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On The Operation Configuration of SiGe HBTs
Based on Power Gain Analysis
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Abstract—The power gain difference, under different de-
vice stability conditions, between common–emitter (CE) and
common–base (CB) bipolar junction transistors (BJT) is analyzed
comprehensively. The analysis reveal that the CB configuration
offers higher maximum available power gain than the CE con-
figuration in the device’s high operation frequency range, while
the inverse relation holds in the very low frequency range. In the
intermediate frequency range, the base resistance value, mainly
affected by the base doping concentration, determines which con-
figuration offers higher maximum stable power gain (MSG). These
analyses have explicit implications on the operation configurations
of SiGe heterojunction bipolar transistors (HBTs). Employing
a typical doping profile of Si bipolar junction transistors with a
trapezoidal Ge profile in SiGe HBTs usually results in a larger
base resistance than the emitter resistance. For these devices, the
CE configuration exhibits higher MSG than the CB configuration.
Employing a higher base doping concentration than the emitter
with a box-type Ge profile considerably reduces the base resistance
and thus favors the CB configuration for power amplification in
this frequency range. The analysis are quantitatively verified
with simulation and measurement results from SiGe HBTs of
representative Ge and base doping profiles.

Index Terms—Common–base (CB), common–emitter (CE),
doping profile, maximum available power gain (MAG), maximum
stable power gain (MSG), power gain, SiGe heterojunction bipolar
transistors (HBTs), two-dimensional (2-D) simulation.

I. INTRODUCTION

S iGe-based power heterojunction bipolar transistors (HBTs)
have recently emerged as competitive alternatives to III–V

devices for RF and microwave power amplification [1]–[17].
While superior RF performance has been demonstrated, through
vertical and lateral scaling, on low power, high-speed SiGe
HBTs [18], [19], the heterostructure design of SiGe HBTs for
high power amplification, including region thickness, doping
profile and Ge profile, differs from that for low-power and
high-speed applications. Most SiGe HBTs integrated in SiGe
BiCMOS adopt the typical doping profile of silicon bipolar
junction transistors (BJT) (the high-to-low doping concentra-
tion declines from emitter to base and then to collector region)
with a trapezoidal Ge profile. For high power amplification,
these devices are customized to offer high breakdown voltage
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characteristics by lowering their collector doping concentra-
tions [16]. Despite the prevalence of this typical doping profile
and Ge profile, a number of SiGe power HBTs [1], [2], [9]–[11],
[13] employing a heavily doped base region (higher than the
emitter region, typical of III–V HBTs) have been demonstrated,
by taking the advantage of having a large valence band offset in
presence of a box-type Ge profile. No matter which type of Ge
profile and doping profile are employed for SiGe HBTs, power
gain values are of the most important concern for designers
when employing these devices for power amplification. A
higher power gain can reduce the required input RF power
level, reduce the number of power amplification stages of a
power amplifier module, improve power added efficiency (PAE

) and, thus, reduce the amount of heat
generation within the power devices. In order to obtain the
maximum power gain values, both common–emitter (CE) [2],
[4], [8], [12], [16] and common–base (CB) [1], [9]–[11], [13]
configurations have been attempted for power amplification
using SiGe HBTs. However, to date, a recognized fundamental
explanation on which configurations ought to be judiciously
employed for power amplification has not been available.

