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An Overview of BiCMOS Analog IC Design
Introduction
As we approached this brief survey of how bipolar transistors can benefit analog CMOS designs,
certain questions seemed to leap out:
• As CMOS is scaled to having supplies of less than 1-Volt, what will happen to the efficacy
of the bipolars?
• What performance and cost advantages do bipolars provide? Is that likely to continue?
• What circuit design techniques are used to take special advantage of bipolar devices?
• How has BiCMOS process development fared in recent years? Is it likely to continue
being a major part of analog integrated circuit design?
• Why didn’t Baker [43] address BiCMOS? Why did Gray’s 4th edition [37] cover bipolar
and CMOS separately, except for several pages?
In the short time that we had to prepare this paper, we found only one comprehensive, general
survey of the BiCMOS landscape. [Late-breaking exception mentioned below.] Fortunately, editor
Alvarez’ BiCMOS Technology and Applications, 2nd Edition [36] is a treasure-trove of
information in some of the areas we were researching. The downside is that, since it was published
in 1993, BiCMOS has undergone major developments which greatly affected analog design.
Harame et al. [58] mentions that the SiGe heterojunction bipolar transistor (HBT) made the
transition from research to commercialization in 1995. In the communication technology arena,
the Joseph et al. paper [28] certainly is a useful and recent survey.
Since the relative merits of bipolar and CMOS transistors take center stage in the discussion of
BiCMOS technology, the recent Jagannathan et al. paper [29] comparing the two is especially
helpful. Many other important references completed our efforts to fill in the time gap since
Alvarez. Please note that for the rest of this paper, we will dispense with the unwieldy “et al.”
notation and refer to papers by the first author only.
Finally, while putting the finishing touches on this
paper, we stumbled across an awesome, 38-page
survey paper [69] from IBM on BiCMOS
technology, processes and applications. It has no
fewer than 22 contributing IBM researchers,
many of whose names we now recognize.
Breathtaking in depth, breadth and clarity, and
beautifully published in color, it offers valuable
additional insight on many of the topics we cover.

Athena process simulator shows the net dopant
profile for a SiGe HBT. Vertical micron scale is
4X magnified over the horizontal. (decorative)
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Strengths of Bipolar Junction Transistors (BJT’s)
The reason that we begin with this topic is that, in
browsing the literature, it quickly becomes apparent that
the state of the integrated circuit (IC) art is driven
mostly by the big kahuna of the CMOS digital market
(right) [42]. This results in BiCMOS processes used for
analog, which are derived from existing CMOS
processes. Naturally, the question arises: Why add BJTs?
Since this paper is targeted at analog design, we view
the BJT’s strengths mostly from that perspective.
Noise
Wideband Noise
We know from general experience that MOSFETs
can compete well with BJTs on noise at RF
frequencies. For many years, the use of MOSFET
front ends was de rigueur in high quality FM
tuners, though low-noise bipolar designs could
perform well also. Figure 1 shows noise figure
measurements [29] comparing the NMOS and HBT
devices selected by Jagannathan. As he noted, the
FET seems to do better at low power but can’t match
the BJT at higher current densities at 25GHz. But there
Fig. 1. Noise Figure (Fmin ) vs. current
is more to this story. The input impedance for the FET is
for nFET and HBT at 15, 25GHz.
mostly capacitive, making it hard to match, whereas the
BJT source can be closer to 50Ω. The FET noise input
resistance is 4-6 times that of the BJT. Thus, the FET can do well
but might require off-chip matching inductors. The BJT supports
a fully integrated system.
Flicker (1/f) Noise
For audio-frequency and below applications, the equivalent input
voltage of flicker noise of the MOSFET becomes important, and
is generally worse than the BJT. Comparing the TLC2201 CMOS
opamp to the venerable uA741 in Figure 2 [41], you can see that,
while they are comparable at high frequencies, the FET noise
voltage is about 3X worse at 10Hz. But even this deficit belies
the true magnitude of the problem. Since the TLC2201 is made in
TI’s LinCMOS™ process we imagine that it represents a much
better case than processes stemming from high-performance
digital applications. More importantly, TI had to use a
tremendous amount of area to achieve this modest capability. In
the chip layout shown in Figure 3 [44], the input pins 2 and 3
Fig. 2. Input noise voltage for
are at the bottom and the output pin 6 is in the upper right
TLC2201 (top) and uA741.
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corner. We surmise that the input FETs are in the large array on
the left, and the array on the right contains the output FETs.
Thus, input and output are aligned thermally. The input FETs
have long gate channels to minimize noise and are interdigitated
to minimize offset, while the output FETs have short channels to
maximize gm. We measure the area devoted to the input devices
as 34 by 43mils or 860 X 1090µm. Call it 1M µm2 ! A side-effect
of this is a reported 15pF of input capacitance [45], which is not
mentioned in [44]. By comparison, BJTs need not be large to
exhibit low noise behavior. The HBT used in Figure 1 was just
8 µm2, about 125,000X smaller. If you insist on using the uA741
from circa 1970 for comparing area, we measure about 8 x 5mils
[46] for the input pair or 26K µm2—still a factor of 38 smaller.
Fig. 3. Die layout of TLC2201. Since input noise voltage density (e ) scales with the root of the
n
gate area, reducing the FETs by that factor would increase en by more than 6-times. Combining
that factor with the original 3X deficit of Figure 2, we estimate the flicker en ratio at 18X for input
devices occupying 26K µm2. By the way, in case you think that the uA741 is too primitive a
choice for noise comparison, 1kHz values for the NE5532 are: 5nV/Hz1/2, 0.7pA/Hz1/2 and for the
OP-270: 3nV/Hz1/2, 0.6pA/Hz1/2. Current noise (in) is similar to the uA741. Having the highfrequency en comparable to the TLC2201 favors the uA741 for 1/f noise comparison.
To be fair, the MOSFET does have the slight advantage that at low frequencies, in is practically
zero. For high-impedance sources, the finite current noise of BJTs might be significant.
Applications such as photodiode preamps, phono preamps and electret microphone preamps come
to mind. To put this in perspective, we can calculate the source impedance at which the current
noise becomes equal to the voltage noise. For BJTs, the input noise current generator is the shot
noise of the base current [41]. The theoretical noise current is:
in Amps RMS, where q is electron charge and IB is the base current
in = 2qI B
So in increases with the root of the base current. For the uA741, in is about 0.7pA/Hz1/2 [41],
neglecting flicker noise. Taking en at 10nV/Hz1/2, the crossover source impedance (ZX) is about
14kΩ. The NE5532 is at 7kΩ and the OP-270 is at 5kΩ. However, very low en makes the effect
of in and ZX look bad. For the effect of in to exceed the en of the FET, source impedance would
have to be >15kΩ at 1kHz. The upshot is that, for high source impedances the MOSFET may
have an advantage. At low frequencies, the BJT excels.
Offset Voltage
Inherent Performance
The analysis given in [36, pp.308-309] by H.-S. Lee shows that the BJT offset is 5-10 times better
than the MOSFET. For the BJT:
VOS = (kT/q) (-∆R/R - ∆AE/AE - ∆QB/QB)
Where R is the load resistor, AE emitter area, and QB base Gummel number. For the MOSFET:
VOS = ∆VTH + [(VGS – VTH)/2] [-∆R/R - ∆(W/L)/(W/L)]
6

Lee assumes that the combined ∆-terms are comparable for BJT and MOSFET. He estimates the
multiplier term, (VGS – VTH)/2, at 500mV but to be fair, we update this per Baker [43, p.292] to
250mV. Since kT/q is about 25mV, the BJT is better by a factor of ten, so far. The MOSFET is
burdened by an additional ∆VTH term, not found in the BJT, so it gets worse. As Lee concludes,
MOSFET diffamps have typical offsets of 5-10mV, compared with 0.5-1mV for BJTs.
Floating Gate Offset Adjustment
The use of nonvolatile floating-gate programming techniques have long been known as a means of
trimming the offset voltage of CMOS amplifiers [66]. In that early paper, a typical offset voltage
(VOFF) of 10µV was reported, along with drift of 0.7mV over 0-50oC and 0.1mV over 10-years.
This level of performance certainly put the MOS transistor offset in the league of the native BJT.
A recent paper from Texas Instruments [67] also uses a floating gate for adjustment and tunneling
as an erase mechanism. However, it differs in that hot-electron injection is used for programming.
The authors claim faster programming and lower programming voltages for this method. This is
implemented in a standard 0.5µm digital CMOS process, with the floating gate structure shown in
Figure 4. The reported VOFF is ±25µV, with
drift of 40µV over 0-100oC and 0.5µV over
10-years at 55oC. The authors point out that
their technique has advantages over
alternative trimming methods, including the
fact that it can be done at the package level.
That eliminates the errors introduced by
packaging and contact potentials. Typical
programming time is 15s.
Fig. 4. PFET floating gate transistor from [67].
Floating gate node Vfg is surrounded by SiO2 .
Cin is used in programming by hot-electron
injection. Ctun is used to erase by tunneling.

We should note that, in a BiCMOS process,
the use of floating-gate trimming can be used
to trim BJT circuitry too. With the lower
initial offsets, this could result in even lower
offsets and lower noise.

