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Abstract: This paper presents safety-related modifications to the improved high-voltage unity-gain
buffer and their impact on the operation quality of this circuit. The analyzed buffer architecture
combines the virtues of source and gate followers. It provides high input impedance to the gate
follower and voltage gain precision to the source follower while retaining a very simple structure
and an extremely short signal path. These properties enable its various applications, e.g., as an
interconnection of voltage and current mode function blocks in signal paths of medium- and high-
voltage integrated circuits. The scrutinized buffer consists of MOS devices with different maximum
interterminal voltages, which results in the necessity of enhancing its architecture with a set of
safety devices to ensure non-destructive power-up, normal operation, and power-down phases of
the buffer operation. The consequences of the implemented safety changes vs. the influence of the
physical implementation process on the buffer operation capabilities are presented in comparison
to its ancestral source and gate followers. The results show that the analyzed buffer retains the
best signal processing quality among the compared buffer structures after the complete physical
implementation process.

Keywords: SOI; integrated circuit; high-voltage; voltage-follower; unity-gain buffer; layout; ESD;
overvoltage protection; safety devices; save operation area; operating condition check

1. Introduction

The modified high voltage unity-gain buffer discussed in the paper is introduced in [1]
at the schematic level. This buffer is optimized to offer very high input impedance as well
as sufficient voltage gain precision and output-input DC offset values.

The buffer was originally designed as a precision buffer for the separation of high-
impedance output nodes in high-voltage integrated analog function blocks from the follow-
ing low-impedance input nodes [1]. This buffer originated as an answer to a specific design
requirement for an integrated power circuit for automotive radio frequency identification
systems (RFIDs). The very high input impedance offered by this buffer’s architecture
enables the circuit to cooperate with a wide range of medium- and high-voltage function
blocks that at least partially rely on the current mode of operation. The analyzed buffer
was found to be useful at outputs of current to voltage converters [2,3]. The buffer was
also tested in cooperation with high-voltage trapezoidal waveform generators based the on
charging/discharging of an output capacitor set. Some such circuits use derivatives of the
discussed buffer to provide specialized edge rounding functionality [4] on single-ended
and differential signal paths.

Unity-gain voltage buffers based on source followers are often used as output power
buffers for high voltage amplifiers. They can form standalone structures as presented
in [5], and because of their very short signal paths, they can be limited to the output stage
interweaved into the preceding amplifier output, as presented in [6]. Power buffers and
drivers based on various architectures are found in medium- and high-voltage smart power
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integrated circuits (IC) and in wireless transmission systems such as RFID [7] for which
the scrutinized buffer structure was originally devised. In addition to operating as an
internal power buffer, the scrutinized buffer and its derivatives can form output drivers
or their preceding power stages in a way similar to that presented in [7,8]. For example,
the scrutinized buffer was adapted to work as a pre-driver for a differential antenna driver
stage in an automotive IC based system. The typical application of the differential antenna
driver and its location in a signal path is clearly presented in [8]. The adaptations made
to the buffer included preparation of its differential version. This architecture consisted
of two matched signal path structures biased with doubled and matched current-biasing
circuitry driven with a single input bias current.

The scrutinized buffer should be suitable for numerous different applications. For that
reason, the presented research introduces and analyzes a complete implementation process
of the modified buffer. Nontypical optimization goals (as opposed to typical ones, such as
reduction of output resistance or maximization of a load drive) result in a distinct set of
features when compared to the published buffer architectures, in particular:

e very high input impedance obtained with retaining a very simple buffer architecture
with an extremely short signal path (the input stage transistors connected directly to
the output stage ones as in the case of typical basic voltage followers);

e extended applicability owing to optimization for cooperation with preceding function
blocks with very high output impedance, even including current-mode circuits and
cur-rent-voltage converters;

e  high quality post-layout operation due to the buffer architecture extensively involving
device matching against process parameter variation and layout mask sizing and
positioning errors;

e  maximization of buffer operation precision owing to cooperation of medium-voltage
MOS transistors with better-matching low-voltage devices in the signal path and
DC-domain biasing circuitry as well as between these parts of the buffer;

e limited influence of more complex overall architecture due to the structure modifica-
tions placed mostly outside the signal path and working in the DC-domain as current
biasing circuitry.

