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Abstract—Residual phase-noise measurements of GaAs hetero-
junction bipolar transistors (HBTs) with different low-frequency
noise properties are used to investigate how accurate a com-
pact HBT model can predict the upconversion of low-frequency
noise under nonlinear operation. We find that the traditional
low-frequency source implementation, as well as a cyclostationary
noise source implementation, have shortcomings under different
operation conditions. While, in general, the cyclostationary ap-
proach yields much better results, it fails under certain operation
conditions. Experimental evidence is given that this is caused by
overestimated correlation between baseband noise and RF noise
sidebands. It is shown that a model based on cyclostationary
sources with reduced cross-correlation yields good agreement
between measurement and simulation in all cases.

Index Terms—Amplifier noise, burst noise, equivalent circuit,
heterojunction bipolar transistor (HBT), noise, oscillator noise,
phase noise, semiconductor device modeling, semiconductor de-
vice noise, shot noise.

I. INTRODUCTION

HE QUESTION of how the low-frequency noise sources
T in semiconductor devices contribute to the noise spectrum
under nonlinear operation is still a subject of intensive research.
In linear operation, they cause 1/ f, burst, or flicker noise with a
single-pole low-pass spectrum, Lorentzian-like or 1/ f shaped.
In the nonlinear regime, however, this low-frequency noise is
converted to high frequencies due to mixing processes. Most
prominent is the contribution to the phase noise of oscillators,
where the low-frequency noise dominates the spectrum close to
the carrier [1].

At the device level, noise descriptions for the small-signal
regime are well established in transistor models. In the large-
signal case, however, it is still a subject of discussion how these
sources are to be described correctly. The main extension over
the small-signal assumption refers to noise sources, which de-
pend on bias. Under large-signal operation, namely, the current
or voltage controlling the noise, the power level is no longer
identical to the (time invariant) dc-bias value, but now consists
of a time-varying signal with often high harmonic content.

There has been a good deal of work in the literature on this
subject, both from the fundamental point-of-view [2]-[6] and
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with regard to noise description in circuits [7], [8], primarily
oscillators. The purpose of this paper is to link those results to
a special class of transistors, the GaAs heterojunction bipolar
transistor (HBT), providing both original experimental data and
advancing the modeling approach. This paper is organized as
follows. In Section II, the basics of large-signal noise descrip-
tions are reviewed focusing on the GaAs HBT case. Section III
then addresses the HBT noise model. In Section IV, the HBT
devices-under-test are presented, followed by a description of
the measurement conditions in Section V. Finally, Section VI
presents measurement and simulation results and discusses the
consequences.

II. HBT LARGE-SIGNAL NOISE DESCRIPTION

The bias-dependent noise sources in the HBT are functions of
the collector current. Therefore, treating the HBT as a nonlinear
electrical system, the basic question regarding nonlinear noise
description reads: Will the noise sources follow the dc current
only, or will it be the instantaneous current? While the first al-
ternative leaves the spectrum of the noise sources unchanged,
the second one results in mixing of low-frequency noise with
the large-signal current. Thereby, noise sidebands are generated
even without any mixing process external to the noise source.

To include the latter case, the common noise description has
to be extended. A low-frequency noise source, for instance, is
not fully characterized only by its baseband noise spectral den-
sity Spp, in the large-signal case. Additionally, the noise-side-
band spectra at the harmonics, as well as the interfrequency
cross-correlation terms between them, have to be specified. This
can be written in the form of a sideband correlation matrix,
which, in case of a single harmonic signal, reads

o= (9 W) (1)
Spr Su

with the baseband noise spectrum S, the noise sideband at the
fundamental frequency Sg, and the interfrequency cross-cor-
relation Sy¢. If higher harmonics are present, additional terms
Spfnf and the corresponding cross-correlation information
have to be included. Thus, for N harmonics, C' becomes a
matrix of rank N + 1.

