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Noise Model of InP–InGaAs SHBTs
for RF Circuit Design

A. Huber, Member, IEEE, D. Huber, Student Member, IEEE, C. Bergamaschi, Member, IEEE, T. Morf, Member, IEEE,
and H. Jäckel, Member, IEEE

Abstract—A scalable small-signal and noise model of InP–In-
GaAs single heterojunction bipolar transistors was developed.
Effects which become important at higher frequencies such as
the correlation between base and collector current noise and
frequency-dependent base current noise are taken into account.
We will show that these effects are significant at frequencies
higher than 40 GHz and can no longer be neglected. Our model
also includes the effects of the different emission coefficients of
the base and collector currents. Using this improved model, a
direct-coupled, lumped broad-band amplifier was designed. We
completely characterized the fabricated circuit with respect to
small-signal, noise, and linearity behavior. A 3-dB bandwidth of
50 GHz with a dc gain of 9.8 dB and a gain-peaking of only 1.2 dB
were achieved. All these values agree very well with the simulation
results. The noise figure is 7.5 dB over a large frequency range. In
the frequency range from 2 to 50 GHz, the third-order intercept
point 3 and 1-dB compression point at the output have values
from 17 to 10 dBm and 3 to 0 dBm, respectively.

Index Terms—Broad-band amplifiers, feedback amplifiers, het-
erojunction bipolar transistor, high-frequency noise, InP, low-fre-
quency noise, noise model.

I. INTRODUCTION

T HE transmission capacity of fiber-optical communications
systems and the number of wireless applications in the

millimeter-wave range have increased rapidly. High-speed elec-
tronic circuits are required for the transmission and processing
of data with rates in the multigigabit per second range. In a
transmission system, not only high data rates, but also the sen-
sitivity especially of the receiver front-ends are of interest be-
cause it limits the maximal distance between two regeneration
circuits, affecting directly the cost of the system. The sensitivity
is related to the noise behavior of the receiver circuit which is
determined by the noise performance of the transistors and re-
sistive elements. For the design of the electronic circuits in the
transmission systems, we need a transistor technology that can
handle the high data rates of 40 Gb/s and more. Additionally, ac-
curate models of these transistors have to be developed, which
also include the noise sources.

Transistor technologies using III–V semiconductor are the
most promising candidates to meet the speed requirements be-
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cause of the excellent transport properties of the materials em-
ployed. Heterojunction bipolar transistors (HBTs) [1]–[5] and
high electron mobility transistors (HEMTs) [6] realized in dif-
ferent material systems have been developed. The high-speed
capability was demonstrated for all these technologies. Consid-
ering the noise behavior, HEMTs are generally superior to HBTs
in noise matched situations. However, the best values of reported
sensitivities of photoreceivers are comparable.

Classical models of HBTs have serious deficiencies when ap-
plied to the microwave regime, especially if the noise proper-
ties of the devices are not modeled exactly. For example, often
the collector delay and the correlation between the base and
collector noise currents are not included in the models. How-
ever, models exist that take this correlation into account [7],
[8] and even consider the bias and temperature dependence of
the model elements [9]–[11]. All these models operate with fre-
quency-independent noise sources although they were either de-
veloped for the investigation of the noise properties of the HBT
or for the design of low-noise circuits in the microwave range.
In this paper, we will demonstrate that the variation of the power
spectral densities of the noise sources with frequency may be-
come important when the operating frequencies are extended
to 40 GHz and higher. Present noise models which include fre-
quency-dependent noise sources [12] nevertheless neglect the
correlation between the base and collector noise current.

For the design of noise-optimized oscillators, it is important
that the low- and high-frequency noise sources are included in
the same model. However, the low-frequency noise sources are
often missing in models of HBTs developed for the microwave
range [13]. On the other hand, noise models which are used
to investigate the noise behavior in the low-frequency range
[14]–[16] do not take the microwave noise into account.