Several simulation tests and property comparisons of the scrutinized buffer and several
other voltage followers were performed at various stages of the design process, both before
and after implementation of the required safety devices. Analysis of the results presented
in this paper shows that the scrutinized buffer is characterized by:

e  very limited performance reduction caused by the application of the auxiliary devices
required for the safe cooperation of low- and medium/high-voltage MOS devices;

e  performance reduction related to implementation of the safety devices insignificant in
comparison to effects caused by the physical implementation process itself;
increase in the layout area caused by the safety devices limited to a few percent;
performance limitation caused by the presence of parasitic elements related to the
physical implementation process comparable to analogous effects in a more typical
buffer of similar structural complexity (implemented in the same process).

2. Topology of the Buffer
2.1. The Core of the Buffer

The operation principles of the scrutinized buffer are described in [1]. In short, the
implemented topology may be considered as a gate follower mixed with a source follower
into the new buffer topology. The simplified cores of these mentioned buffers are presented
in Figure la—c. The goal of the buffer architecture mix is to cumulate assets of both
ancestral follower types. The introduced buffer offers high input impedance typical for
gate followers and fairly high precision of voltage gain, typical for source followers. The
scrutinized structure can be considered a gate follower in which the biasing currents are
devised with the use of structures that partially mimic the operation of the source follower
input stage. The input and output stages of the source and gate followers are clearly



Energies 2022, 15, 23

30f26

marked in Figure 1a,b. The output stage of the gate follower is marked in the same way
as the source follower because it is the same structure. The markings in Figure 1c point
to all reuse cases of the input and output stages derived from the followers presented in
Figure 1a,b.
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Figure 1. Symmetrical buffers: (a) gate follower; (b) source follower; (c) modified basic modified
buffer; (d) augmented buffer [1].

The idea is to produce bias currents for the input side of a buffer in a manner that
ensures good control over the gate-source and drain-source voltages of the buffer input
stage transistors. Fixed bias currents flow through transistors that mimic parts of the source
follower input, thus producing voltages that are used to drive the transistors that generate
optimized bias currents for the input-stage transistors. These transistors mimic parts of the
gate follower input stage in turn. The current-generating and input-stage transistors are
all matched. Thus, the voltages between the buffer input and the gates of the output stage
transistors are very similar to the gate-source voltages of the MOS transistors that mimic
parts of the source follower input stage.

It can be stated that the gate-source voltages of the transistors that mimic the source
follower input stage are converted to currents with the use of the gate follower input-
stage mimicking transistors. These currents flow through the input stage transistors of
the mixed buffer that also mimic the gate follower input stage, and thus produce the
gate-source voltages identical to the voltages on the transistors that mimic the input stage
of the source follower. These voltages are used to drive the output stage of the scrutinized
buffer, identical to that in the source follower. It is a kind of voltage-current-voltage
(C-V-C) conversion that enables the replacement of the input stage of the source follower
input stage of the gate follower input stage, but with both gain precision of the source
follower and high input impedance of the gate follower retained [1,9]. Figure 1c presents
the simplest version of the scrutinized buffer. This version does not provide control over
the drain-source voltages of the transistors involved in the C-V-C conversion process.

The buffer version presented in Figure 1d provides control over both the gate-source
and drain-source voltages of these transistors. This effect is obtained by applying four
cascode-like structures that are also matched with relevant transistors derived from the
source or gate followers. On the other hand, this modification additionally increases
the input impedance by means of a cascode-like effect due to implemented transistor
interconnections.
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The main asset of this approach is that the signal path of the scrutinized buffer is
kept very short, and no additional feedback is applied in the buffer operation principle,
which could pose some stability related problems. The bias current and signal flows are
straightforward. The only dependence of operation between specific devices in this buffer
is their matching. Most of the circuitry discussed is located outside the signal path and
works purely under DC conditions. It is the DC domain-biasing current module and its
internal interconnections that provide strict control over the voltages at the MOS transistors
in the signal path.

