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Abstract— This work describes a novel equivalent circuit
representation for the modeling of low frequency 1/f noise
in Heterojunction Bipolar Transistors (HBTs), and is pre-
sented as part of an extraction procedure which combines
direct calculation of the HBT equivalent circuit from S-
parameters, and separate measurement of the base and col-
lector noise voltage spectra to determine the magnitude and
physical location of the dominant intrinsic 1/f noise sources
within the device.

I. INTRODUCTION

Device low frequency noise can become a severe limi-
tation for many microwave system applications due to its
upconversion through nonlinearities to sidebands very close
to carrier frequencies of interest. These sidebands degrade
spectral purity imposing limits on analog communication
channe]l bandwidth, bit error rates in digital communica-
tion systems, and general level detection accuracy in radar
and transceiver systems. The understanding of low fre-
quency flicker noise, or 1/f noise, has been a difficult chal-
lenge [1] and many areas of its origin and behavior are
still not well understood. Many works have described ap-
proaches to extracting the intrinsic noise sources produc-
ing such 1/f [2], [3], [4], [5] using a combination of bias
conditions and external impedance terminations and var-
ied transistor configurations. This work introduces a novel
approach that may be performed at a single bias condition
and requires only a separate measurement of collector and
base spectra. In this way, the bias dependence of the dom-
inant intrinsic noise source may be ascertained accurately
in all regimes of device operation, and does not rely on as-
sumptions of impedance values in various bias ranges. The
T-model topology of this work differs from the hybrid-m
configuration of others in its more physical representation
of the current paths within the actual device, which is a
critical component of isolating and quantifying the noise
magnitudes of those currents. This technique results in
an accurate model for the single dominant and physically
independent (uncorrelated) actual source of 1/f noise in
HBTs and may be coupled with a technique to determine

he base-emitter and emitier series resistances of HBTs.

II. Low FREQUENCY NOISE CHARACTERIZATION

The set-up used to measure the collector (Sy¢;) and base
(Sycr) noise spectra is a commercially available noise mea-
surcient system, the hp3048. A diagram of the complete
system is shown in Figure 1. Both the hp11848 and the
hp3561 are computer controlled. The hpl1848 contains
amplifiers and high/low-pass filters which are used to di-
vide the 10H z to 100k H z measurement bands into decade
sub-bands, which are separately swept by the FFT ana-
lyzer.

Base bias was supplied across a 40kSQ resistor (Rg) and
collector bias across a 2009 resistor (Rr). S, and Sy¢
(in dBV?/Hz) are measured across the same resistors.

The measured base and collector voltage noise spectral
densities arc shown in Figure 3 for a 3 x 1.4pm x 8.5um Al-
GaAs/GaAs HBT under the bias conditions I¢ = 14mA,
Ig = 93uA, and Vog = 2.0V. At this collector current
density of 4-1074/cm? the current gain is nearing its peak
level but is still below high-level injection conditions. Al-
though the noise floor level of the base voltage spectra in
Figure 3 is obscured by the white noise floor level of the
system under these conditions of test, the lower frequency
of 100Hz shows 1/f magnitudes that arc resolved cleanly for
analysis. 1t is this lower frequency of 100Hz that is used as
the spot measure for all extraction discussed in this work.

II1. DERIVATION oF HBT NoIsE MODEL

The development of equivalent circuit models for noise
requires several critical issues be observed. First, in or-
der to provide scaling and bias dependent accuracy in
a physically-based extraction, the separate noise sources
should be uncorrelated and result from physically sepa-
rate phenomena within the device. Second, the current
paths within the model must accurately represent the cur-
rent paths within the actual device. For this reason, the
T-model of Figure 2a is favored over the hybrid-n of Figure
2b, because the hybrid-w inaccurately represents the base-
emitter impedance as gating only the base current Ip, as
opposed to the entire cmitter current Iz as is the case in the
actual device and T-model representation. In the hybrid-
m, the majority of the emitter current never encounters the
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base-emitter impedance and so the device low frequency
noise current fluctuations through that resistor will not ac-
curately represent the corresponding current fluctuations
of the physical device. The third aspect is the location of
sources themselves within the equivalent circuit, and this is
the focus of section I'V. To start, we represent all reasonable
locations for 1/f noise generation by a source; including
SyrB from base contact, Sy.g from emitter contact, S,gp
from base-emitter junction recombination and leakage to
the surface and base contact, and S,gc from base-collector
partition noise and general surface interaction and diffusion
effects.