In this paper, we report on a scalable small-signal and noise
model of our InP–InGaAs SHBTs which takes the significant
effects of the correlation between the base and collector current
noise and the frequency dependence of the base noise source
into consideration. This frequency dependence is relevant at fre-
quencies below the corner frequency (10 MHz) and in
the very high-frequency range (40 GHz). Using this model,
we designed a broad-band amplifier which was fabricated and
completely characterized showing good agreement in all param-
eters with the simulations.

II. TECHNOLOGY

The InP–InGaAs SHBTs used for modeling and subsequently
for the amplifier design have a MOVPE-grown layer structure
and a self-aligned emitter as described comprehensively in [17].
The thicknesses of the base and collector range from 50 to 80 nm
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Fig. 1. Equivalent small-signal model with the current noise sourcesi and
the thermal noise sourcesu .

and from 400 to 800 nm, respectively. These devices achieve a
dc current gain between 20 and 50. The values ofand
were extrapolated from on-wafer-parameter measurements up
to 110 GHz. At a collector current density of 130 kA/cmand a
collector–emitter voltage of 2 V, maximum and reach
130 and 220 GHz, respectively. Resistors are made of evapo-
rated Cr-films having a sheet resistance of 50 . The capac-
itors are formed by the base–collector depletion capacitance. A
passivation layer of polyimide additionally serves for planariza-
tion.

III. N OISE MODEL

For circuit design and even more for the optimization of
the circuits with respect to noise, noise models of the devices
are needed. Measurement data and equations from the device
physics serve to develop these models. Since we do not aim at
a completely physical model which is often too complex for
circuit design, we base our transistor model, shown in Fig. 1,
on the commonly used small-signal-model combined with
the necessary noise sources.

The forward-biased base–emitter diode is modeled by the
small-signal resistance and capacitance . is given by

, where is the dc base current, its ideality
factor, and , the thermal voltage. is the sum of the diffusion
capacitance and the capacitance of the forward-biased
junction. The base–emitter voltage controls the collector cur-
rent via the intrinsic transconductance ,
where . and denote the dc collector
current and its ideality factor, respectively. is the collector
delay which is obtained from the expression ,
where is the collector thickness and denotes the elec-
tron saturation velocity. and are the intrinsic and extrinsic
base collector capacitances, respectively.models the leakage
currents of the base collector junction. The current noise sources
of the base ( ) and collector ( ) as well as the low-frequency
noise sources are also included. Section III-A describes
these noise sources in detail. The ohmic series resistances be-
tween the device terminals and the active device are modeled by
the base ( ), ( for the contact), the collector (), and the
emitter ( ) resistors. The two parametersand are the bulk
resistances of the emitter and subcollector, respectively. For the
calculation of the internal base resistance, we take the effects
of the inhomogeneous lateral current flow within the base into
account [18], which results from the voltage drop in the base
along the base–emitter junction. The external base resistance,
including the contact resistance, is determined using the analogy

to the transmission-line model [19]. Associated with the series
resistances are the thermal noise sources, , , and

. The power spectral densities of the thermal noise sources
are directly related with the resistances via the well-established
relation .

The small-signal parameters are determined by fitting the
model parameters to the measured-parameters and noise pa-
rameters. During the fitting procedure, the parameters, ,
and were fixed at their calculated values. The remaining pa-
rameters were variable since they are modified by inhomoge-
neous field distributions, which are difficult to predict, or by
uncertainties in the exact geometric shapes, for example, due to
under-etching of the base contact.

A. Current Noise Sources

Our noise model consists of the three current noise sources
, , and . First, the power spectral densities of and
are calculated. To do this, we assume that the electron trans-

port through the base is limited by the diffusion processes in
the base itself and not by the carrier injection from the hetero-
junction. This assumption is valid since the ballistic transport
mechanisms should not dominate for the base thicknesses of our
devices which are larger than 50 nm [20], [21]. The processes
in the base which have to be considered are therefore diffusion
and bulk recombination. The resulting continuity equations con-
sist of the lifetime of the minority carriers and of their diffu-
sion constant in the base. The values of these physical proper-
ties of our HBTs were determined in a previous work [5]. Using
the analogy between these continuity equations and the equa-
tions of the signal propagation on a lossy transmission line, the
power spectral densities of the equivalent noise sources were
calculated [22]. We therefore have to transform all the micro-
scopic noise sources of the diffusion and recombination pro-
cesses within the base to the edges of the base region. This
transformation leads to a distributed problem for the calcula-
tion of the power spectral densities of the base and collector
current noise sources. To solve this problem, we implemented
the transmission line with the line segments comprising the mi-
croscopic noise sources into a circuit simulator. As a result of
our simulation, we obtained the power spectral densities of the
base and collector current noise sources which we normalized
to the conventional shot noise formula: and