The idea of forming the unity-gain buffer with its output stage formed like in source
followers but with a modified structure of its input stage is shown in the published research.
The approach mentioned above and shown in [6] is a two-stage operational amplifier
(OPAMP) with an output unity gain buffer that acts as the third and final power stage of
the OPAMP. The input side of this buffer is simply submerged into the second gain stage of
the OPAMP and it is formed by a single resistor responsible for proper biasing of both the
output power stage transistors.

Figure 2a,b presents two versions of the buffer that are equipped with sets of matched
resistors [1]. The presence of these low-value resistances makes it possible to cope with
the consequences of possible differences between the optimal gate-source voltages of the
low-voltage and medium/high-voltage MOS devices present in the buffer. This is an
important issue, as these kinds of transistors directly interact in the devised buffer. The
low voltage MOS transistors are used in the design because of their superior matching
precision, which results in higher precision buffer operation. MOS transistors that produce
lower gate-source voltages are series connected to the auxiliary resistors. It should be
noted that both of the structures with the resistor sets are the two most complex versions
of the buffer. Figure 2a shows the buffer version for higher gate-source voltages of the
utilized medium /high-voltage MOS transistors, and Figure 2b shows the buffer structure
for the opposite case. The latter version is equipped with additional current-based resistor
biasing circuitry.
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Figure 2. Two versions of the buffer equipped with sets of small resistors: (a) for higher gate source
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voltages of medium /high-voltage MOS transistors; (b) for the opposite case [1].

The application of such auxiliary circuitry depends on the properties of low- and
medium/high-voltage MOS transistors available in the technology process selected for
physical implementation of the medium- and high-voltage analog processing circuitry.
Also, there are processes in which only medium- or high-voltage transistors can be used
in the buffer design, though with increased deterioration of the buffer operation quality
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(mainly related to matching issues). The circuit analyzed in this paper is the most complex
version of the buffer architecture with resistor biasing circuitry (Figure 2).

2.2. The Biasing Circuitry

Figures 3-5 show the complete schematics of the source follower from Figure 1a, the
gate follower shown in Figure 1b, and the scrutinized buffer from Figure 1d.

It is clear that in every case the biasing circuitry constitutes a vast majority of the buffer
transistor count. In contrast, the numbers of transistors in the signal paths are equal to six
in the case of the scrutinized buffer and four in the case of its ancestral buffers.

To keep the current biasing process close to the quality provided by ideal current
sources, cascode current mirrors are widely implemented. The main transistors of the
current mirrors are always low-voltage MOS devices, while cascode transistors can be
both low- and medium-voltage devices, depending on their location in the design. The
medium-voltage MOS devices are used in the case of the cascode transistors, e.g., current
mirror outputs exposed to high swings of the processed voltage signals. Such high voltage
swings would result in drain-source and drain-gate voltages destructive to the implemented
low-voltage devices.
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Figure 3. Complete schematic of the source follower.
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Figure 4. Complete schematic of the gate follower.
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Figure 5. Complete schematic of the scrutinized buffer [9].

The biasing circuitry is equipped with the enable/disable functionality to keep the
biasing block off by means of redirecting the input bias current to the proper supply rail by
shorting the MOS transistors of the input stages in specific bias current mirrors.

In fact, Figure 4 shows two variants of the gate follower, named ‘original” and ‘mod-
ified’. The original is the complete schematic implementation of the buffer presented in
Figure 1b. In the modified version, drains of the input transistors are redirected from the
ground and supply rails to the buffer output. This is possible due to sufficient current
sinking and sourcing capabilities of the low-impedance output.

This change was made as an experimental way of providing a means of control over
the drain-source voltage of these transistors similar to that provided in the buffer in Figure 5
but without additional devices involved in the design.

The influence of this solution is discussed later in the paper. It is worth mentioning that
there is also a version of the scrutinized mixed buffer equipped with such a modification,
and it undergoes its own examination, too.

2.3. Schematic-Level Comparison of the Source, Gate, and Mixed Buffers

Other topologies of unity-gain buffers based on source-followers have also been
proposed. For example, an interesting medium- to high-voltage buffer for the control
of the TFT LCD panel control is proposed in [10]. In addition, an interesting series of
symmetric unity gain buffers is described in [11-13]. These circuits are able to provide
output impedance even lower than that of the circuitry dealt with in this paper, and they
tend to offer rail-to-rail signal processing capabilities. However, the main objective of the
scrutinized buffer is the maximization of its input impedance.

