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Abstract—This work examines the tradeoff between noise figure and gain in
SiGe HBT RF technology. Based on the linear noisy two-port theory, analyti-
cal expressions of the minimum noise figure, the optimum source admittance,
and the associated gain are derived. For many current RF applications of SiGe
HBTs operating at frequencies comparable to or smaller than fT /

√

β, β must
be increased through SiGe profile optimization to further reduce noise. This
noise improvement, however, also results in a degradation of associated gain,
as experimentally observed. The implications of the noise-gain tradeoff on RF
integrated circuit design are discussed.

Keywords—SiGe HBT, RF noise, associated gain, bipolar technology, RF cir-
cuits.

I. INTRODUCTION

Mobile wireless communication links demand very sensitive re-
ceiver circuits. Low-noise amplifiers are typically used to am-
plify the incoming RF signal to overcome the noise of subsequent
stages, while introducing a minimum amount of noise [1]. Much
research has been devoted to the understanding of transistor noise,
and has led to effective guidelines for designing low-noise transis-
tors [2]-[7]. In the case of bipolar transistors, a higher DC gain (β),
a higher cut-off frequency (fT ), and a lower base resistance (rb) are
desired to reduce noise [2]-[7]. These requirements, however, of-
ten result in limiting constraints when translated into device design
using Si bipolar technology. For instance, decreasing rb necessar-
ily causes a drop in β for a Si BJT. Thanks to the additional design
freedom offered by bandgap engineering, SiGe HBTs can simulta-
neously achieve high β, high fT , and low rb, thus lessening these
constraints.

An important but rarely addressed question is how the device
optimization for low noise affects the power gain capability of the
transistor. Ultimately, the main function of a LNA is to amplify
the incoming RF signal while adding as little as possible noise.
A noiseless transistor is useless, however, without sufficient gain,
and vice versa. This work is aimed at answering the above funda-
mental question, and was largely motivated by the intriguing ex-
perimental observation that a Si BJT has higher (better) associated
gain despite its higher (worse) noise figure than three types of SiGe
HBTs designed explicitly for low noise (described below). Asso-
ciated gain is defined as the highest power gain achievable when
the transistor source is noise-matched for minimum noise figure,
and represents the power gain capability of a transistor when used
for low-noise amplifiers. The devices used in this work were fabri-
cated using IBM’s SiGe HBT RF technology, the details of which
can be found in [8].

This work was supported by IBM under an IBM Faculty Partnership Research
Award, the Alabama Microelectronics Science and Technology Center, and the
Semiconductor Research Corporation under SRC # 2000-HJ-769.

II. NOISE PARAMETERS AND ASSOCIATED GAIN

The RF noise performance of a transistor is characterized by
the minimum noise figure NFmin , the optimum source admittance
Ys,opt, and the noise resistanceRn. The significance of each param-
eter can be understood by examining the noise figure equation for
an arbitrary source admittance Ys [9]:

NF = NFmin +
Rn

Gs

∣

∣Ys − Ys,opt

∣

∣

2
(1)

where Gs is the real part of Ys. Noise figure reaches its minimum
when Ys = Ys,opt, while Rn determines the sensitivity of noise fig-
ure to deviations from Ys,opt.

The smallest possible NFmin is obviously desired. A small Rn

is also desired when the source is intentionally terminated at a
value different from Ys,opt in order to have a higher gain than at
Ys,opt. In general, the optimum Ys for minimum noise figure (noise
matching) differs from the optimum Ys for maximum power trans-
fer (gain matching). The “closeness” of noise matching and gain
matching conditions determines the associated gain Ga, defined as
the maximum available gain for a noise matching source termina-
tion (Ys = Ys,opt).

NFmin , Ys,opt = Gs,opt + jBs,opt, and Rn are functions of the
input noise current in, the input noise voltage vn, and their cross-
correlation vni∗n, all of which can be expressed using the physical
noise sources and the Y-parameters, as detailed below. Denoting
the spectral densities of in, vn, and inv∗n as Sin, Svn, and Sinv∗n , one
obtains the following equations for Rn, Gs,opt, Bs,opt and NFmin

from the linear noisy two-port theory [9]:

Rn =
Svn

4kT
(2)

Gs,opt =

√

Sin

Svn
−
[

=(Sinvn∗ )
Svn

]2

(3)

Bs,opt = −
=(Sinvn∗ )

Svn
(4)

NFmin = 1 + 2Rn

(

Gs,opt +
<(Sinvn∗ )

