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NOISE, HIGH-FREQUENCY

The high-frequency behavior of electronic devices is of major
interest in the field of research and development. In addition
to the typical RF device parameters, such as the cutoff fre-
quency of the current gain, fT, and the maximum frequency
of oscillation, fmax, high-frequency noise behavior must be con-
sidered for circuit design, especially if noise has a significant
influence on system performance, for example, the sensitivity
of receivers. Thus there is a demand for simple, but exact RF
noise models that have to consider the physically relevant
noise phenomena making a significant contribution to the to-
tal noise behavior of the device.

After an introduction to various physical noise sources a
standard description of noisy two-port circuits will be given.
Next, a short presentation of a special setup for RF noise
measurements in the range of 2 GHz to 18 GHz in relation to
temperature (15 K to 400 K) is given. Radio-frequency noise
phenomena in special devices are then examined, and high-
frequency noise models for heterostructure field-effect tran-
sistors (HFETs) and heterojunction bipolar transistors
(HBTs) based on the system material InP are presented. In
the case of the HFET the capability of the model presented
here will be proven with the help of a comparison between
measured and modeled RF noise parameters. In the last sec-
tion modifications of the noise model and applications of this
RF noise model are presented.

NOISE THEORY

Physical Noise Sources

In this section only physical noise sources which are relevant
for the high-frequency noise behavior of the devices will be
described. Low-frequency noise phenomena, such as conduc-
tivity noise or 1/f noise, will not be considered.

Thermal Noise. The most important and well-known noise
mechanism is thermal noise or Johnson noise (1,2). This pro-
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cess can be observed in all electrically conductive materials.
Assuming a finite temperature T (T � 0 K), the free electrons
randomly move in these materials forced by their thermal en-
ergy. Owing to scattering processes at lattice atoms, this
movement leads to a statistical fluctuation of the voltage at
the terminals of the conductor (e.g., a resistor R). The corre-
sponding noise spectrum of the thermal noise is given as (1)

Sth( f ) = 4kTR (1)

where k is Boltzmann’s constant (k � 1.38 � 10�23 W � s/K).
The measurable mean square values of the thermal noise cur-
rent i2

th(t) and the thermal noise voltage v2
th(t) per unit band-

width �f are given as (3,4)

i2
th(t) = 4kT
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and Figure 1. Model for the avalanche region at different locations and
related time steps xi(ti) with input current Iin and output current Iout.

v2
th(t) = 4kTR� f (3)

achieve sufficient energy, additional electron–hole pairs arerespectively.
generated when colliding with lattice atoms (Fig. 1). This ava-
lanche-like increase in the number of carriers often leads to a

Shot Noise. The phenomenon of statistical current fluctua- nonreversible degeneration of the device, known as avalanche
tions is called shot noise. Because of the quantization of elec- breakdown, which is an electric breakdown mechanism. It is
tron charge e, the electron flow, which corresponds to the comparable to thermal breakdown, which is thermally acti-
number of electrons per unit time, is not continuous. Using vated carrier generation. Here, due to high electric field
these assumptions it is possible to divide a current i(t) into a strengths only carrier generation is taken into account. If the
dc component I0 and an ac component iac(t). Assuming Z is the increase in the number of carriers is limited, it becomes re-
average number of electrons per unit time, i(t) can be written versible and is often utilized to obtain special device perfor-
as mances as in avalanche photodiodes (APDs). In these devices

the multiplication of optically generated electron–hole pairs
enables a significant increase in optical responsivity, hencei(t) = I0 + iac(t), I0 = Ze (4)
receiver sensitivity. The corresponding noise contribution is
called avalanche noise. The avalanche noise is characterizedThe noise contribution caused by the ac current iac(t) is inter-
by two ionization factors, for electrons �, and for holes �,preted as an ergodic fluctuation phenomenon. A typical device
which describe the number of carriers generated per unitdominated by shot noise is a vacuum diode with a pure metal
length. They are dependent on the location and electric fieldcathode. However, the derived relations for this device can be
strength, respectively. Assuming that the input current Iinapplied to most semiconductor devices, too. For those frequen-
shows shot noise and that the ionization coefficients for elec-cies, which are small compared with the reciprocal time pe-
trons and holes are equal (� � �), the following expression forriod 1/� of the discrete current pulses, the single spectral con-
the noise spectrum of the output current Iout can be derivedtributions of each current pulse to the total noise spectrum
(5):can be neglected. In this case the so-called Schottky relation

is valid for the spectrum of shot noise:
SIout

= 2eIinM3 (6)

SS( f ) = 2eI0 (5)
where M is the avalanche multiplication factor.

If the ionization coefficients are different, but linearly de-This spectrum is directly proportional to the mean dc current
pendent such asI0 through the device. Generally, the Schottky relation is valid

even for high-speed semiconductor devices and at very high
β = cα, c = const (7)

frequencies. Equation (5) is also suitable to describe the re-
lated noise contribution due to gate-leakage current Ileak in the

and the input current Iin is caused by electrons only, the spec-case of field-effect transistors if I0 is replaced by Ileak. trum of the output current is derived (6,7) as

Avalanche Noise. Charge-carrier multiplication in semicon-
ductor devices can occur in regions of high electric field
strengths. If the mean free path of carriers is long enough to

SIout
= 2eIinM3

[
1 − (1 − c)

�M − 1
M

�2
]

(8)
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Figure 2. Equivalent circuits of noisy im-
pedances or admittances: (a) noise current
source and (b) noise voltage source. ��yy��

Y(f)
Tn ≠ 0 K

Z(f)
Tn ≠ 0 K

ith vth
Y(f)

T = 0 K
Z(f)

T = 0 K

(a) (b)

In the case of a pure hole current, c has to be replaced by based on a small-signal equivalent circuit. The individual
noisy impedances or admittances can be described by two1/c in Eq. (8). As partly mentioned before, two restrictions

have to be considered for the validity of both relations: compatible equivalent circuits (Fig. 2):

1. The spectrum of the injected current Iin corresponds to 1. A noise current source ith( f) and a noise-free (T � 0 K)
that of shot noise only. admittance in parallel

2. The length of the ionization region lz is sufficient to 2. A noise voltage source vth( f) and a noise-free (T � 0 K)
achieve a high probability of collisions of the injected impedance in series
electrons with lattice atoms.