Bandwidth
The advent of the HBT has given the MOSFET
real competition in terms of bandwidth (fT). As
cited by Jagannathan [29], fT values of 350GHz
for the HBT and 243GHz for the MOSFET were
reported in the 2003-2004 timeframe. Before
trying to compare these devices, we have to
decide what criteria to use. Two possibilities are:
• fT – Frequency for unity current gain.
• GA – Power gain measured at working bias
and frequency conditions, with input matched.
Jagannathan gives the fT results shown in Figure 5 (edited
here). At low power levels, the FET shows up to a 25%
7

Fig. 5. fT vs. power comparison of
nFET and SiGe HBT.

increase in fT. This advantage
decreases with power and the
HBT ultimately yields a 50%
increase in fT over its rival at high
power.
However, his graph of (power
gain) GA in Figure 6 (edited)
seems to tell a different story.
Here we are showing the figure in
its original scale on the right and a detail Fig. 6. 15GHz Gain (G ) versus current density for
A
on the left, showing the low-current
nFET and HBT. The X-axis is expanded on the left.
region. The original scale appears to
show that the FET can achieve the same maximum gain that the HBT can. In light of Fig. 5, how
can this be? The answer is that fT is based-on current gain which is measured without resonating
the FET input capacitance. That sinks most of the input current, reducing current gain. In
contrast, GA is measured with the FET input matched, so the input capacitance does not reduce
that gain.
In the detail of Figure 6, the FET achieves a given gain at a much lower current density than the
HBT. However, at this point, we must raise a question about whether the choice of FET and HBT
devices is really comparable. Unfortunately, we did not find in [29] a discussion of why he thinks
these devices are comparable, so let’s look at them. From the sizes shown in Figure 6, we surmise
that the FET element has a drawn gate length of 0.08µm and a width of 3µm. We take it that
48-elements are combined to make an effective width of 144µm. To estimate FET gate area we
have: AG = (0.08 × 3) × 48 = 11.5µm2. Since we don’t know the area of the source and drain
stripes, we cannot really estimate the overall area of the FET, however.

Fig. 7. Structure of the HBT.

To interpret the numbers given for the HBT, we turned
to Jagannathan’s earlier paper [38], which he referenced
as having reported the HBT devices. It indicates that
the (0.12 × 4) term is the emitter size. To estimate the
emitter area we have: AE = (0.12 × 4) × 16 = 7.7µm2.
Figure 7 shows the structure from [38]. Notice that the
base and collector regions are rather large compared to
the emitter “hat.” We can imagine that this area is a
bigger factor for the HBT than the source/drain stripes
are for the FET and account for the ratio, AG/AE = 1.5.

To interpret Figure 6, though, we are interested in the linear length of the emitter stripe. That
would be: LE = 4 × 16 = 64µm. This is just 44% of the FET length. If we stipulate that
Jagannathan’s choices of FET and HBT are comparable overall, then a graph based on linear
current density gives the FET 2.25-times the total current that the HBT gets. Adjusting for that
unbalance would go a long way towards equalizing the gain/power performance in Figure 6, but
would still leave the FET with a substantial advantage in low-power operation. Visually, we
estimate the current (power) savings as two-times or more at low currents.
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Finally, we note that [38] found that HBT fMAX peaked in the range of 1-2mA/µm which is about
three times the higher current densities in Figure 6. For a smaller HBT emitter of (0.12 × 0.5)µm,
this resulted in an fT of 180GHz for 0.8mA current. With ports matched and feedback capacitance
neutralized (Mason’s gain, U), gain was over 25dB at 15GHz. A similar value was reported in
[29] for the FET, but the FET is a far larger device.
Summarizing the Bandwidth Comparison
We have found the following points, based-on [29] and [38]:
• In the 90nm process, the HBT can exceed the FET fT by 1.5-times but this requires high
power density.
• At low and matched linear power density, the FET can exceed HBT fT by 1.25-times.
• Small 0.06µm2 emitter HBTs, can yield an fT of 180GHz for 0.8mA current.
• As a result, HBTs can beat FETs in wideband (switching) applications, when such power
is not an issue.
• FETs require a far larger area to deliver performance comparable to the smallest HBTs.
For example, gate area of the [29] FETs was 11.5µm2 versus the 0.06µm2 HBT emitter of
[38]. [Note that base and collector probably expand this HBT more than do the source and
drain of the FET.]
• In narrowband applications which allow external matching inductors, FETs can equal the
high frequency gain of HBTs at substantially reduced power (perhaps 2X or more).
• Due to lower input reactance, HBTs have less need for external input matching networks
than do FETs.
Transconductance (gm)
Benefits of gm
This parameter indicates the magnitude of the change in collector/drain current for a small change
in base/gate voltage. Shortly, we will show that the BJT offers more gm than does the MOSFET.
First, though, let’s review why high gm is important. Some of the benefits of high gm are:
• Voltage gain is proportional to gm: GV = gm × ro where ro is the stage’s output resistance.
• Switching circuit delay is inversely proportional to gm: Td = C/gm where C is the load
capacitance [36, p.62].
• Output resistance of an emitter/source follower buffer is inversely related to gm: rout = 1/gm.
• Input resistance of a common base/gate amplifier is inversely proportional to gm:
rin = 1/gm. Low rin reduces the influence of parasitic capacitance at that node.
• In pole-splitting compensation, the second pole is proportional to gm of the compensated
stage: ω2 ≅ gmCC/(CCC1 + C1C2 + CCC2) where CC is the feedback cap, C1 is the input cap
and C2 is the output cap [43, p.679].
• Output resistance of a cascode amplifier or current mirror is proportional to gm:
rout ≅ gmro2 where ro is the output resistance of the transistor [43, p.638].
BJT Versus FET gm
Remarkably, the gm of a bipolar transistor, is the same [37, p.27] for a device of any size, either
polarity (npn, pnp) and any material (Si, Ge, SiGe, GaAs):
gm = qIC/kT ≅

38IC at 300K

≅

38mA/V at 1mA
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[0.76mA/V at 20µA]

…So gm is directly proportional to current for BJTs.
For long-channel MOSFET processes (say 1µm and above), (nmos) gm is given [43] by:

W 
g m = 2 KP  I D
L

where KP = µn ⋅ C′ox , µn is mobility, C′ox is gate cap/area,
W, L are width and length of the device, ID is drain current.

…So gm is proportional to the root of current and device width for long channels.
For very short-channel MOSFET processes (say 50nm and below), gm can become limited by
velocity saturation effects [43, p.297] to a value of:
gm = νsat ⋅ C′ox ⋅ W

where νsat is carrier saturation velocity.

…So gm is proportional to device width for very short channels. Note, however, that νsat and thus
gm can increase with VGS or VDS somewhat, due to velocity overshoot [43, p.153].
Now let’s plug-in some typical values to get a handle on long-channel (1µm) MOSFET gm:
• Baker [43, p.292] gives KP=120µA/V2, W=10µm, L=2µm and ID=20µA for typical analog
design with a 1µm process. The scenario is that VDD=5V, VTHN=0.8V and VGS=1.05V.
• Since the FET is competing on gm, let’s modify this example to put it in its best light:
o Use ID=20µA for a low-current case but also use ID=1mA.
o Use minimum L=1µm, allowing matching and gDS to degrade.
o Considering that BJTs can be tiny (say 7.4µm2 emitter in a 1µm process), how
large is reasonable for the FET? Certainly 10X minimum feature size is a modest
gate width. Baker discusses 100X devices in some applications. At 250µm, we are
at 10% of a classic analog chip width of 100mils. We will go with that, giving
W/L=250. At 250µm2 gate area versus 7.4µm2 emitter area for the postulated BJT,
this is certainly fair to the FET.
So for the long-channel process (1µm), we have:

