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HBT's High Frequency Noise Modeling and Analysis
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Abstract: A T -equivalent high frequency heterojunction bipolar transistor ( HBT) noise model is reported. T his

model is derived from Hawkins noise model commonly used in Si-BJT. The main modifications include the influence

of the ideality factor, emitter resistance, intrinsic base—collector capacitance, extrinsic base-collector capacitance and

other parasitic elements of HBT represented in equivalent circuit topology. In order to calculate accurate noise pa—

rameters from the equivalent circuit. the noise correlation matrix method is used to avoid any simplifications gener—

ated in circuit transformations and complex noise measurements. The analysis of the influence of the equivalent cir—

cuit elements on the minimum noise figure is reported, the results of analysis agree well with the physics explana—

tions. By means of the formulae derived from device physics of HBT ., the influence of device parameters on the mini—

mum noise {igure is also represented.
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1 Introduction

Due to maximum high oscillation frequency
(f war) » high cut off frequency (f 1), good linearity
and high gain, heterojunction bipolar transistor
(HBT) is emerging as a very useful device for
power amplifier at microwave wave band. Howev-
er, the high frequency noise performance of HBT
remains lower than that of high electron mobility
transistor ( HEMT ) because the correlation be-—
tween the main noise sources in HEMT severely
reduces the noise contribution of those noise

sources. But the noise level of HBT is acceptable in

some applications such as optical receiver front
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end. Once more, HEMT devices need more precise
photolithography than HBT devices for the same
noise performance because the current in HBT
flows through vertical direction, but in HEMT
flows through cross direction. The difficulty of
photolithography in HBT devices is transferred to
the material growth.

A high frequency noise model of HBT is pro-
posed based on Hawkins noise model in Section 2.
Section 2 is also dedicated to the derivation of the
four noise parameters from the proposed model. An
analysis of the influence of circuit elements and de-
vice parameters on the minimum noise figure as
well as the comparison between the proposed mod-

el and Hawkins model are reported in Section 3.

* Project supported hy National High Technology Research and Development Plan ( No. 973-G200006830403) , Program of The Chinese Acade-

my of Sciences, National Natural Science Foundation of China ( No. 60146001)

Wang Yanfeng male, was born in 1976. Now he works on the researches of compound semiconductor devices and circuils.

Received 13 March 2002, revised manuscript received 28 May 2002

©2002 The Chinese Institute of Electronics



11 3] Wang Yanfeng et al. :

HBT s High Frequency Noise Modeling and Analysis 1141

2 Noise model and noise parameter
derivation

An equivalent circuit is generally needed to
calculate the four noise parameters. T he noise mod-
el proposed by Hawkins'" in such a way for bipolar
transistor has been successfully used in Si-BJT.
Hawkins’s noise model, Fig. 1'", is essentially a
low to-medium frequency model in that it neglects
all device capacitances except to the base-emitter
junction capacitance ( C:), and all parasitic resis—
tances except the base resistance (R.). The high
frequency noise model of HBT is different from
Hawkins model. However, we can derive the noise
model suitable for HBT devices by using the
Hawkins model with some modifications, which in-
clude the influence of the ideality factor, emitter re—
sistance, intrinsic base-collector junction capaci—
tance, extrinsic base-collector junction capacitance

and other parasitic elements of HBT.

. . 1
Haw kins noise model'"!

Fig. 1

In the circuit of Fig. 1, en represents the ther—
mal noise in the base resistance, e. and i« are the e—
quivalent emitter shot noise source and the collec—

tor partition noise source. T hus

eb = 4kTR,
iZ= 2kT (00— |of?)/re
Y ('
er = 2kTr.
ipee = 0
taking emitter dynamic resistance r. = kT/ql.

where T is the absolute temperature and o is com—

mon base current gain. & is a single pole function

where ® is common base current gain at DC and

f b is cut-off frequency of base transit time plus

base-collector depletion layer transit time. Al-
though physical noise sources of the emitter and
collector in reality are correlated in a bipolar tran-
sistor, Hawkins transformed these sources to a T -
equivalent circuit configuration that cancels the
circuit  noise

correlation of the equivalent

sources' .

[n order to derive the HBT’s noise model
based on Hawkins model, the characteristic differ—
ence of HBT from Si-BJT must be considered.
First, the ideality factor of HBT must be included
accurately for emitter dynamic resistance. Consid-
ering the ideality factor n. of HBT, the expression
of rcis changed to

re= nkT/ql. (2)
Thus from the expressions of noise sources we de-
rive

Y

e = iire = 2qlorl= 2nkTr.

E]‘= 2qo0l. — | of 2l = 2nkT CEN

re

(3)
Secondly, the effect of intrinsic base-collector ca-
pacitance Cic and emitter resistance Re on the noise
parameters must be included. Because of the small
size of emitter and its small base resistance, the
thermal noise of emitter resistance is not negligible
compared to that of base resistance. M eanwhile, in
HBT devices base layer is doped so heavily that the
base-collector capacitance becomes more important
than that of Si-BJT. Thirdly. in order to get more
accurate noise parameters of HBT devices, we must
include noise contribution provided by the parasitic
elements and the influence of parasitic elements on
overall device noise properties.