Also, the aforementioned topologies use rather complex circuits in their signal paths
to obtain a very low output resistance. In contrast, the implemented buffer [1] keeps most
of its circuitry introduced outside the signal path. Such an approach simultaneously keeps
the signal processing path as short as possible and potentially enables various signal-path
modifications to be implemented alongside the already added off-the-path biasing circuitry.
For example, some of the circuit modifications presented in [10] or even in [11-13] might
be attempted in the presented buffer, in order to extend the set of its virtues.

Another set of adaptations to the source follower architecture is voltage conveyors
(VC). Two implementations of second-generation VCs are introduced in [14,15]. Again,
these modifications are focused on improving different operation parameters than in the
case of the buffer scrutinized in this paper. The presented conveyors adapt the source
follower architecture to maximize the load driving capabilities. The end result is circuits
with non-optimized input impedance and increased complexity of their signal paths.

Direct comparison of adaptations to the voltage-follower-based architecture with
totally different purpose and optimization goals might result in limited conclusions related
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to the quality of the operation parameters critical for the scrutinized buffer. The decision
was made to compare the scrutinized buffer with its ancestral source and gate followers, as
it was devised to combine the best virtues of these two buffers by mixing their architectures.
As mentioned before, the mixed buffer is expected to provide input impedance at least
comparable to that offered by the gate follower, as well as the gain value precision (and
output-input DC offset) of the source follower. Thus, it is important to compare the specified
operation aspects of all these buffers to prove the efficiency of the discussed mix of these
two bulffer architectures.

The mentioned operation parameters of the analyzed buffer were compared with
those of source and gate followers with identical sizes of the related MOS transistors. It
must be noted that the physically implemented mixed buffer analyzed in this paper is
created as an independent test structure inside an application-specific integrated circuit
(ASIC). Its input node has an additional ESD protection, but its output stage is a robust
structure capable of dealing with the parasitic capacitances of the pins of this test ASIC, as
well as the ASIC package pads and utilized measurement probes. On the other hand, the
unity-gain buffers can, and often are, used inside the cores of ICs, preceded and followed
by other function blocks. In such circumstances, there is no need for very robust output
stages. To include such an application of unity gain buffers into the comparison, modified
versions of the source, gate, and mixed buffers were prepared and simulated. They are
equipped with smaller transistors of their output stages. MOS devices of the output stages
are twice as wide as the MOS devices used in the input stage of the source follower and
their matched equivalents used in the mixed buffer.

Both sets of the source, gate, and mixed buffers were implemented at the schematic
level and simulated with the Cadence Virtuoso software coupled with the Spectre simulator
and the up-to-date design kit of the X-FAB XDM10 modular 1.0 pm 350 V Trench Insulated
BCD (Bipolar-CMOS-DMOS) process used during the physical implementation process.
The high supply voltage is set to 18 V, and the low supply voltage is equal to 5 V. All
compared buffers were tested in the time domain. The input nodes were fed with 5.5 V
0-p sine waves with a 9 V DC offset (half of the high supply voltage). The outputs of the
buffers were floating.

The implemented buffers consist of the MOS transistors, referred to in the paper
as low-voltage and medium-voltage devices. In fact, the classification of transistors is
unique for specific processes. In the case of the XDM10 process, the buffer uses ne, pe,
nme, nmeb, and pme type transistors, described in [16,17]. All of them have a maximum
gate source voltage (VGS) equal to 18 V, which is a rather high and very useful value
of this parameter. Their formal division into low- and medium-voltage devices is based
on maximum drain-source voltage (VDS). In the case of ne and pe type devices, referred
to as low-voltage transistors, the maximum VDS is 5.5 V, while in the case of nme, nmeb,
and pme type devices, referred to as medium-voltage transistors, it is equal 20, 32 and
20 V, respectively.