g m = 2(120 × 10 −6 )(250)(20 × 10 −6 ) = 1.1mA / V

at 20µA

g m = 2(120 × 10 −6 )(250)(1 × 10 −3 ) = 7.7 mA / V

at 1mA

At 20µA, the BJT has 0.7X the gm of the long-channel FET. At 1mA, it has 5X the gm. This
performance for the FET is only achieved by using a device more than 33X the size of the
postulated BJT (by gate/emitter area). Had they been the same size, the FET would have fared
about 6X worse.
Still, it is interesting to note that, at very low currents, it is possible for the long-channel MOSFET
to match the gm of the BJT, if a very large device is used.
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For the short-channel MOSFET transconductance, we used a simulation which embodies the
typical parameters given by Baker [43, p. 300] for 50nm NMOS:
• VTHN=280mV
• tox=14Å
• VDD=1V
In a typical analog design scenario, he uses:
• W=2.5µm
• L=100nm
• ID=10µA
• VGS=350mV
To be consistent with our long channel example above,
Fig. 8. Short channel NMOS gm, from
we made these adjustments:
SPICE simulation.
• Use minimum L=50nm.
• Make W=12.5µm, yielding the same W/L as above (250).
• That would scale his 10µA to 100µA but we will sweep from zero to 1mA.
• Bear in mind that in a 50nm process, the BJT emitter size would be smaller than 0.12µm
by 0.5µm, which is the size used in the [38] 90nm process. Charitably taking this to be our
×12.5)/(0.12×
×0.5) = 10.4.
comparable BJT, we get the gate/emitter area ratio as: (0.05×
We ran the SPICE simulation of Figure 8 using Baker’s NMOS short channel model [47], which is
reproduced in Appendix A. It is interesting that at 1mA, we have gm=10mA/V, about 1.3X the
long channel device of the same W/L. Though it’s hard to see on this scale, another run yielded
gm=0.475mA/V at 20µA, about 0.43X the long-channel case. Keep in mind the fact that shortchannel FETs are not expected to follow the classic long-channel calculations.
For comparison, let’s look at Baker’s gm figures for long and short channel. He gives:
• Long channel:
o W/L = 5
o ID = 20µA
o gm = 150µA/V
• Short channel:
o W/L = 25
o ID = 10µA
o gm = 150µA/V
If we naively scale the long channel gm to the short channel case, the “expected” gm = 237µA/V.
The reported gm = 150µA/V, which is about 0.63X “expected.” This is in the ballpark of the
distorted expectations, above. We conclude that the results in Figure 8 are not unreasonable, in
this light. We also note that, in spite of 14X thinner oxide, the short channel devices do not appear
much stronger, in terms of DC transconductance, in these conditions. Superior AC performance
comes from smaller area, reduced by the square of the scale factor.
Going back to our BJT-MOSFET comparison: At 20µA, the BJT has 1.6X the gm of the shortchannel FET. At 1mA, it has 3.8X the gm. This performance for the FET is only achieved at using
a device more than 10X the size of the postulated BJT (by gate/emitter area). Had they been the
same size, the FET could have fared about 3X worse (using the long-channel equation).
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Voltage Gain
DC voltage gain (AV) is, of course, important in feedback
amplifiers, since it helps determine the accuracy of the
output signal. A general expression for no-load AV= gm× ro,
where ro is the output resistance of the stage. Since gm is
considered separately above, that leaves us with ro as the
remaining factor in AV. Thus, we often find concern in the
literature about the ro of transistors and subcircuits.
Unfortunately, as CMOS processes are scaled, ro becomes
lower due to increased channel length modulation as the
Fig. 9. Stage gain versus gate length
channel length gets shorter in relation to the drain
in 90-nm CMOS. Measured at 10X
depletion width [43, pp.144, 298].
the threshold current.
Figure 9 [28, p.1544] shows that the issue is significant for 90nm CMOS. While DC gain
performance has classically been an issue for low-frequency amplifiers, when the stage gain
deteriorates into the ~20dB range, it can become a limiting factor for RF performance as well.
That is approaching the typical gain expected from an RF stage.
As explained by Jagannathan [29, p.117], one can alleviate this problem by employing a cascode
circuit. However, unless the typical ~1V power supply voltage is increased, this can reduce fT a
substantial amount. Increasing voltage to avoid this, results in an increase in power consumption.
Power is a key tradeoff factor with bandwidth, as discussed above.
In contrast with the effect of process development on FET gain, the advent of the HBT tended to
increase self-gain of the BJT. This is due to the increased base doping [14, slide 18], which
reduces base width modulation (BWM). For collector voltages well below breakdown, BWM is
the main factor in BJT output conductance [37, pp.13-14]. However, as noted in [48, p.18], with
the low breakdown voltage of modern BiCMOS HBTs, one has to be careful about nonlinear
output conductance at higher currents.
Below the breakdown region (and above the collector
saturation voltage), output conductance of BJTs is modeled
in terms of Early Voltage (VA) as shown in Figure 10 [49].
The output resistance of the transistor [37, p.30] is given
by:
ro =

VA
IC

To get a handle on ro, we scanned the literature to find
typical values of VA. The results of this quick survey are in
Table 1. It should be noted that VA has an inverse relationship
with temperature [50, p.28].
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Fig. 10. Approximate definition
of Early Voltage for a BJT.

Table 1. Early voltages and other parameters reported for BiCMOS HBTs.
Proce s s
IBM 5AM HP
IMEC 0.25 CMOS

VA

Emitte r Size

48V 0.5 x 1.0µm
>50

0.25 x 1.65

fT

Scale

BVCEO

Re f

50GHz 0.5µm

3.3V

[50]

95

0.25

3.55

[51]

"1st Generation"

65 0.42 x ?

47

0.42

3.3

[52]

"2nd Generation"

120 0.18 x ?

120

0.18

2.5

[52]

"3rd Generation"

>150 0.12 x ?

207

0.12

1.7

[52]

IBM 9T (4th Gen)

>150 0.12 x ?

285

0.12

1.7

[50]

57

0.5?

2.7

[52]

SiGe LN2

113 0.5 x 2.5

From these figures, there seems to be a trend towards higher VA values in later generation
processes. We take the value of VA=110V as a good conservative typical for a modern process.
Since gm = qIC/kT and AV = gm × ro, we can combine these with the equation above to get:
qI C V A qVA
VA
×
=
=
at 300K
kT I C
kT
26mV
So for our nominal value of VA , we have a stage gain of 4200 or 72dB, which is stellar! As noted
above, the MOSFET’s stage gain of about 10 requires circuit measures to make it usable.
GV =

Resistance to Electrostatic Discharge (ESD) Damage
As is well known, CMOS devices are subject to damage from static voltages, due to the fragility
of the gate oxide. Although protection circuits are used at input/output pads, the IC is still subject
to damage if careful precautions are not taken. For IC’s intended to act as high-speed interfaces to
external equipment, system designers must add protection networks. To some extent, these
networks may impair the signal path. This is particularly true in such wideband interfaces as
HDMI, which have tight requirements on capacitive parasitics between the chip and connector.
With gate oxide thicknesses expected to drop to 20Å and below, gate voltage must not exceed 2V
or so, or damage will occur [43, p.154]. Bipolar devices, on the other hand are relatively robust
with regard to static damage, since reverse breakdown of diode junctions is not necessarily
catastrophic. Rather, the junction conducts current and can dissipate the charge safely [53]. Of
course, there are limitations to this robustness. With extremely small device dimensions, a static
surge of sufficient magnitude can still deliver enough energy to damage a BJT. For devices
interfacing with the external world, though, designers can size horizontal dimensions to accept
greater stress, subject to performance constraints. As a result, the HBT should offer much better
reliability for external interfacing than does the MOSFET.
Summary of BJT Strengths
The following table shows that the BJT has much to offer in BiCMOS analog designs:
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Table 2. Summary of BJT Strengths
Parameter

BJT (HBT)

MOSFET (NMOS)
Comparable but may require external
inductor matching.

Wideband Noise

Excellent.

1/f Noise

Excellent regardless of size. Advantage Reduction requires large device. Still
decreases for Rsource >>14K.
18X worse at 26K µm2.

Offset voltage

At least 10X better. Typically 0.5-1mV. Typically 5-10mV. (See Note-3.)

Bandwidth

Excellent at small size (0.06µm2). 1.5X Requires larger device (11.5µm2).
better fT for digital but needs ~1mA.
With external matching, can equal RF
gain at half the power.
Less need for matching inductors.

Transconductance

Excellent at small size (0.06µm2).
38mA/V at 1mA. Proportional to IC.

Requires 10X larger device to match
HBT at ~10µA. Still has 4X less at
1mA.

Voltage gain

~4200.

~10. Cascode can help but reduces
fT and increases power.

ESD strength

Larger devices are relatively robust.

Very fragile.

Notes:
1.
Device areas are based-on emitter and gate dimensions. Total areas may be different.
2.
Comments are intended as trends and typical examples rather than absolute fact.
3.
Floating gate adjustment techniques can drastically reduce offset voltage.

All-CMOS Counterexample
In the last section, we made the case
which motivates the addition of HBT
devices to CMOS processes. As noted
though, there are often remedies which
allow all-CMOS designs to deliver
impressive performance in applications
in which HBTs are strong. To put this
in perspective, we offer this example.
106dB SNR Sigma-Delta ADC
This chip is shown in Figure 11.
Presented by Analog Devices in 2005
[25], it is remarkable due to its lownoise at audio frequencies and its
linearity. Implicit in the low-noise
sampling is the requirement for very low Fig. 11. Analog Devices 106dB sigma-delta converter.
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jitter. The engineers have used clever design techniques to compensate for the MOS noise and
gain issues which would otherwise limit performance in these areas. This is achieved with low
operating power and chip area. Key specifications include:
• SNR (A-wtd) 106dB
• THD+N
95dB
• Power
32mW/chan
• Area
1.82mm2
• Sample rates 8 to 48kHz
How They Did It
The design was implemented in a
0.35µm, 3.3V CMOS process. Some key features we
Fig. 12. Loop filter block diagram.
noticed in the design are:
• The SNR is A-weighted. While not a circuit design technique,
it is an important part of the design strategy. Since
A-weighting recognizes the value of concentrating on higher
frequency noise in audio applications, it preserves the
significance of the noise specification while alleviating the
major issue of 1/f-noise in MOS transistors.
• A combined continuous-time and discrete-time loop filter
Fig. 13. Input stage.
structure (Figure 12), with a patent-pending ISI-zeroing scheme
sums ∆Σ feedback directly at the input pins (Figure 13). This eliminates the need for an
input buffer and suppresses signal-dependent digital noise, both of which would limit
linearity. It also keeps opamp speed requirements and influence low.
• Full differential design with common mode servo feedback to the input pins also reduces
signal-dependent digital noise.
• The resistive summing-junction differential input offers two strengths:
o Since the differential input gets zeroed each cycle, the designers can use that
opportunity to zero the opamp offset and noise fluctuations (speculation). That
reduces opamp noise drastically in the audio range, since the clock is 1-6MHz.
o Full rail-to-rail differential input swing is supported. The resulting 2VRMS
differential swing maximizes SNR in the 3.3V process.
• A dynamic input range scaling technique involving feedforward noise shaping reduces the
size of the integrating capacitance.
• Low jitter (32ps) timing control loop cleans-up jitter on the system clock. Uses same lownoise voltage reference as the DAC in its low-noise relaxation oscillator.