The most critical issue in nonlinear HBT noise description
is the low-frequency 1/f noise source, usually considered as
a noise current source between base and emitter, with a power
spectral density being a function of the emitter current. At first
glance, it is not obvious why such a noise source that shows a
distinct low-pass behavior should be controlled by the instanta-
neous current. It would mean that the physical process causing
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Fig. 1. Schematics illustrating the behavior of low-frequency noise under

large-signal excitation. (a) Low-pass noise and (b) cyclostationary noise are
transferred through the device by a possibly nonlinear function ~(1, V,t).

the noise follows fast changes of the signal, and one would ex-
pect white noise from such a fast process, not a 1/ f-type spec-
trum. However, more detailed investigations show that this is
not contradictory. For example, it has been pointed out that
the basic physical process responsible for generation-recombi-
nation noise (i.e., the transition of electrons between different
energy levels) is, in fact, a white noise process. The low-pass
characteristics are observed only when expressing this random
process in terms of fluctuations in carrier number or current in
the device [9], [10].

Beyond this, various authors have investigated the genera-
tion of noise sidebands from low-frequency noise sources using
physical device simulation [2]-[6]. As a result, one can con-
clude: observing 1/f-type noise characteristics at the device
level does not necessarily mean that the physical process gen-
erating this noise has a low-pass behavior. In other words, it is
not clear a priori that a 1/ f noise source is of the low-pass type
and, thus, cannot follow fast variations in the controlling cur-
rent. Instead, this question has to be clarified by experimental
investigations.

In equivalent-circuit based models, noise is represented by
lumped noise sources. Fig. 1 shows schematics of two possible
implementations [3]. In the traditional approach [see Fig. 1(a)],
the noise level is determined as a function of current f(7), and
the resulting noise signal is low-pass filtered. Hence, only the
baseband spectrum Sy}, exists, while the other elements of the
sideband correlation matrix are all equal to zero. We refer to this
type as to a “low-pass” source. In the case of the implementation
shown in Fig. 1(b), on the other hand, a constant low-frequency
noise is multiplied with a function of current f (7). Hence, noise
sidebands will be observed at all harmonics of the current func-
tion f(I), even if the device is still in linear operation. In this
case, all elements of the sideband correlation matrix are dif-
ferent from zero. This implementation is commonly referred
to as “cyclostationary.” These two cases illustrate two extreme
situations. This does not mean, however, that they occur in re-
ality in their pure form. One should remember that the noise
sources in a compact transistor model are the result of inte-
grating the contributions of all microscopic sources, which are
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Fig. 2. Schematic showing implementation of the partly correlated cyclosta-
tionary noise source. Baseband noise Sy, and RF noise sideband S are de-
rived from different low-frequency noise sources, which are correlated by an
arbitrary value.

transformed through a nonlinear system to the port or branch
where the lumped equivalent noise source is located. There-
fore, it can be expected that the resulting noise source is neither
purely low-pass, nor purely cyclostationary.

Bonani ef al. compared physical simulations and a compact
model for a homogeneous semiconductor sample [3] and a pn
diode [5], [6]. Indeed, they found that, in general, it is not a
priori sure whether a low-pass or a cyclostionary source will
be the better approximation. Furthermore, even if the baseband
and upconverted noise levels are predicted with decent accuracy,
this might not hold true for the interfrequency cross-correlation
terms.

The latter observation points at a weakness of the cyclosta-
tionary description according to Fig. 1(b). Due to the simple
multiplication, all noise sidebands are correlated. Since ac-
cording to [3]-[6] this is not necessarily true, we need to
modify the cyclostationary description of Fig. 1(b) in a way
to allow a degree of freedom in the definition of the sideband
correlation matrix. For this purpose, we introduce a “partly
correlated cyclostationary” noise source implementation, as
shown in Fig. 2. The implementation is similar to the cyclo-
stationary source, but the noise sidebands of the harmonics
are generated independently from the baseband noise. The
current that excites the noise source is split into its dc and RF
component. Two low-frequency noise sources, for which an
arbitrary correlation can be specified, are then multiplied with
these current components. One of them yields the baseband
noise Sy, the other one the noise sidebands around the RF
signal Sg. Hence, the correlation between the low-frequency
noise sources determines the interfrequency correlation S¢s.
This implementation is identical to the cyclostationary noise
source if the low-frequency noise sources are fully correlated.