If the derived temperature of the impedance or admittance is
A modified relation is applicable to the phenomenon of im- different from the ambient temperature of the device it is
pact ionization, which is of interest in conjunction with called the equivalent noise temperature Tn.
heterostructure FETs (see ‘‘Impact Ionization Noise in Using this definition of the equivalent noise temperature,
HFETs’’). which is in the first instance valid for one-port circuits to-

gether with the derived equivalent RF circuits, enables one to
Noise in Linear Two-Port Circuits calculate the noise behavior of complex circuits and systems.

Typically, however, possible correlations among the individ-Equivalent Circuits for Noisy Impedances and Admit-
ual noise sources of the total system have to be considered ad-tances. For physically related noise modeling of devices a
ditionally.more generalized description of the single physical noise

sources is necessary. The usual tool for noise calculations is
The Noise Figure F. Unfortunately, the expression noisethe equivalent-circuit description, well known from RF model-

figure, which was originally defined for the description ofing of devices. In the particular case of noise modeling all
noisy networks (9) and which is valid under certain assump-elements have to be treated as complex values.
tions only (cf. Ref. 10), sometimes leads to an overestimationTherefore only devices assimilating real power are able to
of its real significance, especially in the case of discrete de-emit thermal noise power (8). Replacing the real value R by
vices. Nevertheless, for systems the noise figure F is a morethe complex impedance Z � R � jX leads to the following
suitable parameter for noise characterization. If we speakequations for the measurable frequency-dependent mean
about noise figure the formally defined standard noise figuresquare values of the thermal noise currents i2

th(t) and noise
F is implied, which assumes an input noise signal that is notvoltages v2

th(t) per unit bandwidth �f . (Note that throughout
arbitrarily given but related to the reference noise tempera-this article complex numbers are underlined.)
ture of T0 � 290 K, hence an absolute value (11).

By this means, the noise figure is a characteristic for the
noise inherent in a two-port circuit, thus independent of ex-i2

th(t) = 4kT
� f

Re{Z} (9)

ternal conditions or terminations of the ports. A noise-free
two-port circuit is characterized by a noise figure of F � 1 orand
F� � 0 dB. Figure 3 shows the principal circuit description for
the definition of the noise figure. It consists of a noisy two-v2

th(t) = 4kT� f Re{Z} (10)
port circuit connected to a load impedance ZL, assumed to be
noise-free (T � 0 K). The input is connected to a noisy sourcerespectively, where the operator Re� � accesses the real part
impedance ZS (T � 0 K). Again, this impedance is representedof the particular value.
by a voltage noise source and a noise-free impedance ZSIn a similar way, more generalized relations for the ther-
(T � 0 K).mal spectral noise densities can be derived using Eqs. (9) and

(10) as

Sth,i = i2
th(t)

1
� f

= 4kT
1

Re{Z} = 4kT Re{Y } (11)

and

���yyy
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Figure 3. Equivalent circuit for the definition of the (standard) noise
figure F.Finally, this leads to a description of physical noise processes
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Figure 4. Noise equivalent circuit with
noise current and noise voltage source
‘‘chained’’ at the input of the noise-free
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�y�y�� two-port circuit.

With Sn2v as the noise spectrum at the output of the noisy can be described as in Ref. 10 by
two-port circuit and Sn20v as the spectrum of the noise-free
two-port circuit, F is defined by (8) F = Fmin + Rn

GS
|Y S − Y S,opt|2, Y S = GS + jBS (15a)

orF = Sn2v

Sn20v
; F ′ = log10

Sn2v

Sn20v
dB (13)

An equivalent equation can be derived using the noise current F = Fmin + gn

RS
|ZS − ZS,opt|2, ZS = 1

Y S
= RS + jXS (15b)

spectra instead.

using the equivalent noise conductance gn with
Calculation of the Noise Figure F Using Noise Equivalent Cir-

cuits. The noise figure F of noisy linear two-port circuits can gn = Rn|Y S,opt|2 (16)
be calculated using equivalent circuits (12,13). A very simple
and suitable description for a noisy two-port circuit is the Obviously, just four parameters—the minimum noise figure
chain matrix or ABCD-parameter description, respectively, Fmin, the equivalent noise resistance Rn, and the real part
with one current noise source or one voltage noise source at GS,opt and the imaginary part BS,opt of the optimal generator
the input terminal (Fig. 4). By this means, the noise behavior (source) impedance—are necessary to describe the noise be-
of the total two-port circuit can be modeled by two noise havior of a linear two-port circuit completely.
sources only, which are chained to the input. Rn is a measure of the sensitivity of the noise figure to

Using this equivalent circuit for the noisy two-port circuit, deviations from the optimum source admittance YS,opt or im-
the noise figure is given as

F = 1 + Snv + |ZS|2Sni + 2 Re{ZSSvi}
4kT0RS

(14)

where Snv is the voltage noise spectrum, Sni the current noise
spectrum, and Svi the cross-correlation spectrum between vn

and in.
The noise figure is independent of the input impedance of

the two-port circuit Zin and the load impedance ZL. However,
the values of the spectra of the equivalent-noise-circuit
sources of the two-port circuit as well as the cross-correlation
spectrum, which describes the correlation between both noise
sources, are required. Additionally, the noise figure depends
on the source impedance ZS. The value of the noise figure
reaches a minimum at F � Fmin for an optimal source imped-
ance of ZS � ZS,opt. This is called noise matching. Unfortu-
nately, the necessary impedances for noise matching differ
from those for power matching. By this means, maximum
available gain Ga of the two-port circuit is actually not avail-
able, and a reduced power gain, the so-called associated gain
Gassoc, characterizes the two-port circuit. In designing elec-
tronic circuits, a compromise must always be made between
noise and power matching.

Discussion of Noise Matching. As mentioned previously, the
noise figure is a function of the source impedance ZS. Common
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measurement techniques for the determination of noise pa-
rameters are based on the relation given in Eq. (14). The de- Figure 5. Noise figure F dependent on the generator reflection coef-

ficient (here Fmin � 1.5, Rn � 50 	, ��S,opt� � ��, Arg��S,opt� � 60�).pendence of F on deviations from the ideal matching condition
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pedance ZS,opt. By this means, Rn is a figure of merit for the tion coefficient �S,opt. The latter can be derived by a perpendic-
ular projection of the corresponding point onto the Smith-noise behavior of the two-port circuit. The equivalent noise

resistance should be as small as possible to avoid a significant chart plane. If �S differs from �S,opt the noise figure F in-
creases. As already discussed, this increase is directly propor-increase in noise if, depending on the actual application, the

optimum noise matching (YS � YS,opt) has to be sacrificed for a tional to the value of the equivalent noise resistance Rn,
which corresponds to the slope of the paraboloid at a specificpossibly more important power matching at the input.