Importance of the SiGe HBT
We began the research for this paper with Alvarez’ anthology on BiCMOS, published in 1993.
Although the SiGe heterojunction bipolar transistor (HBT) was a topic of research, it was not
featured there, since it went from lab to production in 1995. In our literature search to update the
book, we were struck by the dearth of information on plain silicon BiCMOS. In its place, the HBT
was pretty much the only thing to be found. Initially unfamiliar with the device, we feared that it
would require lots of study. In spite of the imposing name though, it generally requires only minor
changes at the circuit design level and is very compatible with standard CMOS processes at the
physical level. It mainly increases fT a factor of two or more, over its silicon cousin [37, p.153].
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With a non-self-aligned emitter, the number of masks can be kept similar to a conventional
BiCMOS process [12]. The recently reported process from Jazz offers 90GHz HBTs, 0.13µm
CMOS with a mask-count resembling RF CMOS [9].
Structure of the HBT
The device gets its name, “heterojunction,”
from the fact that it uses dissimilar materials on
either side of the semiconductor junction. For
commercial BiCMOS processes, a SiGe alloy is
deposited to form the base, perhaps 25% Ge
Fig. 14. SiGe HBT. [52, slide 12]
[50, p.8]. As shown in Figure 14, the collector is silicon
and the emitter is polysilicon. An important feature enhancing performance is graded base. That
technique varies the Ge content of the base from say, 3% at
the emitter to perhaps 25% at the collector. This results in an
electric field which accelerates carriers across the base,
reducing transit time and increasing fT [52, slide 20].
Although the HBT structure looks complex, the fabrication
steps are readily integrated into standard CMOS processes
[28, p.1539]. Figure 15 shows the integration of HBT
processing into the CMOS flow [28]. The “WL” type
process flow is a lower cost approach, targeted at consumer
applications. High performance “HP” processes use a selfaligned emitter-base. While the scope of this paper does not
include detailed coverage of BiCMOS processes, we have
included an illustration of the process flow in Appendix B.
IBM was the first company to commercialize HBT BiCMOS
[50] and is now on its fourth generation (120nm). They offer
the HBT in two versions: high performance (HP) and high
BVCEO (HB). Confusingly, both of
Table 3. Silicon BJT and SiGe HBT Performance
these devices are available in both
Parameter
Silicon BJT SiGe HBT WL and HP processes. In the HP
process, the HP HBT fT is
Beta
67
261
285GHz and BVCEO is 1.77V. The
HB HBT is >50GHz and 3.6V.
fT
38GHz
57GHz
Fig. 15. Integrating HBTs into
CMOS process flow.

BVCEO

3.5V

2.7V

Noise Figure (2GHz)

0.6dB

0.28dB

1/f Noise (Note-1)
Early Voltage
Low temp (Beta, fT, NF at 77K)

2x10-22 A2/Hz 1x10-23 A2/Hz
19V

113V

All degrade.

All improve.

Note-1. Here, 1/f is SIB at 100Hz. SIB is base current noise density in
A2/Hz. This is found to be the dominant 1/f noise source in BJTs [54].
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HBT Advantages Over
Conventional BJTs
Table 3 shows a comparison
between the conventional silicon
BJT and HBT performance [52,
slides 22-24]. The devices are not
state-of-the-art, they are a
reasonable basis for comparison.

Considering that the HBT uses much the same fabrication process as does the BJT, it is a “nobrainer” to use it in preference. The only parameter which doesn’t improve is BVCEO. Since the
supply voltage of the corresponding generation of CMOS is below this, it is not generally an issue.
As we saw above, some foundries find it easy to include higher voltage HBTs as well.
HBT Market Position
We have already shown in our first section
how the HBT’s strengths give it certain
technical advantages over the MOSFET.
Now we add applications and cost to the
picture to show its importance to the
market. Figure 16 illustrates the relationship
of transistor fT to market applications for
successive generations of process [adapted
from 28]. From this we see that the HBT has
continued to have advantages over the
Fig. 16. Effect of fT on market applications
MOSFET. Moreover, it is becoming a key enabler
over process generations.
for emerging products in the 60GHz range. The fT
advantage, perhaps a factor of two, proves decisive for ambitious, cutting-edge applications. This
also brings to mind the microprocessor wars and a comment in Alvarez [36, p.380]. Writing as far
back as 1993, he noted that Intel’s Pentium microprocessor was using BiCMOS to advantage.
(Not even HBT!) With Intel and AMD now playing leapfrog in terms of CPU speed, an advantage
in the 50% range seems important to the market.
Notice that the HBT fT improvement over the BJT,
roughly accounts for the improvement over the
MOSFET. Thus, the advent of the HBT saved the BJT
from being eclipsed, explaining the ubiquity of the
HBT in BiCMOS processes today.
Intel and BiCMOS (sidebar)

HBT Characteristics
The subject of BJT devices is something of a chestnut,
so we will only discuss highlights and HBT oddities here. See, for example [37], from which we
extract some of the following. Some typical HBT parameters were listed earlier in Table 1.
Low Frequency Parameters
First, as noted earlier, gm is the same for all BJTs and is proportional to current. Recall also that
dynamic emitter resistance is 1/gm and that it is the emitter follower’s output impedance:
gm = qIC/kT ≅

38IC at 300K

≅

38mA/V at 1mA

Also mentioned earlier is the output resistance:
ro = VA/IC
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[0.76mA/V at 20µA]

The base-emitter voltage, VBE is:

I
VBE = VT × ln C
 IS





where:

IS =

qADn ni2
QB

A = emitter area
ni2 = intrinsic carrier concentration
Dn = avg base diffusion constant
QB = base doping per emitter area

Notice that IS drops with an increase in base doping, increasing VBE, for a given IC. For a
conventional BJT we can calculate the current gain as:

βF =

1
D
W
W N
+ p B A
2τ b Dn Dn L p N D
2
B

ND = emitter doping
NA = base doping

WB = width of base
τb = base minority carrier lifetime
Dn = diffusion constant for electrons
Dp = diffusion constant for holes
Lp = diffusion length for holes in the emitter

For high frequency BJTs, it’s a given that the base (WB ) is thin. Thus, we get high current gain in
the conventional BJT by using a high emitter-to-base doping ratio (NA /ND). That tends to push for
low doping in the base, since the emitter gets maximum doping anyway. Lower base doping
makes the B-C depletion layer larger, reducing VA and BVCEO.
For the SiGe HBT, we change the base from pure silicon (Si) to an alloy of Si and germanium
(Ge). There is a difference in bandgap energy for Si and Ge, so the alloy base has a lower bandgap
than pure Si. The effect of this change in bandgap is to increase the flow of collector current, thus
increasing beta. The beta enhancement factor of SiGe can be approximated by [50]:
γ~ = density of states ratio of Si and SiGe < 1.
∆
E


~~
η~ = electron diffusivity ratio between SiGe and Si > 1.
β SiGe γ η ∆E gB  g 0 kT 
≈
e
∆EgB = change in bandgap across the base due to Ge grading
β Si
kT
∆Eg0 = change in bandgap from emitter to base
The key to the HBT enhancement is the effect of the change in bandgap due to Ge in the base.
Ahmed [50] estimates this as -7.5meV per 1% of Ge. At 300K, kT=26meV. For a Ge grading of
3% at the emitter to 23% at the collector, the most controllable part of the beta enhancement
expression becomes:

Rβ =

∆E gB
kT

e

 ∆E g 0


kT 


(7.5meV × 20 )  ( 7.5 meV ×3) 26 meV 
=
e
= 13 .7
26 meV

So, ignoring the secondary factors, the SiGe base greatly boosts the beta and hence fT as well. But
not all of this factor is used for gain enhancement. Having this extra degree of freedom lets us
trade some gain for higher base doping. That increases Early voltage and lets us make the base
thinner for a given BVCEO. The thinner base directly increases fT. Further, grading the Ge
concentration imposes an electric field which sweeps carriers across the base, reducing transit time
and further increasing fT.
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High Values of VBE
One factor that we noticed about some reported HBTs is that their high frequency performance
seems to peak at high values of current density and VBE. For example, the peak fT shown in
Figure 5 occurs for VBE=0.88V. In another case, measurements and simulations of HBTs featured
in a Silvaco brochure show fT peaking above 0.9V of VBE. As we noted above, increasing the base
doping leads to this. Since some CMOS operating voltages are down to the 1.2V range already,
this may push BiCMOS designs to require more than one supply voltage.
Low Values of VCE
Stemming from a very thin base, low HBT BVCEO dovetails
well with reduced supply voltage. As seen in Table 1, the trend
is to reduce breakdown voltage with each generation, with
1.7V being the current value. Collector and VBE characteristics
for IBM’s first-generation HBT are shown in Figure 17 [50].
This was a 3.3V process with a peak fT of 47GHz. Notice the
VBE’s running around 0.95V. The base currents run 7-13µA,
indicating β=100 at the center sweep.
What we find, then, is that the HBT can be treated just like a
conventional BJT for design purposes. It has the same gm as
other BJTs. We should keep in mind, the high fT, high VA,
somewhat high VBE and low BVCEO.

Fig. 17. Collector and VBE data
for IBM’s first gen HBT.