Recent empirical studies of low-frequency field-effect tran-
sistor (FET) [7] and GaAs HBT [8] noise showed that at least
some of the noise sources in compact models are to be imple-
mented as cyclostationary sources. The traditional low-pass de-
scription did not yield satisfactory agreement with measured
mixer or oscillator phase-noise data.

In this paper, we investigate the implementation of low-fre-
quency noise sources in a compact large-signal model for GaAs
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HBTs. The devices-under-test were fabricated using the 4-in
InGaP/GaAs HBT process line of the Ferdinand-Braun-Institut
fiir Hochstfrequenztechnik (FBH), Berlin, Germany [11]. We
measure the residual phase noise, i.e., the noise upconversion
mechanisms, in an open-loop configuration with the transistor
being operated as an amplifier. These measurements were per-
formed at the Laboratoire d’ Analyse et d’ Architecture des Sys-
temes du Centre, National de la Recherche Scientifique (LAAS-
CNRS), Toulouse, France [12].

The benefit of this approach over the analysis of oscillator
circuits is the reduced complexity and the unambiguous way the
measurement data can be related to noise generation inside the
HBT. We treat the full phase-noise spectrum for a range of input
power and source resistance, which, to the best of the authors’
knowledge, has not been published thus far.

It will be shown that using cyclostationary sources signif-
icantly improves the accuracy of the phase-noise simulation,
while relying on low-pass sources yields unacceptable results
in most cases. This is in line with recent publications [8]. How-
ever, we will show for the first time that even the model based
on lumped cyclostationary sources fails under certain condi-
tions. Evidence is given that this behavior is due to the fact that
lumped cyclostationary sources overestimate the correlation be-
tween the noise sidebands at the harmonic frequencies and the
baseband low-frequency noise. This is the reason why we need
a description with variable correlation between the noise spectra
at different harmonics according to Fig. 2.

III. HBT NOISE MODEL

The large-signal model employed is the FBH model devel-
oped for GaAs-based HBTs [16], [17]. The equivalent circuit
including noise sources is shown in Fig. 3. All resistances
Ry, Rp2, R, and R, exhibit thermal noise at the actual junction
temperature 7’;. Shot noise is included by two correlated noise
sources according to [18]. The base—emitter shot-noise current
is driven by I, and the collector—emitter shot-noise current
is driven by Iy = [fl,.. The correlation time constant is
approximated by the constant time-delay parameter Ty of the
large-signal model. This simplification does not impact the
accuracy of the noise simulation since the HBT is operated
at only 3.5 GHz, which corresponds to 10% of f;, where the
correlation is still of minor importance [18].

The shot noise sources read

(lil?) = 20Af (Ioe + 1 = 77" 1)

(lic]?) = 2qAf Iy
(ivit) = 2qAf (777 — 1) Iy (2)

with the electron charge ¢ and the noise bandwidth A f. The
low-frequency noise model has two noise sources [19]. The first
one is the noise—current source in parallel with the base—emitter
junction

Afb
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with the fitting parameters K ¢y, A ¢5, Frep, Kp, Ap, and F,.
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Fig. 3. Large-signal and noise equivalent circuit: (a) intrinsic (b) extrinsic
HBT. All resistances contribute thermal noise, {|¢,|?) and (|¢.|?) describe shot
noise. The sources at the base—emitter junction (|i,s4|?), and at the emitter
resistance (|v,, . |?) contribute low-frequency noise.

Additionally, the model accounts for a second noise source
that describes the Hooge noise contribution of the bulk emitter.
Its voltage spectrum is defined as

“)

Afe
(longel?) = AF (zmM)

fFfee

with the parameters K., Af., and Fy... In order to allow a

comparison of the different possible assumption on the noise

sidebands, the low-frequency noise sources are implemented in

three different ways, which will be explained in the following

for the case of current sources as an example. Noise voltage

sources can be handled accordingly.