Usually, the admittance or impedance is normalized and point. In practice, this circumstance could imply an even
higher priority to achieve a low Rn than an absolutely lowrelated to the characteristic impedance of the measurement

setup Z0 (Z0 � 50 	, typically), which results in the following Fmin, depending on several boundary conditions to be still con-
sidered.equation after transformation to the Smith-chart plane:

RF-NOISE MEASUREMENTSF = Fmin + 4rn
|�S − �S,opt|2

(1 − |�S|2)|1 + �S,opt|2
(17)

Figure 6 shows a typical measurement setup, which allows
temperature-dependent noise figure measurements of two-where rn is the normalized equivalent noise resistance (rn �

Rn/Z0), �S the generator reflection coefficient, and �S,opt the op- port circuits in the temperature range of 15 K to 400 K and
frequency range of 2 GHz to 18 GHz (14,15). It comprises thetimum generator reflection coefficient for noise matching.

Figure 5 shows a graphical interpretation of this equation, noise figure meter (Hewlett-Packard Model No. HP8970B) as
the central unit and the calibrated noise source (Model No.which characterizes a paraboloidal surface, in the Smith-

chart plane. The minimum of the paraboloid represents the HP346A) (16). The noise figure test set (Model No. HP8971)
and the synthesizer (Model No. HP8672A) are necessary tominimum noise figure Fmin at the optimum generator reflec-

Figure 6. Measurement setup for RF-
noise parameters in the range 2 GHz to
18 GHz dependent on temperature (15 K
to 400 K). (Note: RRM � remote receiver
module; MNS � mismatch noise source.)

RF cable

Measurement
controller

I D
 (

m
A

)

VDS (V)

HP 8970B Noise figure meter

HP 8672A Synthesizer

HP 8671 Noise figure test-set

NP5 Control unit

Control
line

Cryogenic unit

RRM

MNS

Cryostat

HP 346A
Noise source

Temperature control unit

HP 4142B Parameter analyzer

HP 715/50 Workstation

HP 8517A Test-set

HP 83650A Synthesizer

HP 8510C Network analyzer

+28 V

Turbo-
pump

H
P

 8
97

0B
 B

us
 s

ys
te

m

IEEE-488 Bus system

H
P

 8
97

0B
 B

us
 s

ys
te

m



NOISE, HIGH-FREQUENCY 397

down-convert the measurement frequency to a frequency In the case of high electric fields, as they occur in the region
between the gate and drain, the conventional Einstein rela-range of 10 MHz to 1600 MHz, which the noise figure meter

is able to process directly. To determine the four interesting tion [Eq. (21)] is no longer valid. The diffusion coefficient and
the low-field mobility as well as the effective noise tempera-noise parameters (Fmin, Rn, GS,opt, and BS,opt) of a linear two-port

circuit the noise figures at various generator reflection coeffi- ture Tn,eff of the channel become dependent on the electrical
field strength E and the frequency f (24,25), leading tocients �Si

have to be measured (17,18).
These particular reflection coefficients can be achieved us-

ing a commercial electronic tuner system (cf. Fig. 6). The
tuner subsystem consists of the control unit (ATN Microwave

kTn,eff(E, f )

e
= D0(E, f )

Re{µ(E, f )} (23)

Inc. Model No. NP5), the mismatch noise source (MNS), in-
cluding the actual tuner, and the remote receiver module Because of the relation between the thermal noise attributed
(RRM) with an integrated low noise preamplifier. Addition- to a resistor and the equivalent description for a semiconduc-
ally, both elements (MNS and RRM) contain RF switches that tor channel, it is often called diffusion noise.
are necessary for system calibration. Furthermore, these
switches enable the simultaneous measurement of the noise Shot Noise in HFET. In principle, the shot noise of the drain
and the corresponding scattering parameters. The complete current can be described using Eq. (5) (26,27). However, espe-
system is controlled by a computer system that allows the cially in heterostructure field-effect transistors, the recombi-
evaluation of the data and the extraction of the specific noise nation of carriers underneath the space-charge region leads
parameters from the measured noise figures (16,19–22). to a significantly reduced shot noise (28,29).

Without further proof it can be assumed that the channel
shot-noise contribution is negligible. Nevertheless, shot noiseRF NOISE IN ELECTRONIC DEVICES
again becomes of major interest if the device suffers from gate
leakage, which generates an additional noise contribution toNoise in Heterostructure Field-Effect Transistors
the channel noise (see the section entitled ‘‘Shot Noise’’).

Thermal Noise in HFET. The channel of a field-effect transis-
tor (FET) can be interpreted as a controllable resistance. The Impact Ionization Noise in HFET. The assumptions for ava-
thermal noise generated in this channel is the dominating lanche noise as presented earlier are not valid in case of the
noise contribution. HFET. Nevertheless, in the gate–drain region a type of ava-

In case of an n-doped semiconductor, the well-known equa- lanche noise occurs caused by impact ionization processes due
tion of the thermal noise current for a resistance R [cf. Eq. to high electric field strengths. Especially in HFETs based on
(2)] can be transformed into (23) layers with an advanced carrier mobility (e.g., InGaAs), this

additional noise contribution can be observed due to the low
band gap of these channel materials. Typically, the area be-
tween gate and drain, where impact ionization can occur, is

i2
th(t) = 4kTeff

1
Rch

� f (18)

extremely small (l 
 100 nm). Therefore, impact ionization
where Teff is the effective temperature in the semiconductor leads to a moderate increase of the drain current ID at high
channel and Rch the resistance of the channel. bias voltages VDS only. The corresponding noise is called the

Considering geometrical aspects, the channel resistance impact ionization noise and differs from the basic avalanche
can be expressed as noise because of the significantly smaller multiplication factor

