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HBT’s RF Noise Parameter Determination by Means
of an Efficient Method Based on Noise Analysis

of Linear Amplifier Networks

Philippe Rouquette, Daniel Gasquet,
Tony Holden, and Jonathan Moult

Abstract—A method for the evaluation of the RF noise figure of
heterojunction bipolar transistors (HBT’s) is presented. The noise analysis
is based on the use of the correlation matrices. The two-port device is
described as an interconnection of basic two-port devices whose noise
behavior is known. The circuit theory of linear noisy networks shows that
any two-port device can be replaced by a noise equivalent circuit which
consists of the original two-port assumed to be noiseless and possess two
additional noise sources. The purpose of this paper is to obtain the four
noise parameters of the device, taking into account the access resistances
and inductances. The calculations presented show good agreement with
measurements, and as a consequence, they permit a good estimation of
the noise performance of the structure without neglecting any parasitic
elements of the equivalent circuit.

I. INTRODUCTION

Heterojunction bipolar transistors (HBT’s) have recently demon-
strated improved RF performances into microwave frequencies with
the advent of self-aligned technologies and innovative isolation ap-
proaches to reduce parasitic effects. Therefore, it becomes important
to analyze the exact causes of device limitations in terms of the
HBT’s equivalent circuit representation [1]–[3] and noise behavior.
In Section II of this paper, the different details of the direct calcu-
lation of the HBT’s T-like small signal equivalent circuit extracted
from S-parameter measurements is presented. Noise analysis [4] is
then presented in Section III, starting from the intrinsic impedance
representation in order to calculate the noise of the total extrinsic
transistor. Finally, in Section III, comparisons are presented between
calculations and measurements.

II. FORMALISM FOR DIRECT EXTRACTION OF

HBT’S EQUIVALENT CIRCUIT PARAMETERS

The GaInP/GaAs HBT’s characterized in this work were fabricated
by GEC Marconi. The authors have investigated single finger devices
with effective emitter area of 3� 12 �m2 (J1) and 3 � 20
�m2 (J2). The metal–organic chemical vapor deposition (MOCVD)
grown device-layer structure consists of a 2800-Å GaAs emitter cap
n+-doped (4� 1018/cm3), two GaInP emitter layers of 200̊A n+-
doped (2� 1018/cm3) and of 1000Å n-doped (3� 1017/cm3),
1000Å GaAs base layer p++-doped (3� 1019/cm3), 0.5-�m GaAs
pre-collector n�-layer doped (1016/cm3) and 0.7-�m GaAs collector
n+-doped (2� 1018/cm3), all grown on a semi-insulating substrate.

The HBT’s equivalent circuit used for this paper is the conven-
tionally accepted T model [5]. This circuit is divided in three parts:
the intrinsic part, the part in which the feedback capacitance is taken
into account, and the extrinsic part (each of them represented by the
matrix [Z ]i, [Y ]j , and[Z]k), respectively. Scattering parameters have
been measured for different bias points with an HP8720B network
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Fig. 1. Noisy T-like topology small-signal equivalent circuit including ther-
mal- and shot-noise generators.

analyzer under a probe station from 200 MHz to 18 GHz. The
circuit model (Fig. 1) includes extrinsic parasitic elementsR1, L1,
R2, andL2 which represent the access and contact resistances, and
inductances of the access lines. Thus, they are bias independent. To
obtain these elements, the transistorS-parameters are measured in
their nonconducting state (Ib = 0 �A, Vbe = 0 V). As a consequence,
the resulting expressions are simpler (� = 0, RE = 1). Access
resistances and inductances are extracted from the following extrinsic
matrix expressions:

[Z11 � Z12]k =<1 + j=1 (1)

[Z22 � Z21]k =<2 + j=2 (2)

where it is as shown in (3)–(6) at the bottom of the following
page. For frequencies higher than 6 GHz<1 and<2 are frequency
independent and=1 and=2 are linear as a function of frequency.
Thus, one can easily deduce<1 � R1, =1 � L1!, <2 � R2, and
=2 � L2!.