Concerning the above three modifications of
Hawkins noise model, we can propose high fre-
quency noise T -equivalent circuit (Fig. 2) of HBT,
where i collector partition noise source, in collec—
tor shot noise source, e.. emitter shot noise source,

ere thermal noise source of emitter resistance R, en
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thermal noise source of intrinsic base resistance rb,
er. thermal noise source of collector parasitic resis—
tance Rc, er, thermal noise source of base parasitic
resistance Rg, Ly base parasitic inductance, Lc col-
lector parasitic inductance, Che intrinsic base-emit—
ter capacitance, Cic intrinsic base-collector capaci—
tance, Cexie extrinsic base-collector capacitance and
re intrinsic base-collector resistance. Because we
only discuss the high frequency noise of HBT, the
low frequency noise of HBT that results from the
superimposition of both 1/f noise and generation—
recombination noise can be ignored in this model.
shot noise source in can be found to

The collector

be negligible since base-collector junction is re-

verse-biased.
. 31
i . NG
Mot [Cy—cuube] =
Ha Rs | |F K Gt
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Fig.2 Modified noise T -equivalent circuit of HBT

This circuit is divided into five networks: the
intrinsic network represented by Niwinsic, the net—
work represented by N cebe, in which only the ex-
trinsic base-collector capacitance is included, the
network represented by N, in which only the
emitter resistance is included, and the networks
represented by Nres and Nree consisting of the
parasitic elements Re-Ls and Rc-Lc, respectively.
| Zi] represents the impedance matrix of the intrin—
sic network. [ ¥j] represents the admittance matrix
of the network in which the extrinsic base-collector
capacitance network, the emitter resistance net-—
work and the intrinsic network are taken into ac—
count. [ Zx] represents the impedance matrix of the

overall network. Because those five networks can

be regarded as the interconnections of two-port lin-
ear network, we can use the noise correlation ma-

12] to

trix method proposed by Hillbrand and Russer
calculate four noise parameters according to the
noise equivalent circuit represented in Fig. 2. The
noisy two-ports are represented either by an admit-
tance representation with a noise free part and two
noise current sources, or by an impedance repre-
sentation with two noise voltage sources, or by a
chain representation with a noise current source
and a noise voltage source both at the input side.
T hese representations and the corresponding corre—
lation matrices are shown in Fig. 3. The noise free
circuit can be represented by the admittance,

impedance, and chain matrix.

[l 12 ll II
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Fig. 3 Three representations and correlation

matrices'”

If the two-port network considered consists of
only passive elements, the thermal noise from it re-
sults in a correlation matrix of either of the two
forms:

Cy=
CZ -

4kTRe[ Y]
4kTRe[ Z]

where k& is Boltzmann’s constant.

(4"

From the expressions of the chain correlation

matrix of active two-ports, we can derive

Ysor = {Can/Cii = (Im[Ci 2] /Ci11)®

+ j(Im[ Ca.12] /Ca.11) (5)1
Fuw= 1+ (Ci.n+ CiuYsor)/kT
R.= Ci.n

where R. is the equivalent noise resistance, Fuin is
the minimum noise figure and ¥sor is the corre-
sponding optimum source admittance.

These matrices can be transformed to any of

the three forms shown in Fig. 3 by
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c'=TCT® (6"
where C and C' denote the correlation matrix of the
original and resulting representation, respectively.
The transformation matrix T is given in Fig. 4 and

the dagger + ’ denotes the Hermitian conjugate.

T From impedance | From admittance | From chain
1 0 Yu Y [ -¥n 1
To impedance
0 1 Yai Yo L=Yu 0
Zn 2 1 0 |
To admittance
Zn En 01 0 -z
0 B 1 - A 1 0
To chain
1D 0o -c 0 1

Fig.4 Transformation matrix 7!

Interconnections between two two-ports in se—
ries, in parallel or in cascade result in a correlation
matrix given by

Cr= Cn+ Cn
Cr= Cn+ Cn
Ci= Ciu+ AiCAT

where the subscripts 1 and 2 refer to the two—ports

(7"

to be connected.

To apply the approach of noise correlation ma—
trix, we transform the intrinsic network Niwinsic of
noise model in Fig. 2 to an equivalent one consist—
ing of two noise voltage sources with a noiseless
network (see Fig. 3). These two noise sources can
be expressed in terms of the original noise sources
by a linear transformation:

ei= en+ ew/(1+ jwChre)’

2 22
Ere Leple

T 1+ jio Crere) * (1+ jwCir.)® (8)

eies = e1ex= e/(1+ jw Crere) ®

[T

[

We can get the intrinsic noise correlation matrix
represented by [ Cz] using the expression in Fig. 3.