On the other hand, although a heavily doped base region is
prevailingly employed for III–V HBTs due to the pronounced
heterojunctions at the emitter–base junctions, it is shown that
different RF characteristics are still exhibited between the CE
and the CB configurations [20]–[22]. A preliminary study on
the difference of power gain characteristics between the two
configurations of AlGaAs–InGaAs HBTs was done by Tanaka
et al. [23]. In their study, the superior power gain characteris-
tics using the CB configuration for III–V HBTs in a certain fre-
quency range were recognized. However, a generalized power
gain relationship between the two configurations that can be ap-
plied to BJTs of any doping profile and to the entire frequency
range of interest was not given. For example, the derived rela-
tion of power gain between the two configurations on the III–V
HBTs cannot be applied to SiGe HBTs having a typical Si BJT
doping profile, nor to any bipolar transistors having a value of
much larger than that of . Moreover, the frequency points
where the power gain values of the two configurations converge,
which can guide the HBT design and the selection of operation
configurations, was not provided. It is thus necessary to pro-
vide an in-depth study on the general difference of power gain
characteristics between the CE and CB configurations in order
to clarify which configuration for SiGe HBTs (and other BJTs)
should be used for power amplification in different frequency
ranges. The study can also provide valuable design guidelines
for SiGe power HBTs in order to maximize their power gain
values.
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Fig. 1. (a) Small-signal hybrid-� model for CE SiGe HBTs. (b) Small-signal T model for CB SiGe HBTs.

In this paper, we first derive the power gain from the
small-signal equivalent circuits of the CE and the CB bipolar
transistors and discuss the different behaviors of in
particular frequency ranges under different device stability
conditions. We then analyze the implications of the frequency-
and configuration-dependent power gain characteristics of SiGe
HBTs having different doping and Ge profiles. Two–dimen-
sional (2-D) simulations and measurement results are used to
quantitatively verify our analysis.

II. SMALL-SIGNAL POWER GAIN IN CE AND CB
CONFIGURATIONS

Although the Mason’s unilateral power gain has been
generally extrapolated to find the maximum oscillation fre-
quency of bipolar transistors, it shows no differences
among different configurations (as seen in [22]) as it is defined.
Therefore, this figure of merit does not signify the actual power
amplification capability of BJTs or HBTs configured differently
(It is useful to calculate , as and converge to the
same [21], [22]). The absence of stability information
in also makes it a deficient figure of merit for circuit im-
plementations. Consequently, it is imperative to examine the
power gain, (maximum available gain/maximum stable
gain, MAG/MSG) of bipolar transistors and to compare their
differences between the CE and the CB configurations.

The small-signal hybrid- model equivalent circuit of SiGe
HBTs, for the CE configuration, and the small-signal -model
equivalent circuit, for the CB configuration, which are equiva-
lent to each other [24], are shown in Fig. 1. The parasitic emitter
resistance and collector resistance are included in
these two equivalent circuits for completeness of analysis. These
two resistances were usually ignored in the equivalent circuits of
Si BJTs [24] due to their negligible values in comparison to total
base resistance . They were also ignored in the simplified
equivalent circuits of SiGe HBTs that have low base doping con-
centrations (lower than the emitter doping concentration) for the
same reason. However, for SiGe HBTs that have a much higher
doping concentration in the base region than in the emitter re-
gion, can be reduced to a much smaller value and becomes
comparable to and . As a result, both and have to
be included in the equivalent circuits in this case.

The -parameters of the two-port network representing the
CE configuration small-signal equivalent circuit [Fig. 1(a)] are
derived as the following (subscript symbols: , input port; ,

output port; , reverse transmission; , forward transmission;
, common–emitter; and , common–base)

(1)

(2)

(3)

(4)

where is given by and
[24], . These four -parame-
ters, , , and are equivalent to , , and

in the general two-port network format, respectively. Simi-
larly, the -parameters for the CB configuration equivalent cir-
cuit can be derived as

(5)

(6)

(7)

(8)

where is given by and
[24].

In order to calculate the difference/ratio of power gain between
two configurations, we make reasonable approximations (justi-
fied by actual values) to simplify the derived -parameters and
the power gain expressions in different frequency ranges.