BJT Transition Frequency (fT)
We will use the equivalent circuit of Figure 18 to write an
approximate expression for fT of the BJT [37]. The base is driven with
an AC current source and the AC collector current, io , is measured.
The frequency at which the current gain asymptotically becomes
unity, is fT. In practice, this is measured at frequencies well below fT.
fT is dominated by the base charging capacitance, Cb, and the B-E junction capacitance,
Cje. Further, unless we are operating at low
collector current, Cb〉〉Cje.
Cb arises from the storage of carriers in the
base, due to the base transit time,τF. This can
be calculated by:
WB2
2 Dn
As you would expect, transit time increases with base-width. Beware, though, that actual values
Fig. 18. Simplified small-signal equivalent
circuit for calculating fT .

τF =
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for graded bases may vary from this estimate. Next, we can derive a value for Cb from:
Cb = τ F g m =

τ F IC

...In effect,τF is the time constant of Cb and re (which is 1/gm).
VT
We can calculate fT using this. First define ωT = 2π fT and τΤ = 1/ωT . We can write:

τ T ≅ re (Cb + C je )
where Cµ<< (Cb + Cje).
If we are not at low IC, we can further simplify this to:
τ T ≅ reCb
Now, substituting the expressions for Cb and re, as well as working back to fT, we have:
fT =

1
2πτ F

or, at low current:

fT =

1
2π (τ F + reC je )

Falloff of fT at High and Low Collector Current
At low values of IC , fT falls off because re becomes large, increasing the effect of Cje. You can see
this in Figure 5. At higher currents,τF dominates andτT approachesτF. In other words, peak fT is the
reciprocal of base transit time (with radian-Hz scaling). As IC continues to increase, fT eventually
peaks and starts to fall off, often very rapidly as is also seen in Figure 5. Two reasons for this are
the Kirk effect and reduction of β at high injection. The reduction of β can occur because at high
IC the carrier concentration injected into the base may exceed the doping concentration. The result
is that further increase of IC is diminished [56]. In this region, β is inversely proportional to IC [37,
p.25]. The Kirk effect occurs when the minority carrier concentration in the collector approaches
the doping level there. The base of the transistor then enlarges into the collector [37, p.26]. Since
the base is extremely thin and its thickness has a dramatic effect on τF (hence fT), one can easily
imagine that this accounts for the rapid rolloff seen in Figure 5. Finally, it should be noted that the
hybrid-π model, from which Figure 18 and these calculations are derived, is only valid for f << 3fT
[55, p.355].
The Strange Case of the HBT Emitter
Late in the preparation of this paper, we came upon something
of a mystery about the HBT. Investigating this strangely
hidden issue reminds us of a classic Bell Telephone educational
film shown to schoolchildren in the 60’s: The Strange Case of
the Cosmic Rays [60]. We call the emitter mystery strangely
hidden, because it emerged only after digging through over 60
references related to BiCMOS; yet it potentially has a
significant impact on device and circuit design.
Discovery of the Hidden Layer
Our story begins with your author casually browsing through the BiCMOS research papers. While
reading Markus’ 1995 “Low-Frequency Noise in Polysilicon Emitter Bipolar Transistors,” I was
intrigued by his conclusion that the 1/f noise is due to oxide between the polysilicon (poly) and
silicon portions of the “emitter.” I was surprised that there is oxide there. How does the current
get across it?
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Secret Tunnel
Digging in Teplik’s chapter in Alvarez [36, p.37] yielded a cryptic comment about a tradeoff
between beta and RE, depending on preclean oxidation and something about a recombination
velocity at the silicon/poly interface. “Tradeoff” implied that it was intentional and controlled.
Why hadn’t I heard more about this, especially if it affects beta? A search in Teplik’s references,
revealed de Graaff’s 1978 “SIS Tunnel Emitter” paper [61]. It mentions that poly emitter
transistors with a 20Å oxide separator have higher beta. Also mentioned is the fact that such beta
has a low positive or even negative coefficient of temperature. What does that mean for Lee and
Kim’s [57] BGR curvature compensation, using base current? (Discussed later.) De Graaff uses a
tunneling model to answer the question of how the current gets across the oxide layer. Current
through the 20Å layer may be promoted by band-bending at the layer. This is ascribed to a
combination of a pileup of dopant and positive charges in the layer.
Invisible Barrier, Missing Evidence
De Graff went on to conclude that the oxide has a voltage barrier up to ~100mV. (What does that
mean for the BGR and for VBE-related design equations?) It was unfortunate that IEEE Explore
didn’t show forward citations for this paper, so I went looking in Harame’s comprehensive tutorial
on SiGe HBT technology [58]. Strangely, there was no mention of this oxide layer, even though
the title purports to treat, “Materials, Physics, and Circuits.” Harame’s Part II article [59] does
cover 1/f noise, noting that the ~300Hz corner is typical for BJTs, but again doesn’t mention an
oxide sandwich in the emitter. The Vempati et al. 1996 paper [62] on LF noise in HBTs does
mention “interfacial oxide” and notes that they agree with Markus that it is the cause of 1/f.
Are We Chasing a Scary Ghost?
At this point, we began to wonder if the reason that the layer isn’t more prominent could be that it
doesn’t have much effect. The numbers in [61] were scary but his measurements dealt with
relatively thick oxide (~20-60Å). Researching the issue further produced [63] which assured us
(1) that the thickness of the layer can be well-controlled and (2) that the resulting emitter
resistances are low, at least in the size devices they were using. There was no mention of a barrier
voltage. He also led us to the Ning-Tang intercept method of RE measurement [65] which made it
clear that they were not expecting any deviation from typical BJT Gummel plot behavior for the
poly emitter devices. This was reinforced by [64], which reassured that:
• The oxide effects are accounted-for by a resistor model.
• The emitter resistance can be made minimal.
• Oxide thickness can be kept down in the 8-20Å range
• (Most important?) The oxide is often broken-up, leaving some direct poly/Si contact.
Mystery Solved
Finally, there was the realization that, even if the oxide layer can cause a small, fixed, voltage
offset, it would add to VBE and not distort the shape of the exponential current relationship. In
effect, it would factor the diode junction saturation current, IS. However, the fact is that the oxide
layer can be broken up, allowing direct poly-monocrystalline silicon contact. That should
effectively eliminate the offset. In conclusion, all of these papers treat the oxide-layered HBT as an
ordinary BJT (with some RE) and there is an explanation for how this is possible. Thus, there is no
reason think that the oxide layer invalidates treating the HBT as a normal BJT. This explains why
the oxide layer is not a more prominent issue in the literature.
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BiCMOS Circuit Design Examples
Since this paper is focused-on BiCMOS Analog IC Design, it’s about time that we get into some
circuit design. Classic bipolar analog design is well covered in the literature [37], so we will
emphasize techniques which exploit the integration of MOSFET and bipolar transistors. Also, our
generally limited scope only allows superficial browsing of these designs.
Opamp with Common Mode Feedback (CMFB)
The opamp shown in Figure 19 is used in the sample-and-hold of a 10-bit, 44MS/s ADC reported
from Texas A&M University [1]. This system provides two ADCs to capture I&Q baseband
channels for a multipurpose receiver. The applications are for 11Mb/s 802.11b and 1Mb/s

Fig. 19. Operational Amplifier with CMFB.
Bluetooth reception. Each baseband channel has a bandwidth of 5.5MHz. With 2X oversampling,
a 44MS/s ADC rate is needed. Each ADC is implemented by interleaving two, 22MS/s sub-ADCs,
yielding a subsample period of 45ns. Some key info about this design is shown in Table 4. The
opamp design uses MOSFETs in the first stage for high input impedance needed in switched-cap
circuits. The use of an HBT in the second
Table 4. Data about the opamp and ADC system.
stage (Q2) gives high gm and low input
Opamp open loop gain (Av)
77dB* (*simulated) capacitance. This pushes the second pole
Opamp gain- bandwidth (GBW) 165MHz*
higher while keeping current low. Also,
o
input stage gm is multiplied by β to develop
Opamp phase margin
67 *
voltage gain across the output resistance of
Supply voltage
2.5V
M3 (ro3). The high VA of HBTs should keep
Differential signal level
2Vpp
the output conductance of Q2 insignificant
and the high β of the HBT contributes
Process
0.25um
directly to voltage gain. The approximate
ADC max sample rate
44MS/s (23ns/S)
no-load gain is:
ADC resolution
~10- bits (8- 11)
ADM = g m1 β ro 3
ADC power
20mW at 44MS/s
ADC area
2.1mm2
...where g is of M1.
m1
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Differential Mode Dynamics
Positive slew rate is limited by M3 drain current charging the relatively high load capacitance of
the following MDAC. Negative slew rate can take advantage of the high sinking capability of Q2
to drive the load. Thus, it will be limited by the drain current of M2 charging CC. M3 bias current
will be set by the slew rate requirement. This fixes the bias current of Q2. Since HBTs need high
current density to maximize fT, Q2 would be sized accordingly. We can write the differential gainbandwidth as:
GBWDM =

2π g m1
CC

Common Mode Dynamics
The authors state that the bandwidth of the CMFB system should be comparable to the differential
mode to insure stability and performance. A bipolar diffamp provides the gm needed for this while
MOS source followers relieve loading effects. Let’s trace the CMFB path to develop the common
mode GBW expression: Starting at the gate of M5B, assume that the load impedance of the base
of Q3 is much higher than 1/gm5, making the gain of M5B, unity. The collector current of Q3 is
generated by gmQ3/2, since the diffamp is driven single-ended. Assuming that M7 and M2 are equal
width, that current is mirrored into the M1 diffamp where it divides by two and charges CC,
equally on both sides. That voltage arrives at the gate of M5B unattenuated by RL, since there is
no significant load. Thus, we have the common mode bandwidth as:
GBWCM =