One of the problems related to the direct comparison of different published design
topologies is the influence of different semiconductor processes used during the design
process, as well as different device sizing. It was found by the author that his own schematic
level implementations of the presented buffer architectures may provide discernibly dif-
ferent results when based on different semiconductor processes. To express this problem,
the comparison was extended with a set of three buffers implemented at the schematic
level with the use of the SMARTIS 0.8 um BCDMOS SOI (Silicon on Insulator) process (also
known as TFSMART 1) [1]. All these buffers are intended for operation inside IC cores and
can be considered as equipped with small output stages. In the case of the SMARTIS-based
buffers, the high supply voltage was set to 27 V and the low supply voltage to 5 V for all
the discussed simulations. The input nodes of all these buffers were fed with 6 V 0-p sine
waves with 13.5 V DC offsets (half of the high supply voltage). The outputs of the buffers
were floating. The simulation setup is presented in Figure 6.
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Figure 6. Simulation setup for the schematic-based buffer comparison.

Tables 1 to 3 present the results of a time-domain comparison of the gain value,
output-input DC offset shift, and input impedance of every tested buffer, respectively. The
presented comparison includes four buffer architectures. The source follower is represented
by the structure presented in Figure 3 and its close equivalent implemented in the SMARTIS
process. The gate follower is the structure presented in Figure 4 (the original version
without connection between the input- and output-stage transistors) and its SMARTIS
based equivalent. The modified gate follower is the structure presented in Figure 4 (the
modified variant with drains of the input stage transistors connected to the output node).
The mixed buffer is the structure presented in Figure 5 and its SMARTIS-based equivalent
introduced in Figure 7.

Table 1. Comparison of voltage gain [dB (V/V)] for different schematic stage implementations of the
source follower, gate followers and the discussed buffers.

Buffer Version Source Follower Gate Follower Improved Gate The Discussed

Follower Buffer
SMARTIS small 102 m _168m - —73m
output
XDM10 small 2980 m 4898 m —2852m —35.57m
output
XDM10 large 3082 m 4913 m —2894m —38.67 m
output

Table 2. Comparison of output-input DC offset [V] for different schematic stage implementations of
the source follower, gate followers, and discussed buffers.

Buffer Version Source Follower Gate Follower Improved Gate The Discussed

Follower Buffer
output
XDM10 small _36.63m ~290.04m —2857 m —9.755 m
output
XDM10 large 3599 m 92851 m —20.23 m —10,20 m

output
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Table 3. Input impedance [M(Q)] comparison for different schematic stage implementations of the
source follower, gate followers, and discussed buffers.

Buffer Version  Source Follower  Gate Follower Im%l(‘)(ﬁl:‘igate The Discussed
Buffer
SMARTIS small 073 170 ; 73.0
output
XDM10 small 1.473 15.05 342.9 272.7
output
XDM10 large 0.5876 15.0 148.4 160.1
output
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Figure 7. The buffer implemented with the ATMEL SMARTIS 0.8 pm BDC-on-SOI process.
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Table 1 presents the voltage gain values of the compared buffers. These gains are
presented in decibels. The ideal voltage gain is equal to 1 V/V or 0 dB. Thus, the values
presented can be interpreted as voltage gain errors. It can be observed that the SMARTIS
based buffers offer gain values closer to the expected unity gain. It can also be seen that
the relations between the gain values (errors) for the compared buffer architectures are
different for the SMARTIS- and XDM10-based buffers, although these structures are close
equivalents (Figures 5 and 7, respectively, in the case of the mixed buffer). Comparison of
the XFAB-based buffers with small and large output stages shows very similar values of the
gain errors and relations between the compared buffer architectures. In the case of the gain
value, the main difference results from the application of a different technology process.

Table 2 presents the output-input DC offset values of the compared buffers. The
SMARTIS-based buffers offer lower values of the DC offset, with exception to the gate
buffer, which has the highest DC offset of all the compared buffer variants. The mixed
buffer offers the smallest DC voltage shift of all the SMARTIS-based buffers. The same
result was obtained for the XDM10-based buffers. However, in the case of the latter buffers,
the offset values are largest for the source followers, intermediate for the gate followers, and
smallest for the mixed buffers. The modified gate buffer offers slightly (the small output
variant) or significantly (the large output variant) lower offset value. The offset values for
the source and mixed buffers implemented in the XDM10 process are very similar. In the
case of the offset value, again it is the different implementation process that causes most of
the result differences.

