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Abstract: This paper provides the results of a comprehensive comparison between complementary
metal oxide semiconductor (CMOS) amplifiers with low susceptibility to electromagnetic interference
(EMI). They represent the state-of-the-art in low EMI susceptibility design. An exhaustive scenario for
EMI pollution has been considered: the injected interference can indeed directly reach the amplifier
pins or can be coupled from the printed circuit board (PCB) ground. This is also a key point for
evaluating the susceptibility from EMI coupled to the output pin. All of the amplifiers are re-designed
in a United Microelectronics Corporation (UMC) 180 nm CMOS process in order to have a fair
comparison. The topologies investigated and compared are basically derived from the Miller and the
folded cascode ones, which are well-known and widely used by CMOS analog designers.

Keywords: electromagnetic interferences; CMOS-integrated circuits; low voltage amplifiers; CMOS
Miller amplifier; folded cascode amplifier

1. Introduction

Electromagnetic interference (EMI) can be injected on an arbitrary pin of an integrated circuit (IC).
The interfering signal can propagate through the various active devices composing the IC. If the EMI
level is very high, exceeding the supply rails, the electrostatic discharge (ESD) protective circuitry will
trigger. Instead, in the case of smaller EMI signals, the latter will be distorted since all active devices are
essentially non-linear. This distortion will generate in-band spurious signals and even an EMI-induced
DC shift of the voltage at the circuit nodes, which is very harmful for the proper operation of the analog
circuits. The problem is very critical because the possible sources of interference (natural, artificial, and
among them, voluntary or not) are practically everywhere. Moreover, the ubiquitousness of electronics
(in control systems, in biomedical devices, in automotive products,...) requires a high safety level and,
therefore, robustness to interference.

Several studies are reported in the literature that describe the EMI susceptibility of analog
ICs, [1-11]; it has been modeled and verified with simulations and experiments [12-15]. These works
also consider very high frequencies [12-14], or are based on neural networks [13]. Moreover, most of
them focus on the operational amplifiers because of their high sensitivity to EMI and because they are
the main building blocks in analog designs [1-11].

Recently, it has been stated that the scenario for EMI pollution can be simplified in two cases: the
classic one in which the interference is directly injected into the pins of the inputs and of the power
supply; and the newest, in which the EMIs are also coupled from the printed circuit board (PCB)
ground plane and, consequently, the output pin can also be a point of injection [16,17]. In practical
PCB designs, indeed, the ground plane is commonly shared with other analog, digital, or mixed-signal
circuits and ICs, which can be a source of high-frequency signals and, therefore, of interference.
Regarding the classic scenario, several studies have investigated opamp susceptibility, and many
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various topologies with a better EMI immunity have been presented in recent years [18-22]. Instead,
with regard to the second scenario, research is only beginning, and the main result is the measurement
of the susceptibility of commercial devices to the interferences capacitively coupled to the ouput
pin [16,17].

The aim of this paper is a fair comparison between the state-of-the-art complementary metal
oxide semiconductor (CMOS) amplifiers in the low EMI susceptibility design, considering the full EMI
scenario with several points of EMI injection. Miller and folded cascode topologies are considered
because they are well-known and widely used among the CMOS amplifiers. The analysis starts from
the basic architectures, then the improved topologies are investigated in the full EMI pollution scenario.
All of the amplifiers are re-designed in a United Microelectronics Corporation (UMC) 180 nm CMOS
process in order to have a fair comparison, and the simulations are performed on the netlist extracted
from the layout view.

The Miller amplifiers are considered and compared in terms of AC parameters and EMI immunity
in Section 2. In Section 3, the same is done for the folded cascode topologies, and in Section 4, the
result of the comparison is discussed and conclusions are drawn.