π g mQ 3
2CC

=

π I CQ 3
2CCVT

ICQ3 is chosen to make this comparable to GBWDM.
Common Mode Summing
We are interested in the resistive divider used to sum the differential outputs. One would expect
that, unbuffered, it would reduce differential mode gain unacceptably or require very high
(physically large) resistor values. Baker [43, p.891] uses buffered outputs to drive 20K summing
resistors. The authors of our opamp do state that it needs >75dB of gain, operating in the S&H of
the system. Although they use switched-capacitor CMFB in the MDACs, it must be continuoustime in the S&H. Without the device and current details of the opamp circuit design, we can only
guess at the solution hidden behind the apparently simplified summing resistor network. Suppose
CC=1pF. From the 165MHz GBW, we calculate gm1=26µA/V. Using the ADM expression and
taking β=200, we plug-in the 75dB needed gain and solve for the total one-sided output load
resistance, obtaining rout=1.1MΩ.
Resistors that high would be hard to implement in a typical 0.25µm BiCMOS process. The
authors didn’t elaborate on how they did this. However, a brief search of the literature revealed
that researchers at Texas A&M have published a number of papers related to CMFB, including
[70], which shows a circuit which could be used in place of the summing resistors (with
modifications). Both Baker [43, pp. 881-895] and Gray [37, pp.828-832] discuss various
approaches to the CMFB “detector,” as the summing problem has been called.
For any high-resistance summing solution, it is necessary to bypass the resistors with capacitors to
maintain the high-frequency response. The capacitors should be sufficiently sized so that the input
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capacitance of M5B doesn’t unduly degrade the loop bandwidth. Some loss could be allowed,
though, to keep the capacitors comparable to the M5B input capacitance.
Bandgap Reference
While the bandgap reference (BGR) can be
readily implemented in pure CMOS, we noticed
that the BiCMOS design shown in Figure 20 [57]
offers exceptionally low noise. Performance
results for the circuit are in Table 5. While this 1994
design was targeted at a 5V supply, we should be able
to preserve the low noise in lower voltage designs.
Table 5. Low noise bandgap.
Power

5V, 70uA

Reference Voltage
Tempco
PSRR
Noise
Load Regulation

1.264V
9ppm/oC
73dB
12nV/Hz1/2
6- ohms

BGRs are based-on
summing VBE with a
voltage proportional to Fig. 20. Low noise bandgap reference.
VT . Since VT rises with
temperature (PTAT*) and VBE falls (CTAT*), they can be weighted
for a zero tempco at a nominal temperature. The resulting voltage varies about 0.4% over 100oC (40ppm/oC) with a curvature
as seen in Figure 21 [37, edited].

In Figure 20, the loop of Q2, MP2, MP1 and Q1 generate a PTAT
current. MP1-4 form a current mirror transferring Q2 collector current
(IQ2) to Q1. The Q2 emitter is made 4X the size of Q1. (Ignore Rcomp
since it just evens-up the base resistance of Q1 and Q2). From [34] we
can express the difference in VBE between Q1 and Q2 as: ∆VBE= VT
ln(4) = 1.4VT. This voltage appears across R1, making IQ2 vary, PTAT.
IQ2 (same as IQ1) is cloned by Q3, converted to a voltage by R2 and
summed with the CTAT VBE of Q4 to form the stable reference voltage.

Fig. 21. Basic bandgap
temperature drift.

So far, this is just the story of the original bandgap reference with
40ppm/oC stability. What [57] brings to the table is that the base current of Q4 can be used to
compensate the predictable curvature of the basic BGR. To do this, MP5 is sized to set Q4’s base
current appropriately to effect the compensation. The authors give a complex but tractable
expression for VBE(T). The reference circuit produces this voltage function of temperature:
 ∆E 
VREF (T ) = VBE (T ) + K1T + K 2T exp G 
β ∞ , ∆EG - measurable process parameters
 kT 
The design procedure is to use numerical optimization to find K1 and K2 for lowest drift. We set:
R2

R1

=

qK1
k ln( A2 / A1 )

where A2/A1 is the emitter ratio of Q2/Q1.

* PTAT stands for, “Proportional to Absolute Temperature.”
CTAT stands for, “Complementary to Absolute Temperature.”
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Then the widths of MP5 and MP2 are ratioed according to:
WMP 5

WMP 2

=1 +

K2β∞
 kR2 

 ln( A2 / A1 )
 qR1 

The results of using the technique are shown in
Figure 22. While other compensation methods
were previously reported, the authors point out
that their approach is simpler.
Of course, this scheme is based-on BJT characteristics so it is not applicable to pure CMOS designs.
Other advantages which the BJT brings here are the
low noise and low offset voltage. In CMOS BGRs,
offset voltage is usually the largest source of drift
[37, p.325].

Fig. 22. Results of using the curvature
compensation scheme of [57].

Finally, as was examined in the section, “The Strange Case of the HBT Emitter,” the oxide in the
emitter between the poly and mono silicon has a significant effect on β and its temperature
coefficient. Hence, one should expect that this curvature compensation technique can be affected
by the properties of that oxide in a particular process.
Pipeline-Flash Analog-to-Digital Converter (ADC)
Earlier, we discussed the opamp used in the S&H of the ADC in [1]. Here we will examine the
pipeline ADC in this remarkable chip. The design is impressive due to its extraordinary breadth of
capabilities and the fact that it is presented by just one student and his professor. (Maybe there
were others, since the support of five others was acknowledged.)
We call its breadth “extraordinary,” because it embodies the following range of high-performance
subsystems and features (some embedded within others listed):
• Differential opamp and S&H with CMFB (discussed earlier).
• 10-bit 44MS/s dual/quad-interleaved ADC.
• Digital nonlinearity correction.
• Capacitor-based 3-4-bit MDACs corrected to 10-bits.
• Dual-mode Bluetooth and 802.11b RF frontend.
• High-speed, low-power, low-offset comparator.
• ~40dB operating range (estimated from 60dB SNR).
• Dual-frequency analog baseband filters.
• 20mW power with 2.5V supply.
• 11mm2 area in 0.25µm BiCMOS.
While there is much to appreciate in this design, we will focus on two aspects:
• BiCMOS architecture considerations in the ADC.
• Circuit design of the pipeline-flash ADC stage and comparator.
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For our purposes, we will burrow into the chip to a single ADC subsystem as shown in Figure 23
[1, edited]. This ignores the RF frontend, the baseband subsystems, the S&H, the secondary
ADCs and the interleaving apparatus. It will be visualized in the Bluetooth (BT) mode, which uses
a single pipeline in the ADC.
Fig. 23. Pipeline ADC block diagram.

In the pipeline, each of the four stages performs the function seen in Figure 24 [1, edited]. The
analog input signal is converted to three or four bits by the small, flash ADC. That value is
converted back to analog by the DAC and is subtracted off of the input. The remainder is
amplified for the next stage. Since following stages convert the remainders, the ADC values from
all the stages, when concatenated, yield a proper
conversion having the composite wordlength.
In a pipeline ADC, the last stage only needs to have the
accuracy of its individual wordlength. However, the first
ADC must be able to define its LSB thresholds to the
accuracy of the composite wordlength.
BiCMOS Architecture Considerations of the ADC
Fig. 24. One stage of the pipeline.
Generally, CMOS data converters tend to use capacitorbased weighting circuits while BJT converters use resistor weighting. Capacitors work well with
the high impedance gates and capitalize on the excellent
switching capability of CMOS. On the other hand, BJT
current cells using emitter degeneration resistors show
excellent current matching, limited mainly by the resistors
[36, p.338]. Thus, it’s interesting to see the choices made
between the two approaches in the subsystems of this chip.
The DAC in the pipeline stage is implemented using
switched-capacitor weighting techniques. However, we do
not know of a capacitor-based equivalent to the flash ADC.

Fig. 25. Basic Flash ADC.

