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Abstract — Accurate low-frequency noise modeling is a
prerequisite for oscillator phase-noise simulation. In this
paper, the L F noise sources of GalnP/GaAs HBTs are investi-
gated. It turns out that the 1/f-noise model must contain two
sour ces, the base-emitter diode and the emitter resistance.
Quantitatively, excess noise power at 100 kHz scales with the
sgquare of collector current-density.

I. INTRODUCTION

Heterojunction bipolar transistors (HBTs) play an in-
creasing role as active devices for microwave oscillators
due to their high maximum frequency of oscillation . in
the order of 100 GHz and their good LF noise characteris-
tics. These features make them excellent candidates for
low phase-noise oscillator MMICs up to millimeter wave
frequencies[1, 2, 3]. Severa authors have shown that
GalnP/GaAs and Si/SiGe are favorable material systems
due to the low level of generation-recombination
noise [4, 5].

In order to achieve highest performance of integrated
oscillators, considerable efforts in circuit design and de-
vice technology are necessary. These require a detailed
knowledge of the LF noise characteristics of the HBT,
both for device technology optimization and for phase-
noise simulation of an oscillator.

For process development, it is important to know where
the LF noise is generated in the device physically in order
to reduce its magnitude. For circuit simulation, on the
other hand, one needs an appropriate noise description. In
this case, the questions are: which is the minimum number
of noise sources required and where in the circuit topology
one should locate them?

This paper is to contribute to both aspects. We present
an investigation of LFnoise in state-of-the-art
GalnP/GaAs HBTSs extracting the effective noise sources
of the equivalent circuit from measurements. Theam isa
comprehensive scaleable LF noise model for microwave
oscillator phase-noise or mixer design.

Il. NOISE MODEL

Starting point is the high-frequency microwave noise
model [6], which generally holds also for low-freguency
noise. When considering this frequency range, however,
situation changes in two ways. On the one hand, there are
simplifications of the network as frequency approaches
DC (jwC - 0, jal — 0). On the other hand, the nature
and the correlation between the LF excess noise sources
appears to be more difficult to describe. The main ques-
tion is: Where in the equivalent-circuit network are the
most important noise sources located? Under what exter-
nal circuit condition do they contribute to port noise?
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Fig.1. HBT common-emitter noise equivalent circuit. The

total noise voltage spectral density is measured at R = 50 Q with
10 Q < Rs< 10 kQ.

The noise equivalent circuit is depicted in Fig. 1. The
structure is adapted to the common noise correlation-
matrix formalism. In a first step, we start with the most
general description, i.e., with al possible noise sources.
The intrinsic transistor is represented by the two series
noise voltage-sources Vj;’Cand ;,°C] They are related to
the noise current-sources associated with the base-emitter
[i,"Cand collector-emitter [[,°Ceurrents, respectively, by

(Va) =zl (i8) +[2.al" (7).

2 2/.2 2/.2 (1)
<Vi2>:|zi21| <|b>+|Zi22| <|c>
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where Z; is the impedance matrix of theintrinsic transistor.
The correlation of [i,?0and [.°Clis determined by the base
transit time and thus is effective only in the microwave
range [6]. The noise voltage-sources of the entire device,
including the parasitic resistances R,, R., and R;, are ob-
tained by egn. (2):

(Vo) =(Va) +(van) + (V)
(Vi) = (Vo) + (Vi) + (V&)

Accordingly, the contribution of al sources to the total
noise current in the collector is:

) -t o) ) )

* <Vi"2> +2 Re(B<Vtot1VE)t 2 >)} 3)

)

1
A= Z21212 _ﬁ _1E B= B 221
%Rs +Z,)R R Rs+ 2y,
Eqgn. (3) provides the noise current at the output for any

value of Rsand R_, where Z denotes the impedance matrix
of the entire transistor. It is related to the noise spectral

density S by
_{ia) Hﬁ
Se = HZE @)

Measuring S for a set of source resistances Rs one can
determine the influence of each source and extract its pa-
rameters. This corresponds to the well-known source-pull
technique in the microwave range. Quantitatively, Rs must
be related to the input resistance of the transistor

R.=R+(Re+R)B . ©)
which is in the range 100...200 Q for the single-finger
GalnP/GaAs-HBTs under consideration here.