M [cf. Eq. (6)].
Using the same assumptions as in the case of the ava-

lanche noise, but considering the special geometrical design
Rch = 1

κ

l
A

⇒ 1
Rch

= κ
A
�

(19)

of the HFET, the spectral density of the impact ionization
noise SIii

can be derived from (30,31):where A is the cross-sectional area of the channel and l the
length of the current path through the semiconductor. The
conductivity � can be calculated for purely n-type (p-type) con- SIii

= M2SIin
+ 2eIinσ 2 (24)

ductivity as
with SIin

being the density of the induced current Iin and �2

κ = en0µ0 (20) the variance of the noise process.

where n0 is the electron (hole) concentration and �0 the low- RF-Noise Model of InAlAs/InGaAs/InP HFET
field mobility of electrons (holes). Moreover, the diffusion coef-

Figure 7 shows a typical equivalent RF-noise model forficient D0 can be derived from Einstein’s relation as
InAlAs/InGaAs/InP HFET (32). It is based on an extended
temperature noise model (TNM) (33), which takes into ac-
count the influence of gate-leakage current on both the RFD0 = kTµ0

e
(21)

and noise performance. Gate leakage is modeled by the addi-
Finally, this leads to a description of the thermal noise in the tionally included resistances RPGD and RPGS in parallel to the
channel: intrinsic gate–drain elements and the intrinsic gate–source

elements of the transistor, respectively. Moreover, this model
considers the effects due to impact ionization (34,35). This is
made possible by an additional voltage-controlled current

i2
th(t) = 4e2 A

l
n0D0� f (22)
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Figure 7. Intrinsic and extrinsic small-
signal and noise equivalent circuit of
HFET including modeling of the gate-
leakage current and impact ionization on
RF and noise behavior.
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source gm,im � vDG and an RC combination in parallel with the The above described model is specific for InP HFET be-
cause both phenomena, gate-leakage current and impact ion-output resistance. The current source is controlled by the volt-

age drop across the high-field region at the drain end of the ization, occur in this device for special bias conditions. Other
gate, which is equal to the drain–gate voltage vDG. The dis- devices such as GaAs-HFET, MESFET, or MOSFET that do
tinctive frequency dependence of the impact ionization effects not show these phenomena can also be described with this
on RF and noise behavior, respectively, are described by the model. In this particular case the equivalent elements that
combination of Rim and Cim. For noise modeling purposes an describe gate-leakage current and impact ionization have to
additional white noise source iim is included parallel with the be removed.
current source gm,im � vDG. This arrangement of the noise source
and RC combination characterizes the frequency dependence Noise in Heterojunction Bipolar Transistors
of the externally available noise current iim,ext. This impact

For the modeling of the high-frequency noise behavior of bothionization source can be described by
bipolar junction transistors (BJTs) and heterojunction bipolar
transistors (HBTs) the physical noise sources have to be de-
fined in more detail. The most important noise phenomenon

�
i2
im,ext =

�
i2
im

1√
1 + (ω/ω0)2

, ω0 = 1
RimCim

(25)

in all bipolar transistors is shot noise. In addition to this do-
minating effect, thermal noise due to the parasitic resistancesThe formula describes the Lorentzian shape of the external
has to be considered too.noise current which, typically, is attributed to carrier-genera-

Basically, a bipolar transistor consists of two combinedtion processes, thus sustaining the previously noted interpre-
p–n junctions. Figure 8 schematically shows the various cur-tation of the occurrence of impact ionization (preceding
rent paths and components within an n–p–n bipolar transis-section).
tor at active bias conditions. By this means, the base–emitterThermally activated carrier-generation, especially from
junction is biased forward, the base–collector junction re-deep levels, also shows a Lorentzian-type spectrum, but usu-
versely. The electron current from the emitter towards theally at much lower frequencies, which makes it negligible in

case of high-frequency noise. collector [Fig. 8(a)] is the dominating current component.
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Figure 8. Current components and current flow in an n–p–n bipolar junction transistor.

Electrons induced from the emitter may recombine in the With respect to noise modeling, the four current compo-
nents can be represented by uncorrelated shot-noise sourcesbase, as described in Fig. 8(b). Holes are injected from the

base into the emitter [Fig. 8(c)]. Electrons are thermally gen- leading to the simplified small-signal equivalent circuit (Fig.
9) (4). The shot noise corresponding to the dominating cur-erated in the base and holes within the emitter, [Figs. 8(d)

and 8(e), respectively]. rent I1 is represented by two correlated shot-noise sources i�1
and i�1 in the base–collector and the base–emitter regions, re-In the case of the reverse-biased base–collector diode, only

the current components due to the thermal generation of elec- spectively. Both are related by the phase shift, which is given
by �/�0. � is the frequency-dependent current gain and �0 thetron–hole pairs have to be taken into account [Figs. 8(f) and

8(g)]. All these current components can be combined, corre- dc current gain for f � 0 Hz.
sponding to Fig. 8, leading to four independent currents I1,
I2,, I3, and I4.. The connection to the measureable currents at
the terminals are then given as

i′1 =
√

2eI1� f exp[ j(ωt + ϕ1)] (27a)

i′′1 = α

α0

√
2eI1� f exp[ j(ωt + ϕ1)] (27b)

i2
2 = 2eI2� f, i2

3 = 2eI3� f, i2
4 = 2eI4� f (28)

IE = I1 + I2 − I3 (26a)

IC = I1 + I4 (26b)

IB = I2 − I3 − I4 (26c)
For the case where �/�0 � 1 and at moderate frequencies,
both noise generators i�1 and i�1 can be combined to give onefor the emitter, collector, and base, respectively.

Figure 9. Noise equivalent circuit for a
BJT including shot-noise generators for���

�
�
�
�

B
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gmur uπ
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E
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E all current components (cf. Fig. 8).
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noise source i1 located between the collector and emitter (see Experimental Results and Verification of the Model for an
InAlAs/InGaAs/InP HFETFig. 9), representing pure shot noise:

As an example of the applicability of the presented noise mod-i2
1 = 2eI1� f (29)

els, the RF-noise behavior of a typical InAlAs/InGaAs/InP
HFET is presented with a gate length of LG � 0.7 �m and a

Thermal noise sources due to parasitic resistances can be in- gate width WG � 80 �m, which is suitable for millimeter-wave
cluded as described in the next section. and optoelectronic applications. The material system has

been selected to demonstrate the significance of both the im-
RF-Noise Model of an InP/InGaAs HBT pact ionization in the InGaAs channel and the gate-leakage

current. In contrast, typical GaAs-based HFETs do not sig-Figure 10 shows a small-signal equivalent circuit including
nificantly suffer from these phenomena, mainly due to thethe noise sources for the simultaneous modeling of s parame-
larger band gap of the corresponding materials (37,38).ters and noise behavior applied to an InP/InGaAs HBT (36).