Table 3 presents the comparison of the input impedance magnitude values. The
input resistance was calculated as a division of the root mean square (RMS) of the input
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voltage sine wave amplitude divided by the RMS of the resulting input current wave
amplitude. This approach was adopted after checking that the input current wave may be
considered as a sine wave with acceptable total harmonic distortion (THD). The smallest
input impedance values were obtained for the source followers, intermediate for the classic
gate followers, and the largest for the mixed buffers. In general, the SMARTIS-based buffers
offer comparable or lower input impedance values. The difference is most pronounced for
the mixed buffers.

The XDM10-based mixed buffers offer the highest input impedance. As pointed out
before, the mixed buffer architecture was devised to provide interconnection between
voltage-mode and current-mode modules in medium /high-voltage signal paths. High
input impedance is critical in such applications, because input of the buffer is usually
directly connected to the node that is the very point where the current-to-voltage conver-
sion process takes place. The modified gate followers offer the input impedance values
comparable (the large output stage variant) or discernably larger (the small output stage
variant) than the corresponding XDM10 based mixed buffers.

In the case of the input impedance comparison, the result divergences caused by the
application of different semiconductor processes are generally similar to those caused by
significant output stage sizing changes in the buffers implemented in the same process
(XDM10). The exception are results for the scrutinized mixed buffers, for which the result
discrepancies caused by the implementation of different processes are the largest, again.

2.4. Conclusions for the Schematic-Level Comparison

In general, the conducted comparison showed that implementation of the buffers
with the use of different processes provided most of the result difference between the
corresponding buffer architectures.

The comparison also showed that the best set of values for the critical parameter
values was provided by the scrutinized mixed buffers. The mixed buffers offer the lowest
values of the output-input DC offset, voltage gain values comparable to those offered by
the source followers, and input impedance values superior to both the source and gate
followers, as intended.

The results worth mentioning are those obtained for the modified gate followers,
presented in Figure 4. The input impedance values for these buffers are comparable or
even higher than in the case of the mixed buffers. Although the DC offset values are about
50% higher and the voltage gain errors are slightly higher, the most critical parameter is the
input impedance. It might be stated that the modified gate followers are enough because
they provide comparable operation parameters, and their architecture is simpler (Figure 4)
than in case of the mixed buffers (Figure 5). The modified gate followers are smaller and
consume less power than the scrutinized mixed buffers. If true, this would be an important
note, because the modified variant of the gate follower is an attempt at a kind of a ‘low cost’
improvement of the gate follower input impedance, obtained by means of MOS device
reconnections with no additional devices in the design.

However, there is one aspect of the architecture that the modified gate followers lack
as opposed to the mixed buffers. The presented simulations do not take either process
parameter variations or device matching issues into consideration. The modified gate
follower properties rely on nonrelated MOS transistors of different types (the PMOS input
transistor drives the NMOS output transistor and vice versa). Such devices cannot be
matched because they are manufactured during different process steps, and parameter
variations of the layers that constitute these devices are generally unrelated. On the
contrary, the mixed buffer architecture is completely based on matching of the related MOS
transistors of the same type. Thus, this architecture is by far less prone to deterioration
caused by both the variation of the process parameter variation and the limitations related
to the device positioning and shape definition-related limitations.
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Unfortunately, the XDM10 process models of the utilized MOS devices do not include
any matching parameters, so the influence of the technology process imperfections on the
buffer parameter deterioration cannot be directly simulated.

3. Physical Implementation
3.1. Introduction

The scrutinized buffer was implemented with the use of a few thoroughly different
CMOS and SOI processes. Most of these implementations ended at the schematic stage of
the design process. However, two of the other implementations were endowed with a full
set of overvoltage protection devices. The buffer implemented with the aforementioned
SMARTIS 0.8 pm BDC-on-SOI process is depicted in Figure 7, while the buffer implemented
with the AMS H35B4 0.35 um CMOS process is presented in Figure 8.
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Figure 8. The buffer implemented with the AMS H35B4 0.35 um CMOS process.
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It can be seen that these buffers were drawn using similar placement and connection
styles and the similarity is easy to recognize. Differences between the specifications of
the processes used during the buffer implementations result in generally different sets of
safety devices.