The spectral derivation to follow is based largely on the
work of Kleinpenning [5]. The equivalent circuit of Figure
2 may be analyzed according to the following:

Alg = Al + Alc 1)
Alp = ALy + 20129 £p (2)
RpEe
Av,
Al = Al + o= (3)
Rpg
Avy, = —(Rg+rp)Alg—IgArg (4)
—(rg) Alg — IgArg + Avl)
Alp = AL, + 2% (5)
Rpp

where the equivalent circuit elements and noise source
notations correspond to the equivalent circuit of Figure 2b.

As a result of reducing these expressions with multiple
substitutions, one is able to express the base and collector
noise voltage spectral densities as :

(8% (Rs + 15 +r5)?
s = |EBstratie) g, ©)
[(8+1)%(Rs + 75 + 7 + Rgr)’ R?
4 72 LSmc
FﬁZIIZBSvrB -+ BZI%SW“E + ﬁzsvebN:l R2
+ 72 L
Rps +75) + Rpg)’
SvB l:(ﬁ( BE Z§> BE) RLZS'S’LCb (7)

{ (8+1)° (Rap + rﬂ Ris.

+ 72
-I%SM‘B + I%'S’UTE + S‘uebN 2
¢ [

where Sy,epn represents the thermal noise contribution of
the series and source resistance and may be expressed as :

Seeon = 4kT (Rs + 7 + rg) (8)

and where the denominator term Z is expressed as :
9)

These expressions may be used to determine the location
of the dominant 1/f noise source(s) within the device as is
outlined in the following section.

Z=Rsg+rp+(8+1)(Rpe +re)

IV. PARAMETERIC EXTRACTION OF 1/f NOISE
SOURCES AND THEIR PHYSICAL LOCATION IN
HBTs

In order to accurately determine the intrinsic noise
sources, one must first accurately determine the element
values of the equivalent circuit of Figure 2b. Based on a
direct extraction methodology from S-parameter measure-
ments [6], the resistances and base transport factor are an-
alytically calculated at the same bias point under which the
device is operating when the 1/f noise measurements are
taken. In doing this, there is maximum certainty that the
extraction of intrinsic noise utilizes accurate de-embedding
at each discrete bias point, instead of applying a model for
those element values meant to be accurate for all bias re-
gions. This allows more accurate determination, especially
at higher bias conditions where 1/f noise magnitudes are
much larger. Once these element values are known, the
previously derived expressions may be applied using Sy
and Syp.

Because we have formulated a system of equations in
which S,¢ and S,p are written in terms of four possible
noise sources, we may by the process of elimination deter-
mine the combinations of noise sources that are possible
from the mecasurcment of two knowns, S, and Syp. In
so doing, we are able to tabulate the data in Table I in
which assume a combination of two independent sources.
Knowing the equivalent circuit from direct extraction, we
are able to calculate these two intrinsic noise sources as a
system of two unknowns with two knowns and solve lin-
early. The table illustrates that there are four combina-
tions that are numerically impossible to generate the mea-
sured spectra, that being S,ep and S,e. alone, S,.p and
SyrB alone, S,op and S,,g alone, and S, and S,k alone

They do not allow calculation of positive spectral den-
sities and as such are logically eliminated as possibilities
for modeling the device. The other four possible combi-
nations of two intrinsic 1/f sources are eliminated for the
reason that when one calculates the spectra expected from
a single source alone, and that value is very nearly equal to
its value when assumed to combine with a second source,
this indicates that although there is a possible value for
the second intrinsic source, its contribution is negligible
and may be disregarded. That leaves the aforementioned
single source calculations of Table II, in which we assume
all the 1/f is attributable to either S, alone, S,.. alone,
Surp alone, or S,.p alone. We see in Table II that S, 5,
Svri, and S,.. when separately calculated from Syc and
Syp produce largely different numbers, and relative errors
(at a collector current of 4mA) in dB of roughly 56%, 30%,
and 6% respectively. However; the assumption of S, as
the dominant source results m separate calculation of thet
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intrinsic source with only 0.5% relative error, indicating
that it is not only sufficient, but an accurate assumption
to attribute all the 1/f noise at these bias levels to be due
to S.ep, and we are able to extract out this intrinsic noise
sources actual value. Shown in Figure 4 is the resulting
extracted value for S,cp as a function of collector current,
with self-consistent correspondence when extracted from
both S,c and from S,p. In contrast, the attempted ex-
traction of S,.. as the single dominant source results in
Figure 5, with a large discrepancy between the calculation
from the collector spectra versus the base spectra, verifying
that it could not possibly be the single dominant source of
the HBT noise.

V. Usk OF NOISE SPECTRA TO CALCULATE THE
BASE-EMITTER AND EMITTER SERIES RESISTANCES

The formalism as presented allows the calculation of
the base-emitter and emitter series resistances for the case
when 8 >> 1 and Rg >> rg + rg, and may be described

by
S’v B
S, vC

These values are entirely consistent with the aforemen-
tioned technique of direct extraction [6] as shown in Figure
6.