The two extreme cases of Rg are known from the litera-
ture[7]. At high values (Rs= 10kQ, input open-ended)
the noise of the base-emitter diode dominates:

S.=8°S, (6)
In the opposite case, with short-circuited input

(Rs=10Q), there is only the resistance noise effective
because the base-emitter diode is short-circuited.

AB
= R 7
S E7R é (7

It remains to be clarified whether these two sources are
already sufficient. The second and even more important
guestion is that of the nature and parameter-dependence of
the resistance noise sources. Therefore, in the next section

the LF noise generated in resistances consisting of semi-
conductor material is studied in more detail.

I11. RESISTANCE AND DIODE NOISE

It is clear that parasitic resistances contribute thermal
noise. Less well-known is the fact that they generate 1/f-
noise as well. According to the Hooge relation [8] the total
noise power reads:

aR1%1

Sp = 4KTR+ - (8)

Here a denotes the Hooge parameter, which is in the
range of 10°...10° N is the total number of carriers in-
volved in the current through the bulk material that forms
the resistance R. The level of the resistor 1/f-noise is de-
termined by a, which can be extracted from measure-
ments. On the other hand, its order of magnitude is known
and together with the knowledge of N from device layout
and layer doping, the 1/f-term can be calculated. Both re-
sults must be in reasonable agreement.

For the diode, the equivalent noise-power spectral den-
sity is well known. It consists of three terms. 1/f-noise,
shot noise, and generation-recombination noise. Accord-
ing to the notations in commercial CAD software we write
for the base-emitter diode:

|2 I
Sb = KFF‘FZqu + KL—fg
s
OFLO

The exponents associated with the current, AF and AL,
are determined by the nature of the spontaneous fluctua-
tions. For dominant surface recombination, AF 02 is ex-
pected. AL [10.8 is a typical value if the last term is to
describe trap effects in the emitter. The time constant of
trapping and detrapping determines FL. The constants KF
and KL must be extracted from measurements.

€)

IV. LF NOISE MEASUREMENTS

A. Resistance Test Sructure

In order to validate the assumption that resistances are
an important source of 1/f-noise in GaAs HBTSs, we fabri-
cated test structures on the same wafer together with the
transistors. The wafer processing steps enable the fabrica-
tion of n- and p-conducting resistor types. The first one
consists of the subcollector layer (GaAsSi,
n = 5x10"™ cm), the second type is formed by the base
layer (GaAs.C, p =4x10™ cm™®). A typical noise current
spectrum is plotted in Fig. 2. The n-material shows only
1/f and thermal noise and can be described by a quadratic
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current dependence and a meaningful value a = 1x10°.
The highly C-doped base layer, on the other hand, exhibits
Uf-noise with a=1x10" and several generation-
recombination levels. This corresponds to observations of
other authors[9]. The evolution with current is aso quad-
ratic.

Noise Current Spectral Density S,; (A%/Hz)
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Fig.2. Resistor excess noise R=300Q, |=28mA.

N-conducting subcollector material: | =100 um, w=5pum,
t=0.7 um, n=5x10" cm. Straight lines: Hooge relation with
a = 1x10° and 4KT/R.

B. TheHBT

The transistor layout is determined by the microwave
application. Usually, devices are available in common-
emitter configuration in a coplanar environment on-wafer.
In our case, they are fabricated in-house in an industria
4-inch process on GalnP/GaAs-MOCVD material. Typical
data are: emitter area A, = 3x30 um?, ledge configuration,
current  density  J.=1x10°A/em?,  f, =38 GHz,
frax = 100 GHz, current gain 3= 120. The parasitic resis-

Noise Current Spectral Density S, (A%/Hz)
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Fig. 3.

tancesaresmall: R,=7Q,R.=4Q,R.=1Q.