Svn

)

(5)

where < and = stand for the real and imaginary parts, respectively.
The associated gain is obtained from the tranducer gainGt under

source noise matching YS = Ys,opt and load conjugate matching
YL = Y ∗

out. Gt is given by [10]:

Gt =
4GLGS |Y21|2

|Y11 + YS |2|Yout + YL|2
(6)
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Substituting YL = Y ∗
out, and YS = Ys,opt into Eq. (6) leads to:

Ga =

∣

∣

∣

∣

Y21

Y11 + Y S
s,opt

∣

∣

∣

∣

2
Gs,opt

Gout
(7)

where

Gout = <(Yout) (8)

and

Yout = Y22 −
Y12Y21

Y11 + Ys,opt
(9)

To examine the impact of device parameters (e.g., β) on NFmin

and Ga, we need to express the spectral densities of the input noise
current and voltage, as well as the Y-parameters, in terms of these
device parameters.
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Fig. 1. Schematic of the noise sources in a transistor and its chain noisy two-port
representation.

A. Input Noise Current and Voltage

The primary RF noise sources in a bipolar transistor are the base
current shot noise 2qIB , the collector current shot noise 2qIC ,
and the base resistance-induced thermal noise 4kTrB , as shown
in Fig. 1. The spectral densities of the input noise current (Sin),
input noise voltage (Svn), and their cross-correlation (Sinvn∗ ) are
given by [11]:

Sin = 2q
IC
β

+
2qIC

∣

∣

∣

∣

Y21

Y11

∣

∣

∣

∣

2 (10)

Svn = 4kTrB +
2qIC
|Y21|2

(11)

Sinvn∗ =
2qICY11

|Y21|2
(12)
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Fig. 2. Equivalent circuit for Y-parameter derivation.

B. Y-parameters

The Y-parameters can be expressed in terms of device param-
eters by examining the small-signal equivalent circuit shown in
Fig. 2. At frequencies smaller than fT , the base resistance is not
important for the input impedance, and thus can be neglected for
simplicity, even though it is significant as a noise voltage genera-
tor. The I − V relation becomes:

(

i1
i2

)

=

(

gbe + jω(Cbe + Cbc) −jωCbc

gm − jωCbc jωCbc

)(

v1

v2

)

(13)

The Y-parameters are thus obtained as:

Y11 =
gm
β

+ jωCi (14)

Y12 = −jωCbc (15)

y21 ≈ gm (16)

y22 = jωCbc (17)

where gm = qkT/IC , Ci = Cbe + Cbc. Cbe consists of the EB
depletion capacitance Cte and the EB diffusion capacitance gmτ
(Cbe = Cte + gmτ), with τ being the transit time. Ci is related to
fT through fT = gm/2πCi.

C. Noise Parameters and Associated Gain

Sin, Svn, and Sinvn∗ can be expressed in terms of IC (or gm), β,
Ci, and rb by substituting Eqs. (14)-(17) into Eqs. (10)-(12):

Sin = 2qIC

[

1
β

+

(

ωCi

gm

)2
]

(18)

Svn = 4kT

(

rb +
1

2gm

)

(19)

Sinvn∗ = 2kT

(

1
β

+
jωCi

gm

)

(20)

where IC = gmkT/q was used. With Eqs. (18)–(20), we can
determine Rn, Gs,opt, Bs,opt, and NFmin from Eqs. (2)–(5):

Rn = rb +
1

2gm
(21)

Gs,opt =

√

gm
2Rn

1
β

+
(ωCi)2

2gmRn

(

1 −
1

2gmRn

)

(22)
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Bs,opt = −
ωCi

2gmRn
(23)

NFmin = 1 +
1
β

+
√
A

A =
2gmrb + 1

β
+

2(rb + 1
2gm

)(ωCi)2

gm

2gmrb
2gmrb + 1

(24)

Eq. (24) clearly indicates that a higher β, a lower Ci (hence a
higher fT ), and a lower rb are desired to reduce NFmin . In typical
circuit applications, gmrb ½ 1/2, and Eq. (24) can be further
simplified to:

NFmin = 1 +
1
β

+
√

2gmrb

√

1
β

+

(

f

fT

)2

(25)

The two terms inside the second square root become equal at
f = fT/

√

β, which defines a transition of NFmin from a white
noise behavior (independent of frequency) to a 10dB/decade in-
crease as the frequency increases. Current SiGe HBT RF technolo-
gies typically provide a peak fT from 50–70GHz and a β of around
100. The operating frequencies of many wireless application sys-
tems, such as 950MHz for GSM, and 2.4GHz for Bluetooth, are
well below fT/

√

β, making NFmin low because (f/fT )2 ¼ 1/β.
As a result, the 1/β term inside the square root dominates, and a
further increase of fT does not help much in reducing NFmin . At
a given technology generation, base doping and rb is fixed, and the
only practical way to further reduce noise is to increase β by SiGe
profile optimization, because of the dominance of the β related
terms. This is consistent with the results obtained from numerical
simulation in [11].