. These normalized quantities are shown in
Fig. 2 for base thicknesses from 50 to 100 nm.

Full shot noise, i.e., both and equal unity, can be
observed at relatively low frequencies. At higher frequencies,
the collector current noise still shows shot noise whereas the
base noise significantly increases by about 50% at 40 GHz.
This behavior can be explained as follows. At lower frequen-
cies, the electrons are injected from the emitter into the base
where they are collected by the collector or where they recom-
bine. At higher frequencies, some fluctuating electrons return
to the emitter before they recombine or before they enter the
collector. These returning electrons lead to the increased base
current noise but do not modify the collector current noise [23].

In addition to the frequency dependence of the base noise
source, the model also includes the correlation between the
base and collector noise currents. This correlation was also
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Fig. 2. Normalized power spectral noise densitiesC = i =(2qI ) and
C = i =(2qI ) of the base and collector, respectively, for base thicknesses
X from 50 to 100 nm,� = 20 ps, andD = 44 cm /s.

Fig. 3. Real and imaginary parts of the correlation coefficientC of the
base and collector noise current for base thicknessesX from 50 to 100 nm,
� = 20 ps, andD = 44 cm /s.

analyzed using the transmission-line model. The resulting
frequency dependence is depicted in Fig. 3 for base thicknesses
ranging from 50 to 100 nm. The real and imaginary parts of the
correlation factor deviate from zero at higher frequencies.
As we could already observe for the base current noise, the
frequency dependence is stronger for thicker bases. We will see
in Section IV-A that is not negligible in high-frequency
circuits.

The collector delay , which was not taken into account in
the above calculations, results in an additional delay modifying
the base noise source and the correlation. Furthermore, the dif-
ferent emission coefficient of the base and collector currents ob-
served in HBTs, which are often neglected in noise models [24],
[13], affect the noise behavior of the transistor [25]. Combining
these effects with the analytical expressions which fit the sim-
ulation results well for the equivalent noise sources originating
from the noise in the base (Figs. 2 and 3), we obtain

(1)

(2)

(3)

Fig. 4. Power spectral density of the low-frequency noise for an HBT with 2.5
� 8 �m at a base current of 620�A in the frequency range from 5 Hz to 500
kHz. The spectrum is decomposed into a1=f and three different Lorentzian
components (L � � �L ).

where

and and are the emission coefficients of the collector and
base currents, respectively. The formulas for, , , and
are found in the Appendix. Equations (1)–(3) correspond to van
der Ziel’s theory [22], whereas the effects of the collector delay
and the different emission coefficient of the base and collector
currents are included additionally. These equations are imple-
mented into the hybrid -model (Fig. 1) for circuit simulation.

The model of the low-frequency noise source () was de-
termined from measurements. We measured the power spectral
voltage density at the collector using a low-noise amplifier (SR
560) and a vector signal analyzer (HP 89 441A). This voltage
was transformed into an equivalent noise current at the base.
Fig. 4 represents the power spectral density of the base noise
current in the frequency range from 5 Hz to 500 kHz for an HBT
with an emitter area of 2.5 8 m at a base current of 620A.
The low-frequency power spectral noise current density of the
base current was fitted to an expression consisting of a-part
( ), a sum of Lorentzian type spectra (), and a component
showing white noise

(4)

Equation (4) is often used for the characterization of low-fre-
quency noise [26] and has already been found to be well suited
for InP–InGaAs HBTs [27].