Rpp +71g = Ry, (10)

VI. CONCLUSIONS

This work presents a novel technique for accurate ex-
traction of the location and magnitude of the dominant
intrinsic noise source(s) for heterojunction bipolar tran-
sistors. Based on a T-model topology, the current paths
of the device are more accurately represented, and when
combined with direct extraction of the equivalent circuit
from S-parameter measurement, measurement of the col-
lector and base spectra at a given bias condition allows
isolation of the single noise source, or combination of noise
sources responsible for those output spectra. This tech-
nique allows isolation of not only the magnitudes of the
noise sources involved in the transistoir operation, but their
location within the equivalent circuit. This provides a tool
to isolate the bias dependence of technological and mate-
rial related causes of 1/f noise generation in state-of-the-art
devices and has been applied to AlGaAs/GaAs HBTs with
excellent 1/f noise performance and determined that these
devices are dominated by a single noise source whose lo-
cation has been identified as being across the base-emitter
junction resistance, and whose magnitude is investigated
vs. bias. This technique is also used in an alternative
approach to calculate the base-emitter and emitter series
resistances of these devices, and serves as an important
tool to establish the physical phenomena and technologi-
cal cffects limiting the low frequency noise performance in
state-of-the-art HBTs.
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Intrinsic Noise Ic=2mA | Ic =4mA | Ic = 10mA

Source Pairs
Sieb(dBA/VHZ) -206.2 -204.2 -198.1
Siec(dBA/VHz) NP -210.1 NP
Syep(dBA/VHz) -207.8 -203.1 -200.7
Svre{dBV/VHz) -48.86 NP -57.29
S,ep(dBA/V Hz) -207.8 -203.1 -200.7
S, (dBV/VHz) -89.0 NP -100.6
Siec(dBA/VHZ) -207.9 -203.2 -200.7
Syre(dBV/VHz) -43.8 -49.5 -53.8
Shec(dBA/VHz) -207.9 -203.2 -200.7
Syrp{dBV/VHZ) -83.9 -91.1 -97.1
Syrp(dBV/VHz) NP NP NP
Sure(dBV/VHz) NP NP NP

TABLE I

CALCULATION OF P0sSIBLE INTRINSIC NOISE SOURCE PAIRINGS TO
PRrRODUCE MEASURED SPECTRA ( NP = NON-PHYSICAL RESULT )

Intrinsic Noise I Ic lc

Source Pairs 2 mA 4mA 10mA
Sien(dBA/VHz) from S, || -207.8 | -203.1 | -200.7
Sies(dBA/VHZ) from S,p || -206.2 | -204.1 | -198 4
Siec(dBA/VHZ) from Syo || -207.8 | -203.2 | -200.7
Siec(dBA/VHZ) from S,p || -191.4 | -192.1 | -189.6
Sors(dBV/VHz) from Syc || -21.7 | -21.5 | -25.4
Syr(dBV/VHz) from S,p || -43.7 | -49.2 | -53.4
Syre(dBV/VHz) from S, || -61.8 | -630 | -68.7
Syre(dBV/TTZ) from S,p || -83.8 | -90.7 | -96.7

TABLE 11

CALCULATION OF POSSIBLE SINGLE DOMINANT INTRINSIC NOISE
SOURCES TO PRODUCE MEASURED Sy SPECTRA AND Syp SPECTRA

ter, and the technical correspondence of G.P. Li of Univer-
sity of California at Irvine concerning 1/f noise testing.
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Fig 1. 1/f Noise measurement test set using an hp3048 including
peripheral stabilizing and biasing circuitry

i)

Intrinsic Noise Source : Base-Collector

Fig 2. Equivalent Circuit representing noise behavior of
AlGaAs/GaAs HBTs. (a) Hybrid-n (b) T-Model of this work.
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Fig 3. Measured collector { S.- )and base ( S, ) noise voltage
spectral densities (dBV/ Hz!2 ) for a 3 x 1.4 um x 8.5 um emitter
geometry at a collector current of - =3 mA and Vg =2V,
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Fig 4. Extracted intrinsic noise source S, located at base-emitter
heterojunction. Calculation from S, and from S self-consistently
establish same dominant noise source magnitude verifying S, as the
single dominant noise source in this device
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Fig 5. Attempt to extract intrinsic noise source S;.. located at base-
collector junction from S, and from S,y results in significantly
different noise source magnitudes, verifying that S;,; alone is
insufficient to model the HBT noise behavior.
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Fig 6. Extraction of the sum of base-emitter junction and emitter
series resistances from S-parameter direct extraction and from the
collector and base spectra showing good correspondence.