All model parameters—the small-signal equivalent ele-Referring to the preceding section the shot-noise generators
ments, equivalent noise temperatures (TP, TG, and TD), andof the input and the output of the intrinsic transistor can be
equivalent impact ionization noise current (iim)—have beenfound as
extracted using an optimization algorithm based on the simu-
lated evolution (evolution theory and genetic algorithms) (39–i2

nB = 2eIBn (30a)
43). These optimization strategies have to be applied because
an analytical extraction of the model parameters from mea-with IBn the noise model value of the input,
sured data (s and noise parameters) is impossible due to the
large number of model parameters and the complexity of thei2

nC = 2eICn (30b)
model.

with ICn the noise model value of the output,
RF Performance. Figures 11 and 12 show both the mea-

sured and the modeled RF data, respectively, in the frequencyi∗nBinC = C
p

i2
nBi2

nC (30c)
range from 45 MHz up to 40 GHz. The good agreement dem-
onstrates the applicability of the presented small-signalwith C � CR � jCI the cross-correlation coefficient.
equivalent circuit including the significant effects of gateThe thermal noise of the resistances RBB, RCC, and REE (cf.
leakage and the impact-ionization phenomena. If these partic-Fig. 10) are represented by three uncorrelated noise current
ular elements are neglected the resulting calculations demon-sources (inBB, inCC, inEE). For noise modeling, the equivalent
strate a significant deviation especially for s21 and s22 at lowernoise temperatures TB, TC, and TE of the resistances and the
frequencies as depicted by the dashed lines in Fig. 11. Themodel parameter values IBn, ICn, and C have to be extracted.
modeled parameters are calculated from the small-signalThe parasitics due to the pads are considered by the extrinsic

elements LB, LC, and LE as well as CpBE, CpCE, and CpBC. equivalent circuit, extracted from RF measurements using

Figure 10. Small-signal and noise equiva-
lent circuit of an HBT.
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Table 1. Bias Condition, Geometry, Performance Data,
and the Extracted Small-Signal Equivalent Elements of
InAlAs/InGaAs/InP HFET

Bias Condition Gate Geometry

VDS � 1.5 V VGS � 0 V LG � 0.7 �m
ID � 31.8 mA IG � �18 �A WG � 80 �m

Cutoff Frequencies

fT � 45 GHz fmax � 152 GHz

Small-Signal Equivalent Elements

Cin � 14.2 fG Cio � 4 fF Cout � 28.2 fF
RG � 3 	 LG � 63.1 pH CGS � 210.5 fF
RS � 8 	 LS � 3.8 pH LD � 152 pH
RGS � 2.8 	 RDS � 420 	 RPGS � 12 k	

RD � 10 	 CDS � 8.2 fF RPGD � 70.7 k	

CGD � 9.5 fF gm � 69 mS � � 0.22 ps
Rim � 38 k	 Cim � 1.42 fF gm,im � 4.26 mS

voltages VDS demonstrates the negligible influence of impact
ionization on the RF performance at low VDS corresponding to
low fields in the HFET channel. With increasing VDS, impact

f∼3 GHz

Low band-gap (InGaAs)
impact ionization:

“Inductive” behavior of the output circuit

Reduced forward transmission due to a reduced output resistance

0.154.0 f = 45 MHz to 40 GHz
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ionization and inductive behavior of s22 occur, correlated with
a drastically increased transconductance gm,im.Figure 11. Measured (�) and modeled (—) scattering parameters

versus frequency of an InAlAs/InGaAs/InP HFET at a bias condition
at which impact ionization occurs (T � 300 K, VDS � 1.5 V, VGS � 0 Noise Behavior. The measured and modeled noise parame-
V, LG � 0.7 �m, WG � 80 �m). Note: Dashed lines (––) represent ters (Fmin, Rn, gn, Gassoc, and �opt) of the HFET are shown in Fig.
modeled scattering parameters versus frequency if impact ionization 14. Because of the Lorentzian shape of the external short-
is neglected. circuit noise current iim,ext [cf. Eq. (25)], corresponding to an

upper frequency band limitation especially at low frequencies,
a strong impact on the noise performance can be observed.the previously described simulated evolution. The correspond-
The phenomenon of impact ionization now leads to an in-ing bias condition, geometry, and performance data, as well
crease in the minimum noise figure Fmin. Especially the in-as the extracted small-signal equivalent elements, are listed
crease in the minimum noise figure at low frequencies reflectsin Table 1.
the influence of the impact-ionization process. In contrast toFigure 13 shows the typical bias-dependent behavior of the
the influence of a gate-leakage current (33), impact ionizationextracted transconductance gm,im at room temperature (T �
leads to higher optimum generator impedances and causes a300 K). The low transconductance gm,im for small drain–source
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Figure 12. Measured (�) and modeled (—) current gain �h21�2 and
unilateral gain GU versus frequency of an InAlAs/InGaAs/InP HFET Figure 13. Impact-ionization transconductance gm,im versus the

gate–source voltage VGS, with the drain-source voltage VDS as a pa-at a bias condition at which impact ionization occurs (T � 300 K,
VDS � 1.5 V, VGS � 0 V, LG � 0.7 �m, WG � 80 �m). rameter (LG � 0.15 �m, WG � 100 �m, T � 300 K).
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Table 2. Extracted Equivalent Noise Temperatures and
Noise Current of the Modeled HFET (VDS � 1.5 V, VGS � 0 V,
ID � 31.8 mA, LG � 0.7 mm, WG � 80 mm, T � Ta � 300 K)