For circuit design as well as to localize and identify the noise
sources in the HBT, the dependences of the power spectral den-
sity of the base noise current upon the base currentand
the ratio of the emitter perimeter to emitter area are
useful to know. The analysis of these dependences showed a

component ( ) which linearly depends on and which
is independent of . This behavior is typical for noise
originating from bulk effects, e.g., fluctuation in the diffusion
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Fig. 5. Measured (�) and simulated (—) minimum noise figuresF of an
HBT with A = 1:5� 8 �m , I = 9:25 mA from 2 to 26 GHz.

Fig. 6. Measured (�) versus simulated (—) noise resistanceR of an HBT
with A = 1:5� 8 �m andI = 9:25 mA.

constant [28], rather than from surface recombination. Surface
recombination would lead to a quadratic dependence upon the
base current and the which was actually observed for
the parameters , the generation-recombination components.

B. Comparison of the Measurement Versus Model

In order to test the quality of our model, we compared the
measurement data of the noise parameters with the simula-
tions using our model [29], [30] but with the addition of the
frequency dependence and correlation coefficient of the noise
sources calculated in Section III-A. The results for an HBT
having an emitter area of 1.5 8 m are given in Figs. 5–7
for the minimum noise figure , , and , respectively.
We can observe a very good agreement for all three noise
parameters in the frequency range from 2 to 26 GHz (limits
of the noise parameter measurement system). Since some of
the model parameters are fitted, we have to verify if these
parameters are reasonable. The values of the parameters after
fitting are therefore compared in Table I with calculated
values. The fitted values correspond well with the calculated
values obtained from the theoretical analysis in Section III.
This demonstrates that our model is useful and consistent for
InP-HBTs in the microwave range.

For the circuit design and optimization, some model parame-
ters ( , , , , ) are bias-dependent. In order to control

Fig. 7. Measured and simulated optimum source reflection factor� at
I = 9:25 mA andA = 1:5� 8 �m .

TABLE I
EQUIVALENT CIRCUIT PARAMETERS OF THEMODEL FOR AN HBT WITH

A = 1:5� 8 �m , atI = 9:25 mA andV = 1:5 V

the accuracy of the bias dependence, the model elements were
fitted only in one bias point ( mA and V).
Then, the bias conditions were varied without further fitting
steps. The solid curve in Fig. 8 shows the simulated minimum
noise figure at 10 GHz for a device having an emitter area of
1.5 8 m operated in the collector current range from 0.3 to
9.5 mA. The good agreement between measurement and sim-
ulation proves the quality of our model in a large range of the
collector current.

A more difficult task than modeling the bias dependence is
to develop a model which is scalable with geometry because
parasitic capacitances or inhomogeneous field distributions do
not scale via a simple relation with the emitter area. In Fig. 9,
the simulated and measured minimum noise figure for different
emitter width and emitter length are shown for constant
collector current density .

The minimum noise figure increases with a larger emitter
width mainly due to the enlargement of the internal base resis-
tance. However, for emitter widths smaller than 1.5m, the re-
duction of is less pronounced because the deterioration of
the current gain almost compensates for the influence of the re-
duced base resistance.

At a constant collector current density, remains almost
constant in the range of the investigated emitter length. The de-
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Fig. 8. Comparison between the simulated and measured minimum noise
figureF of a device withA = 1:5� 8 �m at 10 GHz.

Fig. 9. Simulated and measuredF versus emitter widthW and emitter
lengthL atJ = 5 � 10 A/cm andf = 10 GHz.

crease of the minimum noise figure caused by the reduced base
resistance of long emitter devices is canceled by the higher cur-
rent noise.

We observe good agreement especially for large devices.
However, for smaller device structures, the difference between
measurement and simulation becomes more pronounced. For
example, for a m HBT, the simulated minimum
noise figure is 20% higher than the measured one. The larger
disagreement for smaller devices can be explained by the fact
that influences of parasitics as well as fabrication tolerances
are more pronounced and difficult to model exactly.