A. Intermediate-Frequency Range

Since most of the SiGe HBTs are operated in the interme-
diate frequency range within the of the devices (for RF
and microwave power amplification) and the devices are poten-
tially unstable in this frequency range [25], it is imperative to
specifically consider the maximum stable power gain (MSG) in
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this useful frequency range. MSG can be expressed in terms of
-parameters as shown in (9)

MSG (9)

From (2) and (3), the maximum stable gain MSG for the CE
configuration can be derived as the following:

MSG

(10)

Under the assumption MSG and in the
intermediate frequency range and using approximation ,

[24], (10) can be simplified as

MSG

(11)

For the CB configuration, since the value of is fairly large,
(6) can thus be simplified as

(12)

From (7) and (12), MSG for the CB configuration is

MSG (13)

Since and in the intermediate frequency
range, (13) can be further simplified as

MSG (14)

It is noted, from (11) and (14), that both MSG and MSG
follow a dB/dec degradation trend, which is commonly ob-
served for MSG versus frequency. The ratio of MSG’s between
the CB and CE configurations is (using
[24] again)

MSG
MSG

(15)

From (11) and (14), one can see that MSG is dependent on
and MSG is dependent on . For the CB configu-

ration, MSG increases as decreases. Similarly, for the CE
configuration, MSG is inversely proportional to . This
indicates that the parasitic resistance and should be re-
duced in order to improve MSG and MSG , respectively. One
can also notice that neither MSG nor MSG is dependent on
the parasitic collector resistance . Although increased can
increase the RC delay (via ) of SiGe HBTs, which in

turn reduces the device cut-off frequency , there is no signifi-
cant effect of on small-signal power gain within the frequency
range of concern.

Considering that the potentially unstable frequency range of
SiGe HBTs in the CE configuration may be different from the
CB configuration, (15) should be valid in the shared unstable
frequency range of the two configurations. Of more importance,
it can be seen from (15) that the ratio, MSG MSG is deter-
mined by the relative values of and . With a rela-
tively large value of and a small value of , the ratio
MSG MSG can be smaller than unity. This case holds for in-
dustry mainstream SiGe HBTs. In these SiGe HBTs [Fig. 2(a)],
the Ge mole fraction is graded across the base with a smaller (or
zero) mole fraction at the emitter side and a larger mole frac-
tion at the collector side in order to generate a quasi-electric
field for assisting the transition of minority carrier across the
neutral base region. Electron injection efficiency from emitter
to base is not (at least not substantially) benefited from such a
Ge profile. Nevertheless, the high electron injection efficiency
from emitter to base is realized with a doping profile typical of
Si BJTs, which has a high-to-low doping concentration from the
emitter to the base and then to the collector region [Fig. 2(a)].
Because of the limited, low doping concentration (lower than
the emitter region) in the base region, a relatively high base re-
sistance is thus resulted. On the other hand, the values of par-
asitic emitter resistance of these SiGe HBTs are always quite
small owing to the thin, yet heavily doped poly Si emitter. Al-
though the downscaling of emitter finger width of SiGe HBT
can reduce the base resistance (to increase ), it is impor-
tant to point out that the relative values of and cannot be
changed by such scaling.

For power amplification using SiGe HBTs, an alternative Ge
profile and thus an alternative doping profile can be employed.
A large mole fraction of Ge at the emitter side in the base re-
gion can be used to create a significant bandgap offset (mainly in
the valence band) between the emitter and the base region. The
bandgap offset-enhanced injection efficiency can be traded for
a very heavily doped base region [Fig. 2(b)]. Such a doping pro-
file has always been employed in III–V HBTs. The high doping
concentration in the base region can appreciably reduce base
resistance such that the can
be enhanced. Moreover, the base resistance can thus be re-
duced to a very small value and becomes comparable to the par-
asitic emitter resistance . In this case, the power gain ratio
MSG MSG can be readily larger than unity.

In order to obtain a complete relationship between the CE and
the CB configurations for any BJTs within the entire frequency
range of interest, we further examine the power gain expres-
sions of the two configurations in the high and the low frequency
ranges. At very low and very high frequencies, BJTs are gener-
ally stable [25]. The (stable) power gain [also called maximum
available power gain (MAG)] can be expressed as [25]

(16)

We now consider the MAG in these two frequency ranges.
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Fig. 2. Two representative doping profiles and Ge profiles of SiGe HBTs. (a) Doping profile typical of Si BJTs with graded Ge mole fraction (5–14%) in the
base region (peak base doping concentration, 3.5�10 cm ). (b) Doping profile of SiGe HBTs with (box-type) high Ge mole fraction (25%) present at the
emitter–base junction and high base doping concentration (2�10 cm ). Both structures have the same collector epi-layer structures.