D. Associated Gain

Finally, we can express the associated gain in terms of β, Cbc, Ci,
gm, and rb by substitution of Eqs. (22) and (23) into Eqs. (7)–(9):

Ga =
1

ω2CbcCirb

√

gmrb + 1/2
2

g2
m

β
+

(ωCi)2

2
gmrb (26)

where Eq. (21) was used. The derivation of Eq. (26) is mathe-
matically complicated but conceptually straightforward. The Ga

values directly calculated from Eq. (26) agree with the Ga val-
ues numerically calculated using Eqs. (7)–(9) and Eqs. (22)–(23),
thus verifying the accuracy of the derivation. A number of very
important observations can be made from Eq. (26):
1. Ga increases with IC through the gm term, indicating that we
need a certain amount of IC to have sufficient associated gain.

2. Ga decreases with increasing β through the first term inside the
square root. This suggests that any reduction of noise figure due
to β increase must result in a reduction of associated gain. The
impact of β on Ga is important at lower frequencies, and becomes
less important at higher frequencies.

3. Ga decreases with increasing frequency. At relatively lower
frequencies, the first term inside the square root dominates,
making the frequency dependence of Ga close to 1/ω2 (or -
20dB/decade).

4. At higher frequencies, the second term inside the square root
dominates, making the frequency dependence close to 1/ω (or -
10dB/decade). An inspection of Eq. (26) shows that the two terms
inside the square root become equal at f = fT/

√

β.

5. For many current wireless applications of RF SiGe HBT tech-
nologies, such as GSM at 950MHz and Bluetooth at 2.4GHz, the
operating frequency is either close to or far less than fT/

√

β, as
discussed above. The impact of β on Ga is therefore expected to
be appreciable. Even at lower IC values where fT is far less than
the peak (e.g. fT=10GHz), these operating frequencies are com-
parable to fT/

√

β. Therefore, β still has an appreciable role in
determining Ga.

6. A smaller transit time is desired to increase Ga because of
smaller Ci, and is consistent with conventional device design ap-
proaches for noise reduction.

7. A smaller CB capacitance Cbc is desired to increase Ga.

III. EXPERIMENTAL RESULTS

Eq. (26) can be used to explain the experimental observation of
higher associated gain in Si BJTs than in SiGe HBTs. Four devices
considered include: a SiGe control HBT, two SiGe HBTs explicitly
optimized for low noise (LN1 and LN2), and a Si BJT [11]. All of
the devices were fabricated in the same wafer lot under identical
processing conditions, and have the same base doping level.

The SiGe profiles in LN1 and LN2 HBTs were optimized ex-
plicitly to reduce NFmin at 2GHz, which is a relatively “low” fre-
quency compared to fT/

√

β. An inspection of Eq. (25) shows
that the terms associated with β dominates NFmin at such low fre-
quencies. As a result, the only practical way to reduce NFmin is
to increase β by SiGe profile optimization (rb is fixed at a given
technology generation). To keep the total amount of Ge within the
stability constraint, the retrograding of Ge into the collector has
to be reduced, making the high injection fT roll-off worse. How-
ever, by careful simulation, the high injection fT roll-off in LN1
and LN2 was minimized such that NFmin was improved without
sacrificing the peak fT and fmax [11].

Compared to the control SiGe HBT, LN1 and LN2 have a higher
average Ge content and a higher Ge gradient in the neutral base,
but less Ge retrograding into the collector. Consequently, LN1 and
LN2 have much higher β than the control HBT, a slightly higher
fT , but a stronger (worse) fT roll-off at high injection. The higher
β and fT translate into a reduction of NFmin . The peak Ge mole
fraction is 10%, 14%, and 18% in the SiGe control, LN1 and LN2
HBTs, respectively. Fig. 3 shows the doping and Ge profiles for
the 18% peak Ge low-noise profile LN2 measured by SIMS.