Because the network N, of the emitter resis—
tance Re is connected to the intrinsic network in se—
ries, we can get the noise correlation matrix which
includes the network of N, and Niinic by means
of the formula (7) in impedance representation. In

a similar way, because the network N ceie of the ex—

trinsic base-collector capacitance Ceae is connected
to the intrinsic network in parallel, we can calcu-
late the noise correlation matrix [ Cv,] by means of
the formula (7) in admittance representation. T he
noise correlation matrix can be transformed to its
any representation through the expression (6).
Since the network of Ncabe and Nr, are passive,
their noise correlation matrices are easily known
taking account of the expression (4).

Because the networks of Nree and Nreuc are
connected with the network Ny, in cascade, respec-
tively, the overall noise correlation matrix [ Cax |
can be derived according to the formula (7) in cas-
cade representation. The correlation matrices of
networks Nree and Nrcue consisting of parasitic
base and collector elements are expressed by using
the formula (4). The noise correlation matrix [ Cv,]
is transformed to its chain representation [ Cx;] by
means of the expression (6).The overall noise cor-
relation matrix | Cax| is shown below:

Cix = Caxon + Arsen( T y—a( Cyceshe
+ Tz—-r( Cui + Cz—m;] T;—-r} T2
+ A jC_-l —11(;1,(;.4]'+ ]A RBLE (9}
The final step of the noise calculations is to obtain
the four noise parameters. Therefore we use the
expression (5) to calculate the four noise parame-
ters.

This method does not involve any simplifica—
tions. It takes all parasitic elements of the equiva-
lent noise circuit in Fig. 2 into account and avoids

the complex noise measurements.

3 Results and discussion

The HBT device data sheet used in this work
was provided by Philips Sem iconductors'™. The In—
trinsic circuit parameters are obtained from S-pa-
rameter transformation after deembedding the par-
asitic elements from S-parameters measurements
under cut off mode bias and normal bias condition.

Figure 5 compares noise measurements and
calculations of the minimum noise figure Fuin as a

function of the frequency under Vee= 2V, /c¢= ImA
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bias condition using the Hawkins model and the
modified model, respectively. We can conclude that
the calculations using the modified model show
better agreement with measurements than those of
Hawkins model. The agreement using the modified
model is about 0.4dB over the whole frequency
range. This can be attributed to the fact that the
calculations depend on the accuracy of the parame-
ters extraction. Figure 5 also presents the equiva—
lent noise resistance R. at the right axis. A good a-
greement is observed belween measurements and
calculations using the modified model since the e-
quivalent noise resistance is difficult to measure ac—
curately. Hawkins model has not the expression of

the equivalent noise resistance.
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a Measured fra .
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Fig. 5 Calculated and measured results

Furthermore, We can analyze the influence of
the equivalent circuit elements on the minimum
noise figure by using this modified noise model.
Figure 6 shows Fuin as a function of circuit ele-
ments rb, Ru, Ls, Rc, Le, re and re. Figure 7 displays
Fuwin as a function of capacitances Cie, Che, and Cexbe.

Our simulation shows that the minimum noise
figure Fuin is insensitive to the elements Rc, re, re,
Lc, and Cue, whereas the elements ru, Rs, Re, Lu,
Cie, and Ce4e have some influence on it. The more
sensitive parameters are the base resistances rv, Rn
and emitter resistance Re. Those results agree well
with the physics explanations and show that in-
cluding those elements in the equivalent noise cir—

cuil is necessary at high frequency range.
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Fig. 7 Fuin as a function of Cuie, Cre and Cee

According to the formulae given in Liu s
book'”, the device parameters can be connected
with the equivalent circuit elements in Fig. 2. Fig—
ure 8 displays Fuwin as a function of device parame-
ters Le, Nbv, Svey Sve, Wi, We, We, Xo, X ey X o, and X e
Variable means the range of those device parame-
ters. It can represent either of those device parame-
ters.

From Fig. 8, we can know that the parameters
Stey Xv, Le, Nbv, and We have some impact on the
minimum noise figure and other device parameters
do not affect it severely because of the cancellation
effect between each other. We can take some mea-

sures such as BE junction self-align process to re—
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duce the minimum noise figure according to the re-

sults shown in Fig. 8.
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Fig. 8 Fuw as a function of device parameters

4 Conclusion

In this paper, we proposed T -equivalent noise
circuit model based on Hawkins noise model for
heterojunction bipolar transistor in the high fre-
quency range, including the influence of the ideality
factor, emitter resistance, intrinsic base-collector

capacitance, extrinsic base-collector capacitance
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and other parasitic elements on the noise parame-
ters. This noise model satisfactorily describes the
noise behavior of HBT and shows better agreement
with measured results than Hawkins noise model.
T he influence of circuit elements and device param—
eters on the minimum noise figure has also been

addressed.
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