These differences can be briefly characterized as different ratios of maximum voltages
between pairs of MOS device terminals, mainly MOS transistor gate-source and drain-
source voltages. None of the overprotection devices utilized are more complicated than two
series sets of diodes or diode-connected MOS transistors in an antiparallel configuration.

3.2. Overvoltage and ESD Safety Devices

The circuit presented in Figure 5 is able to provide all required functionality under
all required operating conditions. As already discussed, there are the low-voltage and
high-voltage MOS device interconnections which can lead to possible excessive voltage
occurrences at specific low-voltage transistors. Such incidents should be avoided, lest these
low-voltage devices get damaged.

All transistors used in the buffer implementation with the X-FAB XDM10 process
have 18 V maximum gate-source voltage. Application of only the medium-voltage MOS
transistor could solve most of the overvoltage-related issues at once. Such an approach is
possible (and has been investigated and used for tests), but it must be remembered that
the precision of the buffer operation strictly depends on the matching of specific sets of
its transistors. Unfortunately, the medium-voltage devices of the XDM10 process have
significantly worse matching properties than the low-voltage devices. This statement
is based on data presented in the process documentation documents [16]. According
to [16], the matching parameters of the transistors use Pelgrom coefficients [18] where the
standard deviation of the mismatch between neighboring MOS transistors is calculated
vs. the square root of the channel area. The transistor matching is characterized by a
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set of process-related constants proportional to the standard deviation of the transistor
mismatch distribution. These parameters are as follows: Ay, Ag, Ajpy and characterize
threshold, linear region gain, and drain current mismatch, respectively. The x represents
the gate-source overvoltage (the difference between the gate-source and threshold voltages)
for which the constant is applied. The values of the Ayr, Ag, Ajpy mismatch constants
for the low-voltage MOS devices utilized (as derived from the documentation data) are
lower by factors of 1.8-2.3, 1.1-2.1, and 1-4.2 (for low overvoltage), respectively. The
application of as many better-matching transistors as possible provides significant benefits
to operation quality [19], as the buffer operation depends on precise current mirroring and
voltage-current-voltage conversions only with the use of the MOS transistors.

Due to the properties of the XDM10 process, it was possible to use floating wells even
in the case of single MOS transistors, if needed. Such a possibility enabled the application
of the low-voltage transistors in the buffer signal path where they must be able to withstand
high-swing input signals. In effect, the low-voltage NMOS and PMOS transistors in the
signal path are placed in their own wells. These transistors are matched with their related
transistors in the biasing circuitry, which are also placed in separate wells.

Studies were also conducted to determine whether it would be possible to remove
most or all of the medium-voltage transistors from the buffer design. This approach is
known and there are analog [20] and digital [20,21] circuits that can be designed this way.
Unfortunately, it was concluded that, due to details of the buffer structure and requirements
for operation with reasonably fast high-swing signals, this approach cannot be used. The
cascode transistors of the cascode current mirrors and the majority of the signal path
transistors were found to need the medium-voltage implementations.

The voltages between each pair of MOS device terminals must be kept within safe
margins for every MOS transistor in the design. Due to the properties of the utilized
transistors and types of interconnections between them, it is mainly the gate-source and
drain-source voltages that need to be limited.

Information about the occurrences of excessive voltages in the implemented buffer
is provided by simulations with application of special device models equipped with safe
operating area condition (SOAC) limits. In the case of the X-FAB processes, these models are
called operating condition check (OCC) models [22] and are available for all components
utilized. The functionality of the buffer was tested with frequency and time domain
simulations. All details of all the simulation setups are introduced in Section 4: Buffer
Operation Analysis.

