (or simulated if exact SPICE
and using an analog spectrum analyzer HP70000 parameters have been available) at the same bias
the range from 100kHz to 10MHz. By replacing thepoints. According to equation (9) we multiply the
DUT with resistors, the noise floor of the entiremeasured noise spectra with frequency (see Fig. 4)
measurement setup is checked. In the frequency ranged calculate the mean values between some Hz and a
of interest the system noise floor is found to be aew kHz to getS, AHz,i,).

least 10dB below the measured noise data of the

transistors (see Fig. 3). |
-90
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le+0 le+l le+2 le+3 le+4 le+5 le+6 le+7  The results are converted into noise current spectra
freq [Hz] S ./ Hz,i,) by means of equation (6) and plotted

5(')?; Sea%os;k?(;/vzoo\llzlf?érsea??;ar:sciftgsrgles of the noise against log(ib). We extract AF and KF performing a

9 : least-squares-fit (Fig. 5). Finally, the parameters can
Figs. 3a and 3b show the measured noise voltagpe finetuned by simulating the resulting low
spectra of two different BJTs. DUT A is a BFR93A atfrequency noise of the transistor. The model of the
V_ =3V and six different base currents from 10mA tdDUT is embedded into the circuit configuration given
100mA. The respective collector currents are betweaturing the measurements. The simulated results can
0.8mA and 10.4mA. DUT B is an integrated RFthen be adjusted to the measured data by optimization
transistor that shows a very high 1/f-noise. Up to thef the parameters AF and KF. Our investigations
corner frequency at about 5kHz (DUT A) and aboushow that only very slight modifications are necessary
50kHz (DUT B) the 1/f-noise is dominant. At higherif good SPICE parameters are available for the DUT.
frequencies the internal noise floor of the BJT can be
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Fig. 6: Measured and simulated power spectral
densities of low frequency noise.

measured with &P 3048 phase noise measurement
systenusing the frequency discriminator method. The
corresponding simulation is performed withBRA
(Hewlett-Packard). The very good agreement of
measured and simulated phase noise dafaiB)
validates the extracted low-frequency noise parameter
values (Fig. 7).

CONCLUSION
Modeling low frequency noise of active devices is an
important aspect in low-noise CAD of linear and
nonlinear circuits. We have presented a generally
applicable method to extract the respective parameters
AF and KF for Gummel-Poon type BJT models. Our
method is based omeasurements of the 1/f-noise

Fig. 6 shows a plot of measured and simulated noisgjtage spectra at the load of a DUT. The extraction
voltage spectra of the BFR93A at the bias conditiongses the 1/f-part of the measured spectra and therefore
mentioned before. The results agree very well withigjges not require the determination of the corner
the entire frequency range. Table 1 gives parametfiequency f We have presented results for various
values for six different commercially available commercially available BJTs. A verification of the

transistors.

parameters is performed comparing simulated and
measured phase noise data of a 725 MHz oscillator.

Type BFR92P BFR93A BFR106
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Fig. 7: Measured and simulated phase noise of a 725Transactions on Electron Devices, vol. 40, no. 11. pp 1992-
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1999, nov. 1994.
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For verification of the noise parameter extractiod/icrowave and RF Design SystémBroduct Note 85150-
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built with a BFR93A transistor. The output power is

4, Hewlett-Packard Company, dec. 1993
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Systerfy Operation Manual, Hewlett-Packard Company,

4.1dBm. The oscillation frequency is determined by fhay 1992.
a ceramical coxial resonator. Resulting phase noise is
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