B. Low-Frequency Range

In the low frequency range, The -parameters (1)–(4) in the
CE configuration can be simplified as the following:

(17)

(18)

(19)

(20)

and the power gain (subscript : low frequency) is expressed
as

(21)

Similarly, the -parameters (5)–(8) in the CB configuration can
be simplified as

(22)

(23)

(24)

(25)

and the power gain in this configuration, by assuming
and , is

(26)
The power gain ratio (use ) between the two configu-
rations, thus, is

(27)

One can see, from (27), that in the low frequency range, the CE
configuration always has a higher power gain than the CB con-
figuration, regardless of the value of . In addition, the higher
is the current gain in the CE configuration, the higher is the

power gain ratio (larger than unity) between the CE and the CB
configurations.

C. High-Frequency Range

In the high-frequency range, the devices are unconditionally
stable. MAG can be expressed as

MAG MSG (28)

where is the Rollett’s stability factor (the -factor) [26]

(29)

Due to the complication of the -factor in MAG, a simplified
expression of MAG for both CE and CB configurations is im-
possible to obtain. We thus take an alternative approach to com-
pare MAG and MAG .

After converting the -factor into the -parameter represen-
tation and substituting (1)–(4) and (5)–(8) with appropriate ap-
proximations, the -factor for the CE and the CB configura-
tions can be derived, respectively, as

(30)

(31)

These two analytical -factor expressions are equivalent to the
ones obtained by Tanaka et al. [23] when ignoring . It can be
easily shown [23] that , indicating that the -factor
of the CB configuration increases with frequency at a smaller
rate than the CE configuration. Consequently, the frequency
point at which the -factor of the CB configura-
tion reaches unity (breakpoint of MSG/MAG) is larger than
the corresponding frequency point of the CE configuration

, i.e., . It is also because of
that MAG and MAG (28) decrease with the fre-

quency at different rates. By comparing the slopes of MAG
and MAG versus frequency using MAG
and MAG , it can be shown that MAG
decreases faster with frequency than MAG .
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Fig. 3. Representative trends of G versus frequency for SiGe HBTs
operated in the CE and the CB configurations, when (a) the base doping
concentration is low, corresponding to Fig. 2(a) and (b) the base doping
concentration is high, corresponding to Fig. 2(b).

If MSG MSG (15) for the case of , in light
of the fact of , then it is always true that
MAG MAG . If MSG MSG (15) for the case of

, the value of , as seen from
(30) and (31). It can be roughly approximated as
[23] for simplicity) and that of MSG ,
(15)] need to be compared in order to compare the relative size
of MAG and MAG . A straightforward comparison of these
two ratios shows that regardless of rel-
ative size of and . When both MAG and frequency
are plotted in logarithmic scale, , in light
of the fact that MAG and MAG merge together (with gain
value of unity) at the same [23], indicates that MAG must
be larger than MAG in the frequency range of . As
a result, in the high-frequency range, the CB configuration al-
ways offers higher power gain MAG than the CE configura-
tion MAG in spite of the ratio of MSG MSG .

Combining these analyses, the typical relationship of power
gain , spanning the entire frequency range within ,
between the CE and the CB configurations for the two distinct
doping profiles is sketched in Fig. 3. A conceptual insight can be
used to further explain the different power gain characteristics in
the CE and CB configurations. For the CE configuration, in the
frequency range where both the current gain and voltage gain
of a BJT are higher than unity, the power gain originates from
the product of the current gain and the voltage gain. Otherwise,
the power gain is originated either only from the current gain in
the frequency range where , or only from the voltage
gain where . In contrast, for the CB configuration,
the power gain only originates from the voltage gain within the
entire frequency range. At high operation frequencies, the cur-
rent gain of the CE configuration degrades dramatically. There-
fore, the CB configuration exhibits higher power gain than the
CE configuration. At very low frequencies, because there is no
current gain for the CB configuration, the CE configuration al-
ways offers higher power gain than the CB configuration. The
higher is the current gain (or higher ) of the device, the wider
is the frequency range where the CE configuration is favored
for power amplification, leaving the frequency range where the
CB offers higher power gain smaller. Furthermore, it can be ex-
pected that if for a device, there will be no fre-
quencies at which the CB configuration can be (or practically)
used for power amplification. Conversely, if , the fre-
quency range where the CB configuration is superior over CE