The noise parameters (NFmin , Ys,opt and Rn) and associated
gain (Ga) were measured at 2GHz for a 0.5 × 20 × 2µm2 unit cell
using a NP-5B noise measurement system from ATN Microwave.
Fig. 4 shows the measured NFmin versus IC at 2GHz. The mea-
sured NFmin of LN1 and LN2 HBTs are 0.2dB lower than that of
the control SiGe HBT. The Si BJT has the highest NFmin because
of its lower β and higher τ, as expected. Fig. 5 shows the measured
associated gain as a function of IC . Interestingly, the Si BJT has
the highest associated gain at lower current densities where LNAs
are typically biased in this technology (e.g., IC = 2mA), despite
its higher (worse) minimum noise figure. This can be understood
using the associated gain expression given in Eq. (26).
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Fig. 3. Measured SIMS doping and Ge profiles for the fabricated SiGe low noise
profile LN2.
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Fig. 4. Measured (NFmin ) versus IC at 2GHz for the Si BJT, SiGe control, and
two low-noise SiGe HBTs.
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Fig. 5. Measured associate gain versus IC at 2GHz for the Si BJT, SiGe control,
and two low-noise SiGe HBTs.

Fig. 6 shows NFmin versus IC calculated using Eq. (24).
Device parameters β, τ, Cte, Cbc and rb were extracted from the
measured DC and S-parameters from 500MHz–40GHz, and were
shown in Table I. The parameter extraction method of [12] was
used. The measured β is IC dependent, and the dependence varies
with SiGe profile. The β at IC=2mA are shown in Table I. The
calculated NFmin values are higher than the measured NFmin val-

TABLE I

DEVICE PARAMETERS USED FOR NFmin AND Ga CALCULATION.

AE = 0.5 × 20 × 2µm2 .

Parameter Si SiGe SiGe SiGe
BJT control LN1 LN2

β (IC=2mA) 55 80 245 280
Cbc(pF ) 0.1 0.1 0.1 0.1
Cte(pF ) 0.27 0.29 0.26 0.28
rb (Ω) 7.0 7.0 7.0 7.0
τ (ps) 3.9 2.86 2.7 2.7

ues. The relative comparison between transistor profiles, however,
is well-predicted by Eq. (24). Fig. 7 shows Ga versus IC calcu-
lated using Eq. (26). The calculated Ga values are higher than
the measured Ga values. The calculated IC dependence, and rel-
ative comparison between devices, however, are close to the ex-
perimental results. One source of discrepancy may come from the
gm = qIC/kT assumption, while gm is less than qIC/kT in reality
for the bias considered.

The inherent reduction of Ga due to the β increase used to im-
prove NFmin is not necessarily a disadvantage, for the following
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reasons:
1. Despite the inevitable noise-gain tradeoff, there is still suffi-
cient gain (13dB for 1mA IC ) to overcome the noise of the fol-
lowing receiver stages, which is typically limited by the noise of
the downconverting mixer.

2. The mixers fabricated using the same low-noise SiGe HBTs
naturally have lower noise, as demonstrated by the measured cir-
cuit results [13], thus reducing the gain requirement on the low-
noise amplifiers.

3. A higher β also effectively reduces the 1/f noise, thus reducing
the residual phase noise of the LNA, which is of great importance
for direct conversion receivers [14], as well as the oscillator phase
noise [15] [16]. These additional advantages of using low-noise,
high-β SiGe HBTs need to be taken into account in designing RF
integrated circuits.

IV. CONCLUSION

We have examined the tradeoff between noise figure and associ-
ated gain in a SiGe HBT RF technology. The minimum noise fig-
ure NFmin and associated gain Ga were both expressed as a func-
tion of fundamental transistor parameters, including β, Cbe, Cbc,
gm, rb, and τ. A higher β decreases (improves) NFmin , but neces-
sarily decreases (degrades) Ga as well. A lower Cbc, a smaller τ,
and a lower rb are desired to improve either NFmin or Ga. The fre-
quency dependence of Ga was shown to be close to -20dB/decade
at lower frequencies, and close to -10dB/decade at higher frequen-
cies. For many current RF applications of SiGe HBT technology,
the operating frequency is comparable to or smaller than fT/

√

β,
making the increase of β through SiGe profile optimization the
only practical way to further reduce noise for a given technology
generation. This noise improvement, however, also results in an
inherent degradation of associated gain. The derived model was
used to explain the experimental observation that a Si BJT can
have a higher associated gain than a SiGe HBT, despite its worse
noise figure.
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