* Low-pass noise sources
The built-in low-frequency noise sources provided by the
modeling interface of the circuit simulator (ADS by Agi-
lent Technologies, Palo Alto, CA) are used. These return
a baseband spectrum only and are used for the low-pass
noise source implementation.
* Cyclostationary noise sources

A subcircuit is implemented that forces the simulator to
use the instantaneous current when calculating the noise
sources in order to obtain a cyclostationary source (see
also [7]). Such a noise source generates noise sidebands
at large-signal excitation by itself. Fig. 4 shows the circuit
setup, which needs a low-frequency noise source and two
controlled current sources. In order to obtain a spectrum
given by

(li*y = Af (IA : 5) )
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Fig. 4. Cyclostationary implementation of low-frequency noise sources.

with current I, frequency f, and the parameters A, K, and
a, the function is split into two parts, i.e., the frequency-
dependent noise source

) K
) =af (42 ©®
f
and the current-dependent part
i (t) = VIA @)

Both current sources are connected to a 1-{2 resistance in
order to access their instantaneous value. The voltage v,
thereby is equivalent to the current /(|#'|2), while v, is
equivalent to 7”(¢). Multiplication of these two values by a
controlled current source '/ (t) = v, - vy yields the desired
spectrum.
e Partly correlated cyclostationary noise sources

In order to allow a variation of the correlation between
RF noise sidebands and baseband noise, several cyclosta-
tionary sources that are excited by only one harmonic of the
large-signal current are connected in parallel. In the case of
the measurements under consideration here, only two com-
ponents, i.e., dc and fundamental frequency, are included.
Since the HBT is operated near to linear operation, the
second harmonic is approximately 30 dB below the fun-
damental. The implementation is similar to the cyclosta-
tionary source, but the noise sidebands of the harmonics
are generated independently from the baseband noise. This
requires separated noise sources, and low- and high-pass
filtering of the current (see Fig. 2).

In the small-signal regime, the three descriptions are equivalent

and no differences are observed. In order to determine the ap-

proach best suited in the nonlinear regime, all three approaches

are employed and compared.

IV. DEVICES-UNDER-TEST AND LOW-FREQUENCY RESULTS

HBTs with an emitter size of 2 x 30 m? from two different
wafers were measured. The sole difference between the wafers
is that the emitter layer of wafer B was grown in the MOVPE
at a temperature that was 20 K higher than that used in the case
of wafer A. Both were processed in the same batch, and no dif-
ference in the electrical behavior was observed. However, the
low-frequency noise is different, as shown in Figs. 5 and 6. The
noise was measured with two different source resistances. In the
case of a low source impedance (10 €2), the measured collector
noise current is mainly determined by the emitter noise source
(|vnfel?), while the base—emitter noise source (|i, sp|%) is al-
most short circuited. This measurement condition is shown in

2957

-120 . ' ‘

-140
-160
-180

-200

noise power (dB AZHz)

220,000 1k

10k 100k 1M
f (Hz)

(a)
-120 : . , . :

10M

-140
-160
-180

-200 T

noise power (dB AZHz)

2200100 1k

10k 100k 1M
f (Hz)
(b)
Fig. 5. Low-frequency noise of 3 x 30 gm? HBT, V.. = 3V, I. =

2.5,5,10,20 mA, wafer A. Measurements (solid lines) compared to simula-
tion (broken lines). (a) 10-§2 source resistance. (b) 10-k2 source resistance.
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Fig. 6. Low-frequency noise of 3 x 30 ym? HBT, V.. = 3V,
I. = 2.5,5,10,20 mA, wafer B. Measurements (solid lines) compared
to simulation (broken lines). (a) 10-€2 source resistance. (b) 10-k§2 source
resistance.

Figs. 5(a) and 6(a). The emitter noise measured on wafer A is
approximately 10 dB higher than that measured on wafer B.

In the case of a high-impedance source (10 kf2), the con-
tribution of the base—emitter noise source is at its maximum,
while the emitter noise source is almost of no importance. This
measurement condition is shown in Figs. 5(b) and 6(b). The
frequency slope of the base—emitter noise measured for wafer
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Fig. 7. Circuit setup used for determination of residual phase noise. The source injects powers of P, = —22,—16,—11, —6 dBm into the device. The phase

noise is measured at the 50-€2 load resistance. The supply voltage is V.. = 3 V, the base current I, is chosen to obtain I, = 30 mA.