Once one obtains these four access elements, one subtracts them
from the extrinsic matrix[Z]k in order to calculate the[Y ]j admit-
tance matrix, and as a consequence, the feedback capacitanceCF
as

[Z]j = [Z]K �
R1 + jL1! 0

0 R2 + jL2!
(7)

with Yj12 = �jCF!.
The last step of parameter’s extraction is to obtain the bias-

dependent elements of the intrinsic impedance matrix[Z]i. Thus,
one has

[Y ]i = [Y ]j �
�jCF! jCF!

jCF! �jCF!
: (8)

Then, one transforms the[Y ]i matrix into its impedance representa-
tion [Z]i and deduces the following successively:

• the intrinsic base resistance:

RB = Re [Z11 � Z12]i; (9)

• the intrinsic emitter–base resistance:

Z12i = R0 +
RE

R2

E
C2

E
!2 + 1

� j
R2

ECE!

R2

E
C2

E
!2 + 1

(10)

where! ! 0, one hasRe [Z12i] ! R0 + RE ;
• the intrinsic emitter–base capacitance:

where! ! 1, one has1=(Im [Z12i] � !) ! CE ;

TABLE I
EXTRACTED ELEMENTS OF THE SMALL SIGNAL EQUIVALENT CIRCUIT AT

DIFFERENTBIAS CONDITIONS, FOR AN EMITTER EFFECTIVE AREA OF 3�20 �m2

TABLE II
EXTRACTED ELEMENTS OF THE SMALL SIGNAL EQUIVALENT CIRCUIT AT

DIFFERENTBIAS CONDITIONS, FOR AN EMITTER EFFECTIVE AREA OF 3�12 �m2

• the intrinsic base–collector capacitance:

Z22i � Z21i =
RQ

R2

Q
C2

Q
!2 + 1

� j
R2

QCQ!

R2

Q
C2

Q
!2 + 1

(11)

where! ! 1, one has1=(Im [Z22 � Z21]i � !) = CQ;
• the intrinsic base–collector resistance:

where! ! 0, one hasRe [Z22 � Z21]i = RQ;
• the base transport coefficient:

� =�0e
�j!�

=�0(cos !� � j sin !�)

=
Z12i � Z21i

Z22i � Z21i

(12)

with

�0 =
Z12i � Z21i

Z22i � Z21i

and

� = �

1

!
a tan

Im [Z12i � Z21i]

Re [Z12i � Z21i]

�a tan
Im [Z22i � Z21i]

Re [Z22i � Z21i]
:

Finally, to calculateR0, which is bias independent, one plots
R0 + RE as a function of the inverse of the emitter current (I�1e ).
The elementR0 is then deduced from extrapolation at the origin

R0 +RE = R0 +
�KT

qIe
: (13)

� is the ideality factor of the emitter which is found about 1.1 for
these devices.

Tables I and II give the different extracted elements at different
bias points.
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Fig. 2. (a) Intrinsic impedance representation with the input and output
associated voltage noise sourcese1 and e2, respectively. (b) Intrinsic ad-
mittance representation by adding the feedback capacitanceCF with the
input and output associated current noise sourcesie and is, respectively.
(c) Transformation of the (b) configuration in its impedance representation.
(d) Influence of the parasitic access base and collector resistances with their
associated thermal voltage noise generatorsER1 andER2, respectively. (e)
Chain representation of the extrinsic device with its input associated current
and voltage noise sources.

III. N OISE CALCULATIONS

It is now possible to make a new equivalent circuit including the
different noise sources which have physical significance (Fig. 1). A
thermal noise source is attributed to the intrinsic base resistance and
to R0. Furthermore, the model contains two independent shot noise
sources which are both totally uncorrelated. The former is a noise
voltage generatoreR in series with the dynamic emitter resistance
RE , and the latter is a noise current generatoricp in parallel to the
collector junction.

The intrinsic part of the device can now be transformed in a
noiseless network with two noise voltage sourcese1 and e2 [see
Fig. 2(a)]. The following expressions are obtained:

e2
1
= e2R + e2R + jZE j

2
e2R

R2

E

(14)

e2
2
= e2R + jZE j

2
i2R + jZQj

2
i2cp (15)

e1e�2 = e2R + jZE j
2
i2R (16)

e2e�1 = e1e�2 (17)

with e2R = 4KTR0�f , e2R = 4KTRB�f , e2R = 2KTRE�f ,
and i2cp = [2KT (�0 � j�j2)=RE ]�f [6], ZE and ZQ are the
impedance of the emitter–base and base–collector junctions, respec-
tively.