Equivalent channel noise temperature
TG � 4014.9 K

Equivalent output noise temperature
TD � 18,007.84 K

Equivalent gate-leakage noise temperature
TP � 918.65 K

Equivalent impact ionization noise current
iim � 146 pA

gies are smaller than the band gap and are insufficient to
generate electron–hole pairs. With increasing drain–source
voltage (�VDS � 0.8 V) impact ionization occurs and leads to
additional noise currents that dominate the noise behavior of
the transistor. This behavior reflects the strong correlation
between impact ionization, the bias condition, and the gener-
ated total noise current. Due to the fact that the level of the
extracted impact-ionization noise current iim exceeds the
equivalent shot-noise drain current (iD � �2eID) in a wide
range of bias conditions, carrier multiplication (6,30,31)
should occur in the high-field domain, leading to the following
relation:

iint ∝ f (M(E))
√

2eID (31)

where f (M(E)) reflects the dependence of the multiplication
factor M(E) on the electric field strength (30). The relation
between the multiplication factor M(E) and the majority-car-
rier impact-ionization rate per unit length, �(x, E), can be de-
scribed according to (30)

M(E) = exp

�∫ Leff

0
α(ξ,E) dξ

�
(32)

with Leff the effective length of the impact-ionization region.
Because of the position-dependent electric field strength

and impact-ionization rate, no simple analytical expression0
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Figure 14. Measured (�) and modeled (—) noise parameters versus
frequency of an InAlAs/InGaAs/InP HFET at a bias condition at
which impact ionization occurs (VDS � 1.5 V, VGS � 0 V, ID � 31.8
mA, LG � 0.7 �m, WG � 80 �m, T � Ta � 300 K).

large increase of the equivalent noise resistance Rn at low fre-
quencies as well. The inductive behavior of the output path of
the HFET also affects the associated gain Gassoc and leads to a
decrease at low frequencies. The three equivalent noise tem-
peratures (TG, TP, and TD) and the equivalent impact ioniza-
tion noise current iim of the modeled extrinsic noise parame-
ters are listed in Table 2.

Intrinsic Equivalent Noise Sources. The intrinsic equivalent
noise sources (44) of the HFET are strongly bias dependent
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(32). Figure 15 shows the drastic increase in the extracted
impact-ionization noise current iim with higher drain–source Figure 15. Extracted equivalent intrinsic impact-ionization noise
voltages VDS, while at low drain-source voltages (VDS  0.7 V) current iim versus the gate–source voltage VGS with drain–source volt-

age VDS as a parameter.this component is negligible. In the latter case electron ener-



NOISE, HIGH-FREQUENCY 403

can be derived for the relation between bias conditions and
the generated impact-ionization noise current iim.

The other equivalent intrinsic noise sources show the ex-
pected bias dependence (44) and reflect the strong correlation
between the equivalent intrinsic noise sources (iD, iP, and vG)
and the physical noise sources, such as shot-noise drain cur-
rent isD [Eq. (33)] and shot-noise gate current isG [Eq. (34)]:

isD =
√

2eID (33)

isG =
√

2eIG (34)

The equivalent output noise current iD that is dependent on
the gate–source voltage VGS versus the shot-noise drain cur-
rent is shown in Fig. 16. The equivalent noise current iD is
dominated by a reduced shot-noise drain current (28). The
corresponding correlation is given by

iD =
�

4k
TD

RDS

∼= kD

√
2eID + iD0 (35)
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Figure 17. (a) Equivalent channel noise voltage vG and (b) intrinsic
current gain cutoff frequency fT (below) versus the gate–source volt-
age VGS with the drain–source voltage VDS as a parameter.

with

kD, iD0 = const (the value depends on the particular device)
(36)

The behavior of the equivalent channel noise voltage vG (Fig.
17) that is dependent on the gate–source voltage VGS exhibits
an inversely proportional behavior to the intrinsic current
gain cutoff frequency fT ( fT � gm/[2	(CGS � CGD)]). This is
caused by a strong correlation of vG to the intrinsic delay time
behavior of the HFET. A transformation of the equivalent
channel noise voltage vG, which is a characteristic value for
the input circuit of the transistor, to a noise measure of the
output circuit can be derived by multiplying vG by the ratio of
the square of the transconductance gm and the intrinsic cur-
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rent gain cutoff frequency fT. The transformed channel noise
voltage exhibits nearly proportional behavior to the shot-noiseFigure 16. Extracted equivalent output noise current iD versus (a)
drain current (see Fig. 18). Using this transformation thegate–source voltage VGS and (b) the shot noise drain current with

drain–source voltage VDS as a parameter. equivalent channel noise voltage vG can be expressed by
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can be neglected, the RF noise of the HFET is mainly domi-
nated by channel and output noise sources [cf. Eqs. (35) and
(37)].

The parameters kG and kD are bias independent, but gate-
geometry dependent. To investigate the geometry dependence
(gate length LG and gate width WG) of these parameters, the
equivalent intrinsic noise sources of transistors with varying
gate width and gate length have been extracted and analyzed
and are dependent on the shot-noise drain current (Fig. 20).
Based on these investigations the following final analytical
expressions can be derived for the intrinsic equivalent noise
sources (45):

v G
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2e|ID| −
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2eID,d)

(40)

Figure 18. Extracted transformed equivalent channel noise voltage
versus the shot-noise–drain current with the drain–source voltage
VDS as parameter, respectively.

the following linear approximation:

vG
g2

m

fT
=

√
4kTGRGS

g2
m

fT

∼= kG

√
2eID + iD1

(37)

where

kG, iD1 = const (the value depends on the particular device)
(38)

Figure 19 shows the equivalent gate-leakage noise current iP

in dependence on the gate–source voltage VGS and versus the
shot-noise gate current. The equivalent gate-leakage noise
current iP is nearly proportional to the shot-noise gate cur-
rent. This clearly demonstrates that a gate tunneling current
causes pure shot noise [Eq. (34)] (44). The described behavior
leads to

iP =
�

4k
TP

RPGS

∼=
√

2eIG (39)

These dependencies demonstrate the capability of the pre-
sented noise model to separate the intrinsic noise sources,
and the correlation to physical noise processes. Furthermore,
only two independent noise parameter measurements are suf-
ficient to extract the unknown parameters (kG, kD, iD0, iD1) in
Eqs. (35) to (38).

With the extracted bias dependence of the small-signal
equivalent elements and using Eqs. (35) to (39), the behavior
of the channel noise voltage vG, and output noise current iD as
well as the equivalent gate-leakage noise current iP of HFETs
can be derived for each bias condition at any frequency where
1/f noise is negligible.