The output logs of the simulations conducted with use of the OCC models provide
information whether, when, and how much any voltage and current of any device in
the design leaves and returns to the safe operating area of this device. Owing to this
information, every such occurrence can be tracked down, analyzed, and properly amended.
As a result of OCC based analyses, several safety devices were added to the original
circuit (presented in Figure 5). In the simplest cases of gate-source overvoltage spikes,
the application of capacitors (or capacitor-based circuits) was found enough, as applied
in [23]. Most of the applied safety devices are reverse-connected p-n diodes (dn and dp
types) and Zener diodes (dzeb type), as presented in Figure 5. Some of the Zener diodes act
as bidirectional protection devices.

There are also three protection structures of a different kind implemented in the buffer.
They act as ESD/overvoltage devices, and their presence in the design is not a result of any
simulation-based analysis. It should be remembered that the input and output nodes of the
implemented buffer are connected to their own input and output pads in the integrated
test structure. These pads are equipped with their own ESD devices, but the safety of
the externally accessible buffer nodes is critical and was further analyzed. The author
discussed the raised safety issues with the X-FAB foundry engineers, and a suggestion was
made to place additional local ESD/overvoltage devices directly at the buffer input and
output nodes.
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The schematic of these applied structures is presented in Figure 9. The transistor
number and interconnections are identical for both pad-related and local ESD devices. In
both cases, three nme-type MOS transistors are utilized. The layouts of these ESD devices
differ discernibly. The pad ESD structures are the most critical and are laid out completely
in accordance with the special ESD-optimized process rules [24,25] based on or similar to
various published ESD-focused layout optimization methods for MOS transistors [26-28]
and other devices [27,29]. The local mini structures follow the most critical of these rules.
The resulting layout structures are optimized for maximum protection efficiency. Special
care is required during the preparation of the ESD device layouts, as these ESD-focused
rules are not included in the standard design rule check (DRC) rulesets. Figure 10 presents
one of versions of both the pad-related ESD and local overvoltage structures based on the
schematic presented in Figure 9, laid side by side on the same scale. A close-up of the local
ESD structure is shown in Figure 11.

L H

Figure 9. Schematic of an ESD/overvoltage device used on the input and output side of the buffer.

Figure 10. Pad-related ESD and local overvoltage structures based on the schematic presented in
Figure 9 laid side by side on the same scale.

Figure 11. A close-up of the local ESD structure shown in Figure 10.

Fortunately, no more complex overvoltage circuitry, such as that presented in [30],
was found to be necessary. On the other hand, there were no cases where overvoltage
protection could have been obtained by an affordable change in a circuit structure, and
without need of application of any protection-only related subcircuits, such as in the case
of a high-voltage switch presented in [31].
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3.3. Layout

The buffer layout was prepared on the basis of the SOAC schematic, and it includes
all the safety devices. The addition of a considerable number of these safety devices
increases the size of the buffer layout area, but they are necessary to ensure safe operation.
Fortunately, these additions increase the layout area by less than 5%.

Apart from a standard current biasing circuitry that receives and copies the external
bias current, the buffer layout contains a mix of specialized current biasing circuitry specific
to the scrutinized mixed buffer as well as the signal path devices. The placement of these
devices is strictly determined by the matching requirements of the buffer design and the
technology process itself. Due to the need to match the transistors operating in different
parts of the ground to supply voltage space and due to structural details of some of the
medium-voltage transistors used in the buffer, each of these low-voltage and medium-
voltage transistors is placed in its own separate well.

The requirement of placing the MOS transistors in separate wells resulted with in-
creased spacing between the sets of transistors that should be matched in compliance with
the layout preparation rules presented in [32]. Even though the transistors are not always
placed in the closest vicinity of their matched counterparts, they are at a distance range
that will not result in deteriorated matching properties [16,32]. In addition to matching the
MOS transistors themselves, their interconnections are also kept as symmetrical as possible
to increase the quality of the buffer operation [32].

As already mentioned, the implemented mixed buffer is equipped with a massive out-
put stage. The prepared output stage transistor matrices are designed to drive measurement
equipment probes connected to the test structure pads or to the external pins of test PCBs
with the bare or packaged test die on board. This means that all extra parasitic capacitances
connected to the buffer output must be taken into account to be properly coped with by the
buffer itself. The implemented buffer is biased with an externally generated current flow.
This current is generated by a dedicated function block inside the IC test structure. This
block is not treated as part of the buffer structure because it also provides bias currents to
several other test blocks.