The noise voltage is measured at the output across a
50-Q bias resistor. Due to the high broadband gain, pre-
cautions for avoiding device oscillations are very impor-
tant. We measured the output noise spectra with seven
source resistances between 10 Q and 10 kQ (source pull).
Based on this data, the parameters of all sources of the
noise model were obtained by a direct extraction algo-
rithm. The eguivalent circuit elements are determined
from Sparameters in exactly the same way as for the mi-
crowave frequency range. VNA measurements down to
10 kHz are recommended. Measurements examples are
shown in Fig. 3.

V. PARAMETER EXTRACTION

A. The Frequency Dependence

Figs. 3(a) and 3(b) present the frequency dependence of
the collector noise-current spectral density for the extreme
input cases open and short, respectively. In the first case,
the noise spectrum is determined by the base-emitter diode
only, and no other source is involved. In the second case,
the noise originates entirely from the emitter resistance.
From both input states, the parameters of (8) and (9) can
be extracted.

B. The Current Dependence

An important criterion for the usefulness of the noise
model is that the coefficients of the noise sources do not
depend neither on current nor on frequency. Thus, one set
of parameters extracted at a specific current must yield the
noise levels at other currents of interest as well. Also, the
evolution of noise power with current in certain frequency

Noise Current Spectral Density S, (A%Hz)
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HBT collector current noise spectra S, as a function of frequency (3x30 pm? Ve =3V, I, = 10 mA, 8 = 120).

(a) Rs=10kQ; S. = B Sy is only the amplified noise of the base-emitter diode.
(b) Rs=10 Q; Scisonly the amplified noise of the emitter resistance R, =4 Q.
Parameters of the model calculation (8), (9) are: a = 4x10#, N = 8x10°, AF = 2.3, AL = 0.8, KF = 3x10®, KL = 2x10"° cm, FB = 1.4,

FL =100 kHz.
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ranges must agree with physical considerations. Examples
are: The 1/f-noise of resistances has a quadratic current
dependence. The white shot noise in the high frequency
limit scales linearly with the current. The generation-
recombination level has an exponent of 0.8. All these de-
pendencies could be verified by our measurements. It is
important to note that the current dependence of the output
noise is not exactly that of the sources itself, because the
non-linear transistor elements change with bias current as
well.

VI. CONSEQUENCESFOR CAD

Measurements of S, of HBTs in common-emitter
configuration with different Rs values and at different
currents allow the decomposition of all relevant noise
sources. It turns out, however, that the two extreme values
(Rs>>R, and Rs<<R,) are sufficient because the
contributions come only from the base-emitter diode and
from the emitter resistance R.. No other LF noise sources
must be accounted for; even the base-collector diode can
be neglected. The experimental data show a distinct
dependence of S, on collector current density. Fig. 4
displays the data for HBTs with varying emitter size and
layout. The normalized noise power clearly follows a
quadratic rule with regard to collector current density.
This closely suggests that further reduction of the LF noise
level can be achieved by increasing the emitter area and
keeping the device current as low as possible.

Collector Noise Current Spectral Density
Normalized to Emitter Area S /A, (A%(cm?Hz))
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Fig. 4. Collector noise current spectral density at f = 100 kHz
normalized to emitter area A, as a function of collector current
density J, for different emitter areas.

VII. CONCLUSIONS

State-of-the-art GalnP/GaAs microwave HBTs with f
around 100 GHz exhibit excellent LF noise properties.
Regarding modeling one can state: two LF noise sources
are required for the complete description of excess noise

in the output current. Note that most HBT CAD-models
do not account for resistor 1/f-noise. These two noise
sources are:
(i) The base-emitter diode with 1/f, g-r, and shot noise,
and
(ii) the extrinsic emitter resistance with 1/f and thermal
noise.
Our investigations show that the coefficients for a quan-
titative modeling of these sources can be extracted from
source-pull measurements with two input bias resistances.
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