EXTENSION AND APPLICATION OF PRESENTED
NOISE MODELS
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Figure 20. (a,b) Equivalent output noise current iD,n versus the shot-noise drain current with
(a) gate-length LG as a parameter and (b) gate-width WG as a parameter. (c,d) Transformed equiv-
alent channel noise voltage vGt,n versus the shot-noise drain current with (c) gate-length LG as a
parameter and (d) gate-width WG as a parameter. (e,f) Normalized transformed equivalent chan-
nel noise voltage vGt,n versus the shot-noise drain current (e) normalized on the gate-length LG

and (f) normalized on the gate-width WG (T � 300 K, VDS � 0.9 V up to 1.8 V, VGS � �0.3 V up
to 0.1 V).
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Table 3. Scaling Properties of Some Small-Signal Equivalent
Elements and Device Parameters

Gate-Length Dependence Gate-Width Dependence

gm � f(LG) � const gm 
 WG

CGS 
 LG CGS 
 WG

fT 
 1/LG fT � f(WG) � const
ID � f(LG) � const. ID 
 WG

and
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Figure 21. Dual-gate HFET and its equivalent circuit using two
HFETs and the definition of extrinsic and intrinsic voltages and cur-
rents.

vG,n =
√

4kTGRGS

∼= KGWGLG fT

g2
m

(
√

2e|ID| −
√

2eID,g)
(41)

where KD and KG are only material dependent parameters and Eq. (42) and (43) a correspondence between the intrinsic
(bias and gate-geometry independent). In practice, the small noise parameters and additional transistor parameters can be
influence of the parameters ID,d and ID,g can be neglected, so derived:
that the following equations are sufficient for the prediction
of the noise behavior: Fmin − 1 = f

T0

KGKD

2k
WGLG

2e|ID|
g2

m
(48)

iD,n =
�

4k
TD

RDS

∼= KD

√
2e|ID| (42)

RS,opt = fT

f
KG

KD
WGLG

fT

g2
m

(49)

and
XS,opt = 1

f
1

2πCGS
(50)

and

vG,n =
√

4kTGRGS

∼= KGWGLG

√
2e|ID| fT

g2
m

(43)

A simplified intrinsic temperature noise model (46) is used to
Rn = 1

T0

2e|ID|
4kg2

m

[�
KGWGLG

fT

g2
m

�2

+ K2
D

]
(51)

derive analytical expressions for all four noise parameters:

With these estimates for the gate-length and gate-width de-
pendences the behavior of the drain current ID, the transcon-
ductance gm and the gate–source capacitance CGS (Table 3), as

Fmin = 1 + 2
T0

f
fT

�
RGSTG

TD

RDS
(44)

well as the geometry dependence of the intrinsic noise param-
eters can be obtained (Table 4).RS,opt = fT

f

�
RGSTG

RDS

TD
(45)

Dual-Gate HFET in Cascode Configuration

Figure 21 shows a dual-gate HFET (DGHFET) and the corre-
XS,opt = 1

f
1

2πCGS
(46)

sponding equivalent circuit with the definition of extrinsic
and

Rn = 1
T0

�
RGSTG + TD

RDS

1
g2

m

�
(47)

These estimates are sufficient for the geometry scaling of the
intrinsic noise parameters of HFETs. Using these formulas

CoutCin

LD

LG2

RG2

Cio

Rcoup

Ccoup

RD

SS

DT2
T1G

LS

RS

RG1 LG1

Figure 22. Small-signal equivalent circuit for a DGHFET in cas-
code configuration.

Table 4. Derived Scaling Behavior of the Intrinsic
Noise Parameters

Gate-Length Dependence Gate-Width Dependence

Fmin � 1 
 LG Fmin � 1 � f(WG) � const
RQ,opt 
 1/LG RQ,opt 
 1/WG

XQ,opt 
 1/LG XQ,opt 
 1/WG

Rn � f(LG) � const Rn 
 1/WG
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indicated in Table 5, with a comparable drain current. The
modeled equivalent noise temperatures, the corresponding re-
sistances, and the extracted data of the noise sources (Table
5) demonstrate the influence of impact ionization dependence
on the bias condition.

Compared to the single-gate HFET, the dual-gate HFET
shows a reduced impact-ionization noise component at compa-
rable bias conditions (49). Additionally, the RF performance
of the DGHFET corresponds to that of the SGHFET. More-
over, even an increase of the unilateral gain and a reduced
feedback can be obtained. Due to this fact, dual-gate HFETs
are commonly used for mixers, oscillators, variable gain am-
plifiers, and high-frequency applications such as OEICs (opto-
electronic integrated circuits) or MMIC (monolithic micro-
wave integrated circuit) amplifiers (50).

Application of Noise Models for Circuit Design

The importance of reliable noise modeling of single devices
shall be demonstrated for an optoelectronic receiver circuit.
The necessary minimum optical input power Popt,min applied to
an optoelectronic receiver in order to detect the original signal
tolerating a certain error can be derived as (51)

Popt,min = �c0

ηeλ
Q
�

i2
na (52)

where � is Planck’s constant, c0 the light velocity, � the quan-
tum efficiency, � the wavelength of the light, Q the noise fac-
tor, which is Q � 6 for a bit error rate of 10�9 and �i2

na the
root mean square of the equivalent input noise current den-
sity of the electrical amplifier.

The noise factor Q is derived from probability calculations
that consider the stochastical nature of the noise signal as
well as the pseudorandom characteristic of a real information
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signal. Q can be derived from the following Gaussian proba-
Figure 23. Measured and modeled noise parameter for (a) bias con- bility integral, where BER is the bit error rate of the detected
ditions 1 (VDS � 3 V, VG

1
S � 0.1 V, VG

2
S � 0.6 V) and (b) bias conditions digital signal behind the decision circuit:

2 (VDS � 3 V, VG
1
S � 0 V, VG

2
S � 2.2 V).

BER = 1
2π

∫ ∞

Q
e−x2/2 dx (53)

and intrinsic voltages and currents (47). The DGHFET can be Typically, a bit error rate of 10�9 is assumed to be the maxi-
represented by two single-gate HFETs (SGHFETs), which are mum tolerable number of incorrectly detected bits per second.
connected at the virtual node D1 (48). Consequently, the Hence, the corresponding noise factor equals Q � 6�BER�10�9.
DGHFET can be separated into three parts (Fig. 22):

• The parasitic environment

• One single-gate HFET in a common-source configuration

• One single-gate HFET in a common-gate configuration

All parts are connected by a coupling network consisting of
an additional resistance Rcoup and a capacitance Ccoup.