2. CMOS Miller Amplifiers

2.1. Compared Topologies and Their AC Characteristics

The CMOS Miller amplifier is based on the cascade connection of a differential input stage and
a common source stage. Being a two-stage topology, it exhibits a medium-high gain and the largest
output voltage swing, but it needs frequency compensation and also usually exhibits a large asymmetry
of the positive and negative slew rate. Here, a standard Miller amplifier is designed in the UMC 180
nm CMOS process, with an nmos differential pair biased with a current of 100 pnA, 1.8 V of voltage
supply. The sizing of the transistors is chosen to have a gain of about 60 dB and a gain bandwidth
(GBW) larger than 10 MHz. The classic Miller topology is compared to the source-buffered (SB) Miller
amplifier proposed in [18] with improved robustness against EMI and is shown in Figure 1 for the
sake of clarity. In addition, the SB amplifier is designed in UMC technology and is sized to have AC
characteristics similar to that of the standard Miller amplifier. The final AC parameters of both the
classic and the SB Miller amplifiers are listed in Table 1, while the aspect ratio of the transistors is listed
in Table 2. As one can see, they are approximately the same. Indeed, the source-buffered amplifier is
different from the classic one only by the addition of a network biasing the bulk of the differential pair
and the addition of a couple of filter capacitances at the inputs. Due to the fact that the input stage is
the most critical for the interferences, this small difference between the circuits actually has a strong
impact on the immunity to the EMI injected into the input non-inverting pin, as stated and measured
in the literature [18,23,24].

Table 1. AC and DC characteristics of the Miller amplifiers.

Miller SB Miller

Gain 65.8 dB 65.8 dB

f-3aB 195kHz  19.7 kHz

GBW 324MHz 32.3MHz
Phase margin 65.7° 65.8°

Power consumption 540 pW 620 uW
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Figure 1. The source-buffered (SB) Miller amplifier proposed in [18].

Table 2. Transistors’ aspect ratios (W /L) [um] in the Miller architectures.

Miller SB Miller
M1, M2 20/0.5 20/0.5
M3, M4 80/0.5 80/0.5

M5, Mpias  60/1 60/1
M6 60/05  60/0.5
M7 20/05  20/05

Mi,, Mo, 10/0.5
Ms, 50/0.5

2.2. Susceptibility to EMI sDirectly Injected

In order to compare their EMI susceptibility, both of the amplifiers are measured in the
configuration represented in Figure 2 and following a method well-known in the literature.
The amplifiers are therefore in the voltage follower configuration, and the offset of the output voltage
intuitively quantifies the susceptibility to interferences.

With regard to the EMIs directly injected, they have been deeply investigated in the literature.
For this reason, we plot only the offset caused by the interferences injected into the non-inverting pin:
it is known, indeed, as the worst case. The peak-to-peak amplitude of the interfering signal is equal
to half of Vdd (900 mV); its frequency ranges between 1 MHz and 1 GHz. The offset resulting from
injecting the EMI is plotted in Figure 3.
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Figure 2. Simulations of the EMI effect: EMI directly injected into the non-inverting pin.
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Offset induced by 900 mVpp electromagnetic interference (EMI) in classic and SB

Miller amplifiers.

The classic Miller amplifier exhibits a remarkable susceptibility also at medium frequency due
to its asymmetry,which is intuitive considering the difference between its positive and negative slew
rate. Instead, as expected, the SB Miller amplifier exhibits a much smaller offset. The SB Miller
amplifier indeed reduces the parasitic tail capacitor, which shunts the tail current source (Cr;) and
shorts the latter at high EMI frequencies. This tail capacitor is mostly composed of the bulk-to-source
capacitors of the input pair, which is heavily reduced by the source-buffered topology. For the sake
of clarity, the classic and the source-buffered differential pair is shown in Figure 4. Moreover, it is
worth remembering that in [18], a couple of filter capacitors were added to further increase the EMI

immunity at very high frequencies.
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Figure 4. The classic input pair on the left and the source-buffered input pair on the right.
2.3. Susceptibility to EMI Coupled from the Ground Plane

The next step is to compare the behavior of the Miller amplifiers in the case of noise arising from the
ground plane. This is a novel scenario much less investigated in the literature. Therefore, we consider
two particular conditions: the interferences coupled only to the output pin and the interferences
coupled to all of the pins of the IC being tested. These configurations are represented in Figures 5
and 6, respectively. The value of the capacitors that represent the parasitics of the board is of 4.7 pF;
the parasitic series resistances must be added in the schematic, otherwise the voltage would be fixed
by the ideal voltage source without EMI (for example, Vdd).