For the selection of the device size and bias point, an inves-
tigation of the relative contribution of each noise source to the
overall noise power is helpful. The results for different device
sizes operated at two different collector current densities are pre-
sented in Table II. At small currents ( A/cm ),
the thermal noise sources of the series resistances constitutes
40% and the current noise sources 60% of the total noise power.
At higher currents ( A/cm ), the current noise
dominates even more (80%). Since the base current is the most
dominant noise source (60%), transistors with high current gains
are required for low-noise designs. This can, for example, be
reached by a variation of the emitter orientation with respect
to the InP crystal. Because of the fact that the etching behavior
depends on the crystal orientation, the emitter undercut can be
increased, leading to a substantially higher current gain [31].

TABLE II
RELATIVE NOISE CONTRIBUTION OF THENOISE SOURCES TO THEOUTPUT

NOISE POWER AT 10 GHzIN A 50-
 ENVIRONMENT

Fig. 10. Schematic of the direct-coupled dual-feedback amplifier.

IV. A MPLIFIER DESIGN

In this section, the design of a dual-feedback ultrabroad-band
Darlington amplifier is described [32], [33]. This design serves
to verify that our model is indeed useful for the design of RF cir-
cuits. Furthermore, it demonstrates the potential of the InP-HBT
technology for the highest frequency applications.

The amplifier topology shown in Fig. 10 has originally been
demonstrated in [34] for Si-BJT low-noise amplifiers. The cir-
cuit consists of two gain stages where the first stage is a common
emitter stage, , and the second stage a Darlington amplifier,

and , with a series feedback resistor and shunt feed-
back resistor . The resistor serves for biasing the tran-
sistor . By adjusting the resistor , optimal output power
match to 50 and maximal power gain was obtained. The gain-
bandwidth characteristic of the Darlington stage has been opti-
mized by changing the series and parallel feedback resistors
and , respectively. The multiple feedback topology makes it
possible to simultaneously optimize also the input return loss by
varying the shunt feedback resistor without degrading the
gain bandwidth performance severely.

Fig. 11 shows the chip photograph of the amplifier. The total
chip size is 550 640 m which is mainly determined by the
available pad frame. The three contact pads at the left, the right
and at the top of the chip are the input, output and supply voltage
pads, respectively. A 12 pF blocking capacitor is introduced for
stabilizing the supply voltage. All transistors of the circuit have
the same emitter size of 1.08 m . They are not individually
optimized.

A. Measured Results

The RF -parameters were measured on-wafer from 0.045 to
75 GHz. The amplitude and phase of and the group delay
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Fig. 11. Chip photograph of the amplifier using a chip area of 550� 640�m .

Fig. 12. Measured and simulated amplitude, phase� (—), and group delay�
(- -) of S in the frequency range from 0.045 to 75 GHz.

are depicted in Fig. 12. At a supply voltage of 10 V, the am-
plifier reaches a gain of 9.8 dB and a3 dB-bandwidth of
50 GHz. These results are comparable with other HBT amplifier
circuits [35], [36]. A problem which often occurs using feed-
back amplifiers is a gain peak in the frequency response. In our
design, this peak could almost be suppressed completely. The
gain-peaking remains below 1.2 dB which is considerably lower
than in other published investigations with similar gain-band-
width performances.

Fig. 13. Measured and simulated noise figure, with and without taking the
correlation into account.

For the transmission of digital or pulse signals, a linear phase
characteristic, corresponding to a constant group delay, is re-
quired. The group delay which is defined as

(5)

is a measure for the signal dispersion. The value ofequals
12.5 ps and is almost constant with a variation of only2.5 ps.
Using the measured-parameter data of the amplifier, time-
domain simulations lead to an overshoot in the step response
of about 7% only.

Very good agreement between simulation and measurement
is only achieved if all the influences of the layout are taken into
account. Without considering the layout parasitics, an overesti-
mation of the bandwidth of more than 10 GHz is observed. Input
and output return losses better than12 dB for and 13 dB
for are measured up to 50 GHz. Below 25 GHz, the values
are even better than20 dB. Thus, the amplifier provides very
good power matching properties.