A flash ADC is basically a resistor string with comparators
at each node as illustrated in Figure 25 [36]. Bipolar reference buffers excel at providing the low-offset buffering
needed to drive the resistor string. They can also provide
high gm at low area and power needed in the comparators.
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Differential Flash ADCs
In Figure 26, we have a comparator from
the flash ADC stage. Since this is a fully
differential design, there are two input
buses (VIN+,VIN–) and two resistor string
buses. To visualize the differential resistor
strings, imagine two strings like the one in
Figure 25, except one is tied to –VREF and
the other to +VREF. Let’s call the voltage
at a particular node on the string, VR. Now, each Fig. 26. Comparator stage of the flash ADC.
comparator is supplied with –VR and +VR whereas the single-ended
version only gets +VR. You might think that having two reference
voltages instead of one is redundant but it isn’t really. While +VR and
–VR are the same magnitude, they are, of course, opposite in sign.
Maintaining this symmetry around ground maximizes the cancellation of
common-mode noise and cancels even-order nonlinearity.
The conceptual differential resistor string uses dual polarity VREF’s but
these days, analog circuits are often powered from a single supply. A
common-mode reference voltage (VCM) is established which serves the
purpose that ground does for dual-supply systems. VCM is between the
positive rail and ground. It is sometimes set at VDD/2 but in an ADC, a
better choice may be VREF/2. We can use the dual resistor strings to
define VCM=VREF/2.
Fig. 27. Differential resistor
An example pair of resistor strings for a two-bit, single-supply
strings for two-bit flash ADC.
ADC is shown in Figure 27. The values are for an assumed
reference voltage of 1.0V. In the middle column are the
VIN (diff)
Binary Out
differential voltages presented to the comparators. There will be
three comparators, dividing the ±1V differential signal range into -1.0V to -0.5V
00
four voltage ranges. The ADC would produce the codes in the
-0.5 to 0.0
01
table at right for those ranges.
0.0 to 0.5
10
0.5 to 1.0
11
The Importance of Nothing (0V)
Notice that the comparator in the middle of the strings has both reference inputs tied to VCM and
the differential reference value is zero. That is what we wanted, since we designed the ADC to
have a transition at 0V signal level. There is no code which represents 0V. We do have codes for
+0.25V and –0.25V, which are the centers of the 102 and 012 ranges.
There are reasons though, why we might prefer not to have a transition at zero. First, it means
that very low level noise can be promoted to the level of 1-LSB. This can increase sensitivity to
digital noise on the chip and thermal noise in the analog circuits. Second, low level sine waves,
(e.g. 60Hz hum) can be converted to square waves of 1-LSB. The increase in distortion of these
signals may make them objectionable. Finally, it is nice to have a code for zero so that when we
apply 0V to the ADC, we get a known output and can verify that the input offset is low.
While these issues may not be major, they are enough to push most designs to balance the two
LSB thresholds around zero. The downsides of this are (1) that we have to insert four extra R’s of
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value R/2 in the strings and (2) there will be one extra code on one polarity of VIN, than the other.
For details on the four R’s, please refer to [2]. The extra code on one side doesn’t sound like
much but it could be a consideration for short word length ADCs used in pipelines like the one in
Figure 23. As a practical matter, at 3-bits, it’s only
12% difference, so it probably doesn’t have much
effect. For 2-bit ADCs with a zero code though,
there is only one negative code. One code is for
zero and the other two are positive.
Dynamic Comparator Operation
We have taken the preceding diversion to better
understand what the comparator in the flash ADC
has to do. Getting back to the one in Figure 26, we
now know that it must have four inputs: a differential pair for the input signal and another pair for
Fig. 28. Differential switching comparator.
the reference level. The comparator must decide
which of the two differential values is greater. In this design, it does this on a cyclic basis using
four clock phases. Let’s look at the comparator switching circuits, using the enlargement in
Figure 28 [1, edited] and the timing in Figure 29 [1, edited]. The four clock phases, φ1, φ2, φ2e, φ3
are all the same frequency and operate the switches as labeled. Since φ2 is almost the same as φ2e,
let’s refer to them both as φ2 for now and do a tweak later. We will think of each clock signal in
terms of when it is asserted; that is, the time when its switches are closed. Notice that the switches
operate in pairs, so we only have four switch pairs to consider, and two of them operate on φ2.
There are two main periods of operation
during the clock cycle: Sampling and
Comparing. Sampling acquires the reference
value and the preamp offset. In the Sampling
period, all switches except φ1 close. With φ2
closed, C1 and C3 sample VR. With φ3 closed,
C2 and C4 sample the offset voltage of the
comparator preamp. (We will see that it is
Fig. 29. Comparator clocking. H=switch closed. effectively the comparator offset.) Comparing
renders the result. While Comparing, φ1 is
closed and all the others are open. The comparator preamp then sees VIN + VR – VOFF. The
amplified result is presented to the comparator and the result is latched. The Sampling and
Comparing periods do not overlap.
Another thing about the Sampling period: φ2 closes before φ3 and stays closed later than φ3. That
isolates the inputs from the stage by connecting the caps to VCM . This prevents disturbance
(known as kickback) of the preceding circuits by the comparator.
Bottom Plate Sampling
To complete the Sampling period discussion, let’s look at φ2 versus φ2e. They are almost the same
but φ2e (“φ2 early”) reopens before φ2 does. (We will use the C1/C2 side for discussion.) As
explained by Baker [43, p.841], the reason for this order is that the charge injected by φ2e is
independent of signal amplitude, since the S/D are at VCM. Whereas φ2 charge injection varies with
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the instantaneous voltage present on its S/D when it switches. So φ2e switches first, injecting a
fixed offset. With φ2e open, the right side of the C1~C2 string is open (except for the opamp
input). The source impedance of VR is lower and provides a path for the charge injection. Little
charge is injected in C1 and C2. Baker also mentions that the bottom plate of C1 should be on the
left, allowing the source impedance of VR to shunt much of the substrate noise coupled to the
bottom plate. He calls the phasing and orientation technique, “bottom-plate sampling.”

Fig. 30. Preamp-comparator-latch circuit.
Preamp and Input Stage
Now let’s see what is happening with the internal comparator operation. For this, we drill into the
preamp/comparator/latch circuit in Figure 30. The preamp is needed to buffer the small input
capacitors from the loading of the comparator’s bipolar input stage. With its high gm at low area
and power, the bipolar stage causes fast switching for small input voltage differences. As we saw
earlier, the HBTs have high fT and VA. The fT supports the switching speed and the VA increases
CMRR. Intuition might lead you to think that the higher CMRR of the bipolar stage would be
spoiled by the CMRR of the preamp (as offset is). But as Baker noted [43, p.823], the CMRR of
cascaded diffamps is the product of their CMRRs. As a result, cascaded diffamps have a major
advantage in that respect. For example, mediocre CMRRs of say, 35dB and 45dB, will become a
respectable 80dB, when cascaded.
Now, since the VOFF of the bipolar stage is small compared to that of the preamp, we need not be
concerned with getting lots of voltage gain in the preamp. The offset zeroing which is performed
during the Sampling period will be used to deal with the high offset of the MOS diffamp. A
modest amount of preamp gain should be able to reduce the input-referred VOFF of the bipolar
stage to less than that of the residual charge injection. Accordingly, the preamp drain load
“resistors” can be provided by just weak pMOSFETs. We are not much concerned with their
nonlinearity because once the comparator gets past the decision point, the exact magnitude of the
response isn’t critical. Being just a single stage, the stability of the preamp with unity feedback is
assured without any compensation.
Notice how simple the preamp’s φ3 feedback is. Operating the input FETs at VDG=0V assures
operation in the saturation (high ro) region since (for long channels) VDSsat = VGS–VTH and here
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VDS=VGS. (For short channels, VDSsat is even lower.) So the unloaded gain of the preamp becomes:

AVpre =

g mN
=
g mP

KPNWN LP
WN LP
≈ 1.7
KPPWP LN
WP LN

(Pegging the KP ratio at 3.)

Regenerative Comparator and S-R Latch
The regenerative comparator is where the track/latch action happens. “Latch” is pretty selfevident but the term “track” is a bit more obscure for a comparator. We can see in Figure 30 that
when Track_bar is asserted low, the outputs of the bipolar diffamp are connected together by M3.
This eliminates the regeneration between the diffamp outputs which is provided by the pMOSFET
loads. During Track mode, then, the bipolar diffamp currents are controlled by its differential input
voltage and its differential output voltage is zeroed. The collector loads are approximately 1/gmP
on each side.
Thus, its output voltage as Track_bar becomes de-asserted, is unbiased by previous signals. At
that point, though, the bipolar diffamp currents differ by the effect of the input voltage differential.
One collector begins moving lower than the other. (Let’s say it’s the M1 side.) Regeneration
between M1 and M2 quickly reinforces the decision, switching to a stable state. The M2-side
collector can go nearly to the positive rail (2.5V) as M2 turns on. The M1 side turns off, allowing
the collector to pull down to its limit. We can write the worst-case limit as:
VCL = VDD – VTHP – VBE + VCEsat
Considering IC will be minimal, we estimate the collector low level as:
VCL = 2.5 – 0.5 – 0.7 + 0.05 = 1.35V *
Up to now, Latch_bar has been high, keeping M4 and M5 off. It has also kept M6 and M9 on,
forcing the outputs of the regenerative comparator to zero. When Latch_bar is asserted low, M6
and M9 turn off, releasing the outputs. M4 and M5 turn on, coupling the collector voltages to
cross-coupled pair, M7 and M8. In effect, we have two inverters, M1/M7 and M2/M8, driving
each other. This second level of regeneration pulls the lower side down to ground and leaves the
high side near VDD. Full CMOS levels are presented to the next stage.
The S-R latch is two, standard, cross-coupled CMOS NOR-gates. When both of its inputs are low
(before Latch_bar is asserted), it maintains its current state. After Latch_bar is asserted, one of the
outputs of the regenerative comparator goes high, transferring the decision to the latch. Notice
that Latch_bar is de-asserted before Track_bar is reasserted, protecting the latched data.
Track_bar then becomes asserted and the bipolar stage goes back to Track mode.