A is less steep than that of wafer B. Also, the current depen-
dence of the noise is less pronounced for wafer A. On the other
hand, the noise measured for wafer B contains a component with
a Lorentzian spectrum that flattens the noise spectrum above
100 kHz. This component is not observed in the case of wafer
A, but it might be shadowed by the generally higher 1/ f noise
level.

It can be concluded that the slightly different growth con-
ditions lead to different Hooge noise in the emitter cap layer
[plotted in Figs. 5(a) and 6(a)] and also to different noise of
the base—emitter pn junction that is caused mainly by recom-
bination [shown in Figs. 5(b) and 6(b)], although the electrical
properties, in general, are not affected.

V. NONLINEAR SIMULATION SETUP

The residual phase-noise measurement setup was presented
in [12]. Fig. 7 shows a slightly idealized model for this setup
used in the simulation. The HBT under test is operated in a
weakly nonlinear power amplifier mode. The residual phase
noise, i.e., the noise sidebands of the fundamental tone, are mea-
sured at the load resistance Ry,. A 50-Q) source was used to in-
ject input powers of —22, —16, —11, and — 6 dBm at 3.5 GHz
into the device. The bias tees approximate the characteristics of
a commercial device. The values of C' and L are not critical with
respect to their influence on simulation results in a wide range
of values. An ideal current source is used to bias the HBT. Col-
lector bias V.. = 3 V is provided by an ideal voltage source.

Phase-noise simulations can be performed either in the
time or frequency domain [13]-[15]. In this study, we rely
solely on the commercial harmonic-balance circuit simulator
ADS 2003 C by Agilent Technologies that simulates the
residual phase noise based on conversion matrices in the fre-
quency domain. This standard method is also available in other
commercial simulation codes. The FBH HBT model [16], [17]
is used. The different types of noise sources are implemented
into the software using its C-code [20] and Verilog-A [21]
interfaces.

In measurement and simulation, a 20-xF shunt capacitor was
placed in parallel with the high-impedance current source [12].
Its purpose was to cause the low-frequency source impedance

500 T T T :

a i low impedance

= 4001 source i
"3 300 1
,:,‘? 200 | high 1
= | impedance ]
© L 4
€ 100 | source ]

O‘I 10 100 1k 10k 100k
f (Hz)

Fig. 8. Simulated magnitude of source impedance at the input of the HBT
| Zsource| including bias tee (see Fig. 7).

Zsource to drop significantly above 100 Hz. Fig. 8 shows sim-
ulated values for the magnitude of Z,,.ce including bias tee,
presented to the HBT according to Fig. 7. The source resistance
in the range f < 50 Hz, |Zsource| > 150 Q will be referred to
as the “high-impedance” source, while the range f > 150 Hz,
| Zsource| < 50 © will be referred to as the “low-impedance”
source in the following. The transition frequency is controlled
by the value of the shunt capacitor.

VI. RESIDUAL PHASE-NOISE RESULTS

Figs. 9 and 10 present the residual phase-noise measurements
together with the simulation results. The data in Fig. 9 refers
to wafer A, that in Fig. 10 to wafer B. Simulation results for
three types of noise-source implementations are included, i.e.,
low-pass, cyclostationary, and partly correlated cyclostationary
sources.

For both wafers, a model relying on low-pass noise sources
underestimates the phase noise (chain-dotted lines in Figs. 9 and
10) and, therefore, is not suited to describe nonlinear noise. In
contrast, the model employing cyclostationary sources (dashed
lines) shows significantly better results. It should be mentioned
that both wafers have one dominant noise source: it is the emitter
noise source in the case of wafer A, while it is the base—emitter
noise source in the case of wafer B. In fact, neglecting the non-
dominant noise source does not change the residual phase-noise
result.