Then, the network is transformed in its admittance representation
to which the feedback capacitanceCF is added [see Fig. 2(b)]. Both
current generators and the resultant admittance matrix are expressed
as follows:

i2e = e2
1
jY11j

2
+ 2Re [Y11Y

�

12e1e
�

2
] + jY12j

2
e2
2

(18)

i2s = e2
1
jY21j

2
+ 2Re [Y21Y

�

22e1e
�

2
] + jY22j

2
e2
2

(19)

iei�s =Y
�

21Y11e
2

1
+ Y

�

22Y11e1e
�

2
+ Y12Y

�

21e2e
�

1
+ Y

�

22Y12e
2

2
(20)

isi�e =Y
�

11Y21e
2

1
+ Y

�

11Y22e2e
�

1
+ Y21Y

�

12e1e
�

2
+ Y

�

12Y22e
2

2
:

(21)

The above-consideredYij-parameters belong to the[Y ]i matrix

Y11 Y12
Y21 Y22 i

+
YF �YF
�YF YF

= [Y ]j : (22)

The [Y ]j matrix is transformed into the[Z]j impedance represen-
tation with its two series noise voltage generatorsee and es [see
Fig. 2(c)], in order to add the parasitic series access elements with

e2e = i2ejZ11j
2
+ 2Re [Z11Z

�

12iei�s ] + jZ12j
2
i2s (23)

e2s = i2ejZ21j
2
+ 2Re [Z21Z

�

22iei�s ] + jZ22j
2
i2s (24)

eee�s =Z
�

21Z11i2e + Z
�

22Z11iei�s

+ Z12Z
�

21isi�e + Z
�

22Z12i2s (25)

ese�e =Z
�

11Z21i2e + Z
�

11Z22isi�e

+ Z21Z
�

12iei�s + Z
�

12Z22i2s: (26)

The above-consideredZij parameters belong to the[Z]j matrix.
The final step of the noise calculations is to obtain the noise of the

total extrinsic transistor. Therefore, the[Z]j matrix is transformed
into the impedance matrix[Z]k and one deduces the two terminal
series noise voltage generatorsE1 andE2 by adding the noise voltage
sourceseR and eR associated withR1 andR2, respectively [see
Fig. 2(d)],

Z11 Z12

Z21 Z22 j

+
R1 + jL1! 0

0 R2 + jL2!
= [Z]k (27)

where

E2

1
= e2e + e2R (28)

E2

2
= e2s + e2R (29)

E1E�

2
= eee�s (30)

E2E�

1
= ese�e (31)

with e2R = 4KTR1�f and e2R = 4KTR2�f .
Nevertheless, in order to obtain the noise parameters directly, it is

necessary to display the extrinsic network in its chain representation
[see Fig. 2(e)].[Z]k is transformed into the chain matrix[A]k and
one obtains the final expressions

E2 =E2

1
� 2Re [A11E�

1
E2] + jA11j

2
E2

2
(32)

I2 = jA21j
2
E2

2
(33)

EI� =�A�

21E1E�

2
+ A11A

�

21E
2

2
(34)

IE� =�A21E2E�

1
+ A21A

�

11E
2

2
: (35)

<1 =R1 +
RB(1�RBCFRQCQ!

2)+RBRQCQ(RQCQ+RQCF +RBCF )!
2

(1�RBCFRQCQ!2)2+ (RQCQ +RQCF +RBCF )2!2
(3)

=1 =L1! +
RBRQCQ!(1�RBCFRQCQ!

2)�RB(RQCQ +RQCF +RBCF )!

(1�RBCFRQCQ!2)2+ (RQCQ +RQCF +RBCF )2!2
(4)

<2 =R2 +
RQ(1�RBCFRQCQ!

2)

(1�RBCFRQCQ!2)2+ (RQCQ +RQCF +RBCF )2!2
(5)

=2 =L2! +
�RQ(RQCQ+RQCF +RBCF )!