Correspondingly, the DGHFET can be modeled on the par-
ticular equivalent circuits of the SGHFET, described in the
section on InAlAs/InGaAs/InP HFETs. The small-signal
equivalent elements as well as the noise temperatures and
currents can also be extracted using the evolutionary algo-
rithm (39).

Measured and modeled noise properties of a typical InP-
based DGHFET are shown in Fig. 23 at two bias conditions,

Table 5. Modeled Intrinsic Temperatures and Resistances
Describing the Noise Behavior of the DGHFET

Bias Condition 1 Bias Condition 2

VDS � 3 V, VG
1
S � 0.1 V, VDS � 3 V, VG

1
S � 0 V,

VG
2
S � 0.6 V VG

2
S � 2.2 V

TG
1
� 39215 K, RGS

1
� 2.9 	 TG

1
� 5323 K, RGS

1
� 0.98 	

TP
1
� 587 K, RPGS

1
� 3.9 � 105 	 TP

1
� 12337 K, RPGS

1
� 6.3 � 105 	

TD
1
� 6349 K, RDS

1
� 149.5 	 TD

1
� 38272 K, RDS

1
� 233.6 	

iim
1
� 98 pA iim

1
� 496 pA

TG
2
� 5061 K, RGS

2
� 0.57 	 TG

2
� 4827 K, RGS

2
� 0.63 	

TD
2
� 464 K, RDS

2
� 84.8 	 TD

2
� 300 K, RDS

2
� 277.8 	

iim
2
� 9 pA iim

2
� 0 pA
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Figure 24. Circuit layout of a four-stage
traveling wave amplifier (TWA) combined
with a p–i–n photodiode.
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The mean input noise current �i2
na is a function of numerous combination) at the opposite end of the RF output. Figure 25

shows a photograph of the realized receiver.device- and circuit-related parameters. In particular the noise
sources of the active devices—as discussed in earlier sec- The noise contributions of interest are mainly generated

by the single HFET devices and the termination resistors.tions—are the dominant contributors at higher frequencies.
The second important contribution comes from thermal noise During a circuit simulation carried out using the software

package Microwave Design Systems (Hewlett-Packard), thecurrents generated in ohmic resistors that can be found at
different locations of the receiver circuit itself. A closed for- noise behavior of the HFETs was considered using the TNM

model. The inset diagram in Fig. 26 depicts the transfer char-mulation taking into account some of the small-signal related
device parameters was derived in Ref. 51 and can be written acteristic of the TWA derived from RF measurements up to

45 GHz. In the particular case of optoelectronic receivers, theas
transimpedance is of major interest and is defined as

ZT( f ) = v out

i in
= v out

i ph
(55)

i2
na = 4kT

Rf
X1B + 2eILX2B + 4kT�

gm
(2πCT)2( fcXf B

2 + X3B3)

(54)

where iph is the photocurrent of the detector generated by thewhere X1, X2, X3, and Xf are special weight functions (Per-
optical signal.sonick integrals), B is the bit rate of the data stream, IL is the

The transfer characteristic is necessary for calculation oftotal leakage current [a combination of the dark current of
the equivalent input noise current �i2

na � ��i2
na( f)df , which isthe photodetector (PD) and the gate-leakage current of the

not directly measurable. It has to be derived from measure-input transistor), gm is the transconductance of the first tran-
ments of the frequency-dependent noise factor F (or the abso-sistor, CT is the total capacitance (usually CT � Cgs � CPD), Rf
lute output noise power) by using the reverse transfer func-is the feedback resistance, f c is the corner frequency of the
tion Z�1

T ( f) (54).1/f noise contribution, and � is the channel noise factor (a
The validity as well as the reliability of the noise simula-function of transistor-related parameters). In general, the

tion is demonstrated in Fig. 26. Here, the simulated as wellmain aim of noise modeling in conjunction with circuit design
as the measured and recalculated frequency-dependent inputand development is to enable a reliable estimation of the
noise current density ina( f) is depicted. The almost negligiblenoise behavior of the total circuit.
differences between the two curves clearly demonstrate theAs an example for the applicability of the already men-
applicability and validity of the noise models used, even fortioned temperature noise model (TNM) (see the section enti-
circuit noise simulations. Finally, these results enable the cir-tled ‘‘Analytical and Scalable Noise Model for the HFET’’) for

circuit noise simulation, the optoelectronic circuit shown in
Fig. 24 is discussed. It consists of a four stage traveling-wave
amplifier (TWA) combined with a p–i–n photodiode (PD) to
form a high-speed receiver module for transfer rates up to 35
Gbit/s (52,53). The TWA comprises four HFET devices with
varying gate widths, hence utilizing the scalability of the ap-
plied noise model. The single stages within the TWA are fed
from an input transmission line that is connected to the PD
(left side) and terminated by a resistor at the end (right side).
The single line segments are built up as coplanar waveguides
(CPWs), and the feeds toward the transistor gate contact are
airbridge interconnections treated like microstrip lines
(MSLs) with a permittivity of �r � 1. At the drain ends, feed- Figure 25. Photograph of realized optoelectronic receiver based on a
ing MSL lines are connected to a CPW output transmission TWA and waveguide-fed p–i–n photodetector in coplanar technique

(C denotes RF-blocking capacitors and R metal-film resistors).line, which again is terminated by a complex impedance (RC
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Figure 26. Measured (�) and modeled
(—) transfer characteristic of the TWA
(transimpedance ZT versus frequency f ).
The inset shows the measured (�) and
calculated (—) noise data (equivalent in-
put noise current density ina versus fre-
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14. H. Meschede et al., On-wafer microwave measurement setup forcuit designer to achieve reliable estimates of the total receiver
investigations on HEMTs and High Tc superconductors at cryo-sensitivity Pmin using Eq. (52).
genic temperatures down to 20 K, IEEE Trans. Microw. Theory
Tech., 40: 2325–2331, 1992.
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