However, this approach also fails for some measurement
conditions. For wafer A, simulation shows a dip at 150 Hz at
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Fig. 9. Double sideband residual phase noise versus frequency offset A f of a 3 x 30 gm? HBT on wafer A, input power: (a) P., = —22 dBm, (b) —16 dBm,
(c) —11 dBm, and (d) —6 dBm at 3.5 GHz, V.. = 3V, I. = 30 mA. Measurements compared to simulation: model implementation using low-pass sources
(= -+ —), cyclostationary sources (--), and partly correlated cyclostationary sources with correlation 0.65 (—).
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Fig. 10. Double-sideband residual phase noise versus frequency offset A f of a 3 X 30 pm? HBT on wafer B, input power: (a) P,, = —22 dBm, (b) —16 dBm,

(c) —11 dBm, and (d) —6 dBm at 3.5 GHz, V.. = 3 V, I, = 30 mA. Measurements compared to simulation: model implementation using low-pass sources
(— - +—), cyclostationary sources (--), and partly correlated cyclostationary sources with correlation 0.25 (—).

P, = —22dBm and P,
below 50 Hz are not always satisfying [see Fig. 10(b)], which
correlates with the frequency range where the source is of high
impedance. At this operation condition, on the other hand,
upconversion of the baseband noise due to HBT nonlinearity
(i.e., outside the noise sources themselves) is strong. The
chain-dotted lines in Figs. 9 and 10 are a measure for this effect.

= —16 dBm. For wafer B, the results

This is the key to understanding what happens in the critical
regions in Figs. 9(a) and (b) and particularly Figs. 10(b) and (c).
The low-frequency noise is upconverted by external mixing and
interferes with the sidebands of the cyclostationary noise source
around the harmonics. Since for the cylostationary formulation
according to Fig. 1(b), the baseband LF noise and that around
the higher harmonics are strongly correlated, this interference
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may lead to significant cancellation effects. In other words, the
noise generated by upconversion (due to device nonlinearity)
and that caused by the cyclostationary source cancel each other.

In fact, the noise sidebands of a compact cyclostationary
source at dc and harmonics are strongly correlated, which
is inherent to the implementation. Hence, reduction of the
interfrequency cross-correlation by employing only partly
correlated cyclostationary sources can improve simulation
accuracy. The optimum fit is achieved for different levels of
correlation. In the case of wafer A, the noise sources are still
quite strongly correlated (0.65), while this does not apply to
wafer B (0.25) (solid lines in Figs. 9 and 10). The differences
in the correlation coefficients can be attributed to differences
in the dominant noise processes. In the case of wafer A, it has
been observed that the phase noise is governed by the emitter
noise source, while the base—emitter noise source dominates
in case of wafer B. It, therefore, can be expected that different
physical noise mechanisms contribute to the overall phase noise
with different weights for the two wafers.

VII. CONCLUSIONS

This paper addresses the influence of low-frequency noise
sources under nonlinear operating conditions and their imple-
mentation in a compact large-signal HBT model. Simulation
data is compared to residual phase noise measurements, with
the HBT operating in amplifier mode at different power levels,
focusing on the phase noise close to the fundamental frequency.
Devices-under-test are nominally identical InGaP/GaAs HBTs
from the same process run, but with different low-frequency
noise levels. Hence, the differences in residual phase noise can
be attributed to differences in the low-frequency noise alone.

Thanks to the residual phase-noise measurement, it is pos-
sible to analyze the phase-noise generation mechanisms in
the HBTs directly. We take into account the full frequency
spectrum, different power levels, and the dependence on source
impedance. This comprehensive amount of information is
presented here for the first time. First, it is shown that a model
based on cyclostationary sources is clearly superior to the
traditional approach relying on low-pass noise sources. This
validates the findings of recently published papers. However,
it turns out that under certain conditions (input power level,
frequency, and source impedance), the conventional cyclosta-
tionary noise model also fails. Experimental evidence suggests
that these failures are caused by overestimating the correlation
of the noise sidebands in the compact cyclostationary source:
the simulated phase noise is significantly too low, even lower
than the upconverted baseband noise alone. One finds that
using partially correlated cyclostationary sources yields excel-
lent agreement between measurement and simulation for all
conditions.

It can be concluded that while the approach based on cy-
clostationary noise sources commonly yields good results, it
does not cover all cases properly. It should be improved by ac-
counting for a variable interfrequency cross-correlation, i.e., not
unity, such as assumed for the conventional cyclostationary ap-
proach. This also means that predicting phase noise based on
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the knowledge of low-frequency noise behavior only is not pos-
sible. It requires additional measurements to extract the actual
correlation values for a specific device.
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