configuration for power amplification will become larger. The
relation of power gains between the CE and CB configurations,
as depicted in Fig. 3, and the above descriptive synopsis can be
applied to any types of bipolar junction transistors.

III. OPERATION CONFIGURATION OF SiGe HBTs

Based on the analyses in Section II, the appropriate opera-
tion configuration of SiGe HBTs is discussed here. For SiGe
HBTs with low base doping concentrations [Fig. 2(a)], there is
a frequency point, , above which the power gain of CB con-
figuration is higher than that of the CE configuration, as shown
in Fig. 3(a). The frequency is the point where MAG and
MSG converge. In order to find the value of , we need to
first obtain an analytical expression of MAG . For this purpose,
we use (16) to find (subscript : high frequency).

The -parameters in the CE configuration (1)–(4), in the
high-frequency range, can be simplified as

(32)

(33)

(34)

(35)

After substituting (32)–(35) into (16), can be expressed as

(36)

Since, usually, , hence is very
small compared to other terms. We thus can further simplify
(36) as

(37)

The frequency can then be obtained by equating
(14) to (37). Since , we can use approximation,

(from (34)). We thus obtain as

(38)

where is the cutoff frequency of the CE configuration. Hence,
for SiGe HBTs with a doping profile typical of Si BJTs, the
CE configuration should be employed for power amplification
within the frequency range between very low frequency and

. In addition, if is considerably smaller than
(e.g., in the case of or ) there is still a wide fre-
quency range (between and ) in which the CB configu-
ration offers higher power gain than the CE configuration. Con-
sequently, the CB configuration may still be employed within
a small frequency range beyond depending on the actual
power gain values. However, if the value of is too close to that
of (e.g., in the case ), there will be no practically
useful frequency range for CB operation. Instead, only the CE
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Fig. 4. Simulated power gain (G and U ) characteristics versus frequency for SiGe HBTs (a) with trapezoidal Ge profile and Si BJT doping profile, [shown
in Fig. 2(a)] and, (b) with box-type Ge profile and high base doping concentration [shown in Fig. 2(b)]. The current gain characteristics versus frequency for these
two SiGe HBTs are also shown for reference.

Fig. 5. Measured power gain versus frequency for SiGe HBTs (a) with a low base doping concentration (� 10 cm ) and (b) with a high base doping
concentration (2.5�10 cm ). The inset shows the SIMS results of the doping profile and Ge profile of the devices.

configuration should be favored over the entire frequency range
of interest. Similarly, for SiGe HBTs with a heavily doped base
region, as shown in Fig. 2(b), the power gain of the CB con-
figuration is higher than that of the CE configuration beyond
the frequency point (Fig. 3(b)). Since is the point where
low-frequency meets MSG , the value of can be ob-
tained by equating (11) with (26) as

(39)

Due to the large value of , is always far below the max-
imum oscillation frequency . Thus, for SiGe HBTs with a
heavily doped base region when a high Ge mole fraction at the
emitter–base junction is present, the CB configuration provides
higher power gain than the CE configuration and thus should be
employed for power amplification over a wide frequency range
of interest (any frequency points beyond ). The best perfor-
mance SiGe power HBTs operating at high frequencies ( - to

-band) have been demonstrated by employing vertical struc-
tures with heavily doped based regions and using the CB con-
figuration [9]–[11], [13].