O

VDD

~_AMP

Vem | Cemi

T

| +

b3

+T SOURCE_EMI

@)

Figure 5. Circuit for the simulations of the EMI effect: EMI coupled to the output pin.
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Figure 6. Circuit for the simulations of the EMI effect: EMI coupled to all of the pins.

In Figure 7, the offset induced by the EMI coupled from the ground plane is plotted. The solid
lines represent the offset in the case of EMI coupled to all of the pins, while the dashed lines plot the
offset in the case of EMI coupled only to the output pin.
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Figure 7. Offset induced by 900 mVpp EMI coupled from the ground plane of a classic and SB
Miller amplifiers.

From the plots, one can see that the SB Miller amplifier exhibits a better immunity not only to
the EMI injected into the input pin but also to the EMI coupled to the output pin and, more generally,
to all of the pins. At first look, this result could be a little surprising because the second stage of
the SB amplifier is exactly the same as the classic amplifier, but we must consider the feedback loop.
The amplifiers are indeed connected in the voltage follower configuration, and therefore, the noise
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picked up from the output pin is also fed back to the input stage. Another interesting consideration is
that the ouput pin is a critical point of injection: most of the offset is indeed induced by the interferences
coupled only from the output pin. Finally, at medium frequencies, the offset induced by EMI coupled
from the ground plane is rather predictable because it is similar to that induced by EMI direct injection
into the non-inverting input pin. Instead, at very high frequencies, the offset can even change the sign
and it is no longer predictable.

3. Folded Cascode Amplifiers

Compared Topologies and Their AC Characteristics

The folded cascode (FC) amplifier is another widely used topology. It is a single-stage amplifier,
achieving a large gain by using cascode load. This means that the folded cascode does not need the
frequency compensation, and therefore, it usually exhibits a larger bandwidth. On the other hand,
the output swing is thus limited by the cascode loads. From the classic FC topology, several other
circuits have been proposed in the literature, aiming to increase its EMI immunity. It is worth adding
that the folded cascode exhibits a more symmetrical behavior with respect to the Miller amplifier, and
then its susceptibility mostly happens only at high frequencies. Adding an RC (resistor—capacitor)
filter seems, therefore, to be the easy way to achieve a good immunity in the FC amplifier. However,
a straightforward use of an RC filter is impractical because it deteriorates the phase margin and,
therefore, the stability of the amplifier. A better solution is based on the RC filter connected to a replica
input stage, as suggested in [19,25]; the latter topology is shown in Figure 8. Another topology, robust
to EML, is the source buffered folded cascode, which is based on a input differential pair similar to
that of the SB Miller amplifier. This topology can be further improved by adding the replica input
stage with its RC filter, as proposed in [19] and shown in Figure 9. Finally, another different solution is
obtained by adding a common-mode cancellation circuit (CMCC) to the classic FC amplifier [21,22].
For the sake of clarity, the CMCC is shown in Figure 10.

TDD
Voiost Tl L_gim,
M M
4.]_—| I—_l: 5a Vbiasﬂ___‘tm M, Vi,
NONEIN;i R _— R g M; ;_{Mg T C.
M1 1? Cf = C Cf '[7 M2 |
. E M., - Mo M4
L
M,

Figure 8. Folded cascode with replica circuit to filter EMI.
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Figure 9. Source-buffered folded cascode amplifier with replica circuit and RC (resistor—capacitor) filter.

Vinm inp

Figure 10. Common-mode cancellation circuit.

All of these architectures exhibit an improved immunity to the interfering signals, and they
represent the state-of-the-art. As a next step they are, therefore, designed in the UMC 180 nm process
with 3.3 V of voltage supply and similar design goals (in terms of gain, GBW, power consumption,
and so on) to have a fair comparison. The final AC parameters of the classic FC, the FC with replica
circuit shown in Figure 8, the improved SB folded cascode amplifier in Figure 9, and the FC amplifier
plus the CMCC are listed in Table 3.

Moreover, the aspect ratio of the transistors composing the folded cascode architectures are listed
in Table 4.