(1�RBCFRQCQ!2)2+ (RQCQ +RQCF +RBCF )2!2
(6)
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Fig. 3. Comparisons between calculated and measured minimum noise figure
Fmin versus collector currentIc at frequencyf = 10 GHz, for two different
geometriesAe = 3� 12 �m2 (J1) andAe = 3� 20 �m2 (J2).

The four noise parameters are derived from

CA =

1

2�f

E2 EI�

E�I I2

=2KT
Rn

NF � 1

2
�RnY

�

opt

NF � 1

2
�RnYopt RnjYoptj

2

(36)

with

NF =1 +
1

2KT�f
Re [EI�]

+ E2I2 � [Im (EI�)2]

Rn =
E2

4KT�f

Gopt =
I2

E2
�

Im (EI�)

E2

2

and

Bopt =
Im (EI�)

E2
:

Rn is the equivalent noise resistance of the device,Gopt andBopt

[7] are the real and imaginary parts of the optimum input admittance
to obtain the minimum noise figure.

IV. RF NOISE PERFORMANCES

The noise figure measurements were performed using an HP8970B
noise figure meter. The test set included a coaxial single slug input
tuner for measuring the minimum noise figure (Fmin).

Fig. 3 compares noise calculations and measurements ofFmin as
a function of the collector current atVce = 1:5 V and f = 10

GHz. One notices that the method previously developed allows the
minimum ofFmin to be located with good precision. One obtains an
Fmin of about 2.5 dB atIc = 2:8 mA (J2) and Ic = 4 mA (J1).
The decrease ofFmin in the collector current range from 0 to 3 mA
is due to the slight decrease ofRB as the collector current increases.
This implies that its associated thermal noise also diminishes. On the
other hand, the positive slope ofFmin (Ic = 3 to 10 mA) is related
to the increasing contribution of the shot noise. In fact, the dynamic

Fig. 4. Comparisons between calculated and measured minimum noise figure
Fmin versus frequency at a collector currentIc = 10 mA, for two different
geometriesAe = 3� 12 �m2 (J1) andAe = 3� 20 �m2 (J2).

Fig. 5. Comparisons between calculated and measured equivalent noise
resistanceRn versus frequency at a collector currentIc = 10 mA, for two
different geometriesAe = 3� 12 �m2 (J1) andAe = 3� 20 �m2 (J2).

emitter–base resistance is inversely proportional to the emitter current
and, as a consequence, it affects the termi2

R
.

Fig. 4 showsFmin as a function of frequency at a nominal bias
fixed by the constructor (Ic = 10 mA). The noise figure approaches a
linear law. The agreement is 0.3 dB over the whole frequency range.
This can be attributed to the fact thatFmin is very sensitive to the
emitter and base resistances, thus it depends on the accuracy of the
parameters extraction.

Fig. 5 presents the equivalent noise resistanceRn. A good agree-
ment is observed between measurements and the modelization, even
if Rn seems to be the most difficult parameter to obtain because of
the uncertainty ofS-parameter measurements.

Figs. 6 and 7 display the optimum input impedance magnitude
and phase, respectively, which are both linear as a function of
frequency.
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Fig. 6. Comparisons between calculated and measured optimum input
impedance magnitude versus frequency at a collector currentIc = 10 mA, for
two different geometriesAe = 3�12 �m2 (J1) andAe = 3�20 �m2 (J2).

Fig. 7. Comparisons between calculated and measured optimum input
impedance phase versus frequency at a collector currentIc = 10 mA, for two
different geometriesAe = 3� 12 �m2 (J1) andAe = 3� 20 �m2 (J2).

V. CONCLUSION

By means of a simple application of the circuit theory of linear
noisy networks it has been demonstrated that this method can
be applied to relatively complex circuits.Furthermore, it has been
shown that the noise parameters can be easily calculated and are
in good agreement with noise measurements. This method presents
the advantage that all parasitic effects of the model are taken
into account. In order to summarize the results, the origin of the
noise in HBT’s structures seems to be related to the intrinsic base
resistance at low collector currents and to the shot noise linked
with the dynamic emitter–base resistance as the current increases.
Microelectronic engineers could take easy advantage of this method
because it permits the prediction with good precision of the noise
of complex structures only by means ofS-parameter measurements,

avoiding the noise measurements which are quite difficult to per-
form.
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