In Fig. 13, the measured and simulated noise figure is de-
picted in the frequency range from 2 to 41 GHz which is the
frequency range where the noise figure measurement is within
a tolerance of 0.5 dB. In this range, the noise figure remains be-
tween 7.5 and 8 dB. In order to investigate the influence of the
correlation between the base and collector noise current, we car-
ried out two types of simulations. One simulation takes the cor-
relation into account and the other neglects it. At 40 GHz, the
simulation disregarding the correlation predicts a noise figure
which is 1.5 dB above the measured value, whereas the simu-
lation with the correlation agrees excellently with the measure-
ment. This demonstrates the importance of taking the correla-
tion between the base and collector noise current into account.
The frequency dependence of the power spectral density of the
base noise current is not significant but is necessary for the cal-
culation of the correlation.

We also analyzed the relative contributions of the different
noise sources in the Darlington amplifier to the overall noise
figure . From the simulations, the results listed Table III were
obtained, where and are the total base resistance and the
emitter series resistance, respectively.and denote the base
and collector currents of the input transistor, and and
are the two feedback resistors of the amplifier. We can see that
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TABLE III
RELATIVE NOISE CONTRIBUTION OF THEDIFFERENTNOISE SOURCES IN THE

DARLINGTON AMPLIFIER

Fig. 14. Eye diagrams at the input and output of the amplifier for a 40-Gb/s
PRBS of the length2 � 1.

Fig. 15. Measured output powers of the third-order intercept point and 1-dB
compression point at 2, 25, and 50 GHz.

more than two thirds (69%) of the noise originates from the
active elements in the circuit and the rest (31%) from the pas-
sive network. We further observe that the most dominant noise
contributions (54%) are caused by the noise sources of the first
HBT . These results correspond well with Friss’ formula [37]
which states that the first amplifying stage contributes domi-
nantly to the overall noise. The main noise source is the base
current noise sources, which makes up 29% of the overall noise.
Hence, transistors with high current gains, which reduce the
base currents, are a requisite for low-noise amplifiers.

Fig. 14 shows a 40-Gb/s eye diagram of the amplifier. The
setup for the eye diagram measurement is similar to the one
described in [38] where the electrical 40-Gb/s NRZ signal was
generated by electrically multiplexed 10-Gb/s signals. The
opened eye diagram for a PRBS of the length at a data
rate of 40 Gb/s demonstrates the operation of the amplifier

without any ringing, overshoot, or signal jitter. However, the
noise contribution of the amplifier decreases the open eye area.

Depending on the application, the linearity of the amplifier is
of great importance as well. Therefore, we measured the third-
order intercept point and the output power at the 1-dB gain
compression point as a function of the frequency. As shown
in Fig. 15, varies from 17 dBm at 2 GHz to 10 dBm at
50 GHz. In the same frequency range, the 1-dB compression at
the output changes from 3 dBm to 0 dBm corresponding to an
output voltage swing of 890 mV and 630 mV , respec-
tively.

V. CONCLUSION

A scalable small-signal and noise model of InP–InGaAs
single heterojunction bipolar transistors (SHBT) based on
the hybrid -model was presented. We analyzed the noise
behavior using the analogy between a lossy transmission line
and the transport processes in the base. As a result, we obtain
a frequency-dependent base current noise and a correlation
between the base and the collector current noise sources. This
correlation effect becomes important at frequencies above

40 GHz. We demonstrate good agreement between the
measured and simulated noise parameters.

Our noise model enabled us to design a monolithic, di-
rect-coupled feedback amplifier. The fabricated circuit exhibit
a very flat gain of 9.8 dB and a bandwidth of 50 GHz. With
input and output return losses better than12 and 13 dB,
respectively, the amplifier has excellent power matching
properties. We demonstrated the operation of the amplifier at
40 Gb/s whereas the bandwidth, in combination with the linear
phase, should be sufficient for60-Gb/s data transmission. In
addition, the data from the measurements correspond very well
with the simulations which proves the quality and validity of
our model for RF circuit design.

APPENDIX

Formulas for , , , and used to describe the equations
of the power spectral densities of the noise sources [see (1)–(3)]
in Section III-A

is the propagation constant in the base and is given by

where is the diffusion constant, is the electron lifetime in
the base, and is the base thickness.
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