In the following step, the EMI susceptibility of these FC architectures is investigated and compared
in the comprehensive EMI scenario, including also the interferences coupled from the ground plane
of the PCB. First, the EMI are directly injected into the non-inverting input pin, and the offset of the
output voltage induced by the interferences in all of the FC topologies are compared: the peak-to-peak
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amplitude of the interfering signal is half of the Vdd (1.65 V here). The results are plotted in Figure 11.
As expected, the FC amplifier is susceptible at high frequencies, but the improved topologies exhibit a

much smaller offset.

Table 3. AC and DC characteristics of the folded cascode (FC) amplifiers.

FC Replica  SB Improved FC+ CMCC
Gain 60.9 dB 61.8dB 61.2dB 66.6 dB
f-3aB 21.6kHz  19.6 kHz 19.9 kHz 21.6 kHz
GBW 239MHz 12.4MHz 11.3 MHz 42.7 MHz
Phase margin 85° 84° 84° 60°
Power consumption 1 mW 1.3 mW 1.5 mW 1.2 mW

Table 4. Transistors’ aspect ratio (W /L) [um] in the folded cascode architectures.

Replica FC  SB + Replica FC
M1, M2 20/0.5 20/0.5
M;,, Mo, 20/0.5 15/0.5
M3, M3, 6.05/0.5 6.05/0.5
M4, M5 42.5/0.6 42.5/0.6
My, Ms,  42.5/0.6 425/0.6
M6, M7 2.5/0.34 2.5/0.34
MS§, M9 4.75/0.34 4.75/0.34
M10, M11 4.75/0.34 4.75/0.34
Misp, Magp 20/0.5
Mg 6.05/0.5
400¢0 [ T T T T T T T T T T \7
350.0| 4
300.0 |-
2500 @@ Folded Cascode
~ - #— Replica FC
z 2000 4 4 SB+Replica FC
S 1s00[  =ECHCMCC
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Figure 11. Offset induced by 1.65 Vpp EMI injected into the input pin of FC amplifiers.
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Then, the susceptibility with respect to EMI coupled to the output pin and to all of the pins is
investigated and the results are shown in Figures 12 and 13, respectively. From the figures, it is evident
that the output pin is a critical injection point.

50;0_ T LI B I I} T T L T T II\\I\_
0.08 .
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Figure 12. Offset induced by 1.65 Vpp EMI coupled to the output pin of FC amplifiers.
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Figure 13. Offset induced by 1.65 Vpp EMI coupled to all of the pins of FC amplifiers.
4. The Effect of the Voltage Buffer

If a voltage buffer is added to the second stage of the amplifiers, as shown in the left of Figure 14,
the path of the interferences coupled to the output terminal changes because the impedance at that pin
is changed. By considering the schematic shown in Figure 14, it is clear that the interferences coming
from the ground plane run across a kind of high-pass filter, given by the parasitic capacitance and
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by the equivalent resistance R, seen looking into the output node of the buffer stage. R.; is the low
resistance 1/gm of the buffer decreased by the loop gain: at low medium frequency, 1/gm is still rather
low. By adding the voltage buffer, the EMI coupling from the output pin becomes less efficient and the
induced offset is strongly reduced to a few mV.

Voo Voo

_|

Figure 14. Voltage buffer added in the amplifying chain.

Moreover, we found that since the amplifiers are connected as voltage followers, the interference
coupled to the output pin is fed back into the input. If the feedback between the output pin and the
input pin could be interrupted somewhere, the interference coupled to the output pin would induce a
much-reduced offset.

5. Conclusions

This paper compares different topologies in the comprehensive scenario of EMI pollution.
These conclusions can be drawn: the architectures with higher immunity to the EMI directly injected
into the input pin exhibit a much better immunity also with respect to the interference coupled from
the ground plane. The output pin is a critical point of injection, and therefore, attention must be paid
in the PCB design to reduce the coupling.
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Abbreviations

The following abbreviations are used in this manuscript:

EMI

Electromagnetic interference

CMOS Complementary metal oxide semiconductor
UMC United Microelectronics Corporation
GBW Gain bandwidth

PCB
SB
FC

Printed circuit board
Source-buffered
Folded cascode

CMCC Common mode cancellation circuit
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