* VTHP is from [3].
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What Happens When Supplies Drop Below 1V?
From the IRTS roadmap [7] we have the projections of
integrated circuit power supply trend shown in
Figure 31. That indicates that 1.0V VDD is expected in
2008. Indeed, from a plot of first-shipment dates in
[17], the 1.0V threshold was crossed in 2003. As we
saw in our section on HBT transistor characteristics,
the increased base doping raises VBE. Its typical
operating values run as high as 0.92V. This makes it
very difficult to operate HBT circuits with VDD as low
as 1V. Widlar [32] has shown that typical BJTs can be
useful as low as 1.1V, albeit with low signal swing.
Kimura [33] also has shown BJT reference circuits
Fig. 31. CMOS power supply roadmap. operating down to that level.
However, from the trend, circuits soon will be required to operate at less than 1.1V. What does
this mean for the future of the HBT? Here are some possible answers to that question:
(1) The HBT will disappear. (?)
Well, this would be a big surprise to IBM, which is now on
its fourth generation of HBT process development. Perhaps
the most telling rebuttal to this answer is in Figure 32 [28]. If
we “follow the money,” we can see that the industry has
good reason to keep the HBT around.
To argue the other side, Critchlow [17] comments:
“The 2.5V CMOS Technology was the death knell for high Fig. 32. CMOS and BiCMOS fT
performance versus price.
performance silicon bipolar technologies in high-end
computers. BiCMOS had gathered some momentum, but when designers came to realize that
very effective off-chip drivers could be made using MOSFET circuits, BiCMOS soon faded.”
Could this be pre-HBT thinking? Is it the view from the high performance digital side? We suspect
it is the latter. From the perspective of consumer communications products (e.g. cellphones) the
HBT has advantages and cost is critical. Thus, this comment might not be opinion that HBT will
disappear altogether but that CMOS will take over its role in some digital areas.
(2) Very low voltage may not be as important in portable applications.
We noticed a comment in the literature about the difficulty in following the scaling progression
with portable applications. The problem is that single-cell battery voltages are generally around
1.2V or greater, which tends to oppose scaling below that bar. This has a similar bearing on the
HBT power issue. Even if a switching converter is used to power the CMOS at lower voltages,
there would still be a source of higher voltage available without additional cost. Thus, the use of a
second supply for HBTs would not have a penalty (other than an extra pin). Since portable
devices are a significant and cost-sensitive part of the market, one would expect HBTs to be used
so long as they have a cost advantage.
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(3) Multiple supplies are an accepted way to support BiCMOS chips.
Designers at the PCB level are quite comfortable with the need to have multiple power supplies.
With today’s plethora of chips of varying levels of process advancement, it is common for small
switchers to be included in a design. For example, at my last employer, one modest-size PCB had
a bank of six switching regulators. The cost was less than $1 each. A recent consumer video
decoder chip from Sigma Designs, SMP8630, requires three supplies: 3.3V, 2.5V and 1.2V.

Conclusions
In this paper, we have seen that BiCMOS technology has advantages in terms of noise, offset
voltage, bandwidth, impedance matching, transconductance, voltage gain, ESD survival and cost.
On the other hand, we have also seen that CMOS designers have found ways to mitigate many of
these issues, so that pure CMOS does make a formidable competitor for BiCMOS.
Deciding which is better requires an analysis of the particular application. Generally, all-digital
chips would tend to be better served by CMOS whereas RF mixed-signal designs would generally
do better in BiCMOS.
One thing is clear: The heterojunction bipolar transistor (HBT) is a de facto standard in BiCMOS
processes. The enhanced β, fT, and Early Voltage account for much of the BiCMOS advantage.
When the HBT appeared on the scene around 1995, BiCMOS was apparently waning, at least for
digital applications. The HBT rescued the BJT and has not lost ground against the MOSFET, in
terms of fT , in the three process generations which followed.
In our circuit design examples, we have seen that the BJT can play an important role in reducing
power, decreasing noise, increasing reference stability and optimizing flash analog-digital
converters. While the actual number of BJTs employed may not be large, their contribution of high
gm at low power and size, along with low noise and offset, can greatly benefit otherwise CMOS
designs.
The Unanswered Questions
Finally, looking back at the questions which were posed in the Introduction, we are satisfied that
they have been well covered, except for one (two-parter): “Why didn’t Baker address BiCMOS?
Why did Gray’s 4th edition cover bipolar and CMOS separately, except for several pages?” Of
course, we would not presume to speak for these great authors, so we will only try to identify
what we think are plausible reasons.
Taking Gray’s book first: Now in its fourth edition, he has extended this great body of work. It
originated in 1977 with barely a mention of MOSFETs, so it would be natural to treat them
separately. In the BiCMOS designs we have seen, either BJT circuits are mostly separate (as in RF
frontends) or a small number of BJT devices are employed in strategic places in otherwise CMOS
circuits. It is not so common to ingeniously combine scores of BJTs and MOSFETs, mixed in
exotic ways. Thus, there is less reason to treat them in an integrated fashion.
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As for Baker not addressing BiCMOS: It is a great challenge for CMOS analog circuit designers
to overcome limitations without having to fall back on the crutch of a process complication.
Designers are delighted by finding elegant solutions which pit their skill against the vagaries of the
process. With scaling now deep in the submicron range, MOSFETs offer seemingly limitless
quantity to offset their limitations in certain qualities. This almost demands that complex and
clever circuit designs be created—an irresistible temptation for a great circuit designer.
While the outlook for BiCMOS seems bright, the fact that in a way, it is pitted against the skill
and ingenuity of CMOS circuit designers gives one a little disquiet about its future.

Ultra-wideband receiver in SiGe BiCMOS (Texas A&M). (decorative)
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Appendix A – Baker’s 50nm NMOS SPICE Model [47].
*** Short channel models from CMOS Circuit Design, Layout, and Simulation, 2e
* 50nm BSIM4 models Vdd=1V
.model
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=
=
=
=
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Appendix B – A BiCMOS Process
This process flow is taken from [59] and is of 1995 vintage. It is identified as IBM’s ETx process.
The ETx processes mentioned in the paper dated from 1993. They were reporting HBT
performance in terms of fmax and the highest value mentioned was 60GHz. The process description
is also taken from [59], heavily edited for brevity.
The starting wafers (Fig. A) are p- epi on p+ substrates. A
patterned n+ subcollector is formed, followed by a thin nepitaxial layer grown everywhere. Isolation is provided by
Polysilicon-filled deep Trench (PST) and oxide-filled
shallow trench isolation is then exercised. The planarized
isolation is used to achieve a topography free surface. The
structure at this point is shown in Fig. B.
Contact to the n+ subcollector from the top surface is
achieved with a deep phosphorus diffusion. This is followed
by the n-well and p-well implants. A decoupling capacitor is
formed by growing a thin oxide over the n+ reach-through
region and patterning an additional deposited nitride layer.
A gate oxide of 7 nm is grown and a thin gate-protect
polysilicon layer is deposited. The gateprotect polysilicon
layer is patterned and removed over the npn active area (see
Fig. C).
The silicon or SiGe epitaxial base is grown by the UHV/
CVD low temperature epitaxy. Deposition from SiH4 in
UHV/CVD naturally results in polysilicon over field
regions and epitaxial silicon over active device regions as
shown in Fig. D.
The polysilicon over field regions will serve as a natural
extrinsic base electrode. The polysilicon layer serves as the
CMOS gate electrode. Following base deposition, a
passivation oxide layer is grown. Next a thin layer of nitride
is deposited, followed by a thin polysilicon “conversion”
layer. The emitter “mandrel” is then completed with
deposition of a nitride and a relatively thick oxide layer.
The emitter window is defined, stopping on the conversion
layer polysilicon as shown in Fig. E.
An oxide formed on the mandrel serves to space a high dose
extrinsic base boron implant away from the emitter opening.
A resist mask protects the CMOS devices. For the SiGe
HBT the implant goes directly into the strained layer. The
“topography” required for self-aligned device features is
eliminated by wet etch removal of oxide, leaving only a
small nitride pad to define the final emitter window. Once
the emitter stack has been removed, HIPOX oxidation
completely converts the polysilicon over the implanted
extrinsic base and field regions to oxide using the nitride
emitter pedestal as a local mask. The nitride may now be
removed, exposing the unconverted polysilicon plug.
Emitter window formation is completed through removal of
the polysilicon plug and underlying nitride pad using the
“converted” oxide as a hard mask as shown in Fig. F.
The emitter polysilicon is deposited and ion implanted with
arsenic, capped with silicon nitride, and patterned with an
etch that stops on the dielectrics over the base region (see
Figs. F and G).
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The extrinsic bases, CMOS gates, poly-resistors, and
decoupling capacitors, are all patterned and etched together
after the emitter polysilicon. For the CMOS gates, the etch
must be highly anisotropic and selective to the gate oxide
(see Fig. H).
This requirement also results in a precision resistor and
extrinsic base etch. At this point in the process, the emitter is
doped with implanted arsenic and the extrinsic base,
polysilicon resistors, and decoupling capacitors are all
doped with implanted boron, but the FET source, drain, and
gate (S/D/G) remain undoped. The emitter remains capped
with nitride to prevent dopant loss and prevent silicidation.
An oxygen ambient is used for the emitter furnace anneal to
reoxidize the gate and extrinsic base sidewalls (see Fig. I).
The nitride cap over the emitter protects it from oxidation.
A resist mask is used to pattern the nitride over the polysilicon resistors to block silicide and define the resistor
value. A nitride sidewall is formed over the emitter, base,
gate, resistor, and decoupling capacitor polysilicon. A dual
poly process which simultaneously dopes the S/D/G is used
for both FET devices (see Fig. J).
Shallow junctions (≤13ì m) are achieved by preamorphization with heavy ions (Ge for pFET, Sb for nFET), and
implanting the dopant species at low energy. Self-aligned
titanium disilicide is formed over the extrinsic base poly,
poly-resistor contacts, gate poly, and source/drain diffusion
areas. Salicidation of the extrinsic base is applied (see Fig.
K). Finally, contacts and metallization finish the process.
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