IV. ANALYSES VERIFICATION

In order to verify the power gain relationship between the
CE and CB configurations within the entire frequency range

of interest, 2-D simulations using MEDICI were performed on
the two structures (emitter width 1 m) shown in Fig. 2. The
power gain versus frequency of the SiGe HBTs shown
in Fig. 2(a) and (b) is plotted in Fig. 4(a) and (b), respectively.
These two curves clearly exhibit the power gain characteristics
of SiGe HBTs as afore discussed (Fig. 3). The unilateral power
gain and current gain are also shown for reference.
As one can expect, there is no difference on between the two
configurations and the same value is reached by and

for both configurations. This further proves that, while
can be used for calculating and for comparing RF per-

formance of devices under the same configuration, it does not
contain informative power gain values for circuit design. Since
the simulated device structures are free of interconnect para-
sitics, the simulation results should be considered as the typical
characteristics of intrinsic devices. Furthermore, the simulated
power gain values and the relationship between the CE and the
CB configurations quantitatively agree with the theoretical anal-
ysis.

We also measured S-parameters from a commercial power
SiGe HBT (emitter width 0.9 m) that has a lower doping con-
centration cm in the base than in the emitter re-
gion. The small-signal equivalent circuit parameters were then
extracted from, and well fitted to, the measured S-parameters.
The power gain was calculated for both the CE and the
CB configurations using the equivalent circuit parameters and
plotted versus frequency as shown in Fig. 5(a). One can see that
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MSG is higher than MSG between the lowest measured fre-
quency and . Good agreement between theory
(38) and measurement was achieved. Beyond ,
the power gain values are still useful for power amplification
using this device. As a result, the CB instead of the CE configu-
ration may be employed judiciously for power amplification in
this high-frequency range, while the CE configuration should be
used in the range of below .

For comparison, the CE and the CB power SiGe HBTs with
high base doping concentrations (2.5 cm , see the inset
for SIMS profile) were also measured and the was plotted
versus frequency in Fig. 5(b). As expected, MSG and MAG
are larger than MSG and MAG , respectively, in the frequency
range of from 0.15 GHz to 40 GHz . In addi-
tion, the power gain ratios quantitatively agree with predicted
values in both the stable and the unstable frequency regions.
Thus, the CB instead of the CE configuration should be used for
power amplification using this type of SiGe HBTs over a wide
frequency range (beyond MHz). Again, one can ob-
serve that, at very low frequencies (close to DC, not useful for
RF amplification though), the SiGe HBTs have higher power
gain in the CE than in the CB configuration regardless of the
high base doping concentration employed in the devices (27). It
should be pointed out that, although two representative Ge and
doping profiles [Fig. 2(a) and (b)] are used to illustrate the dif-
ferences of power gain characteristics between the CE and the
CB configurations, the selection of proper operation configura-
tion for SiGe HBTs is mainly determined by the actual device
parameters. For example, if the total base resistance of SiGe
HBTs shown in Fig. 2(a) can be reduced (e.g., by increasing
base doping concentration and employing a box-like trapezoidal
Ge profile), MSG can be made close to, equal [a situation in
between Fig. 3(a) and (b)] or even higher than MSG . In such
“transition” cases, even in the intermediate frequency range, the
proper operation (not necessarily the CE) configuration should
thus be explored in order to maximize the power gain values of
SiGe HBTs. Furthermore, for power amplification using SiGe
HBTs and considering the option of operation configurations,
the heterostructures can be optimized merely for a high .
This is different from high-speed SiGe HBTs for which simul-
taneous high and or just a high is required.

V. CONCLUSION

The difference of power gain characteristics of BJTs between
the CE and the CB configurations has been analytically ex-
plained and verified with 2-D MEDICI simulation as well as
measurement. The implication of the analyses on the operation
configurations of SiGe HBTs has been studied. Depending on
the device heterostructure, operation frequency, stability con-
dition, and the relation between and , the CE and the
CB configurations should be judiciously employed in order to
maximize the power gain values of SiGe HBTs when employing
them for RF and microwave power amplification. Specific oper-
ation frequency ranges have been given for guiding the selection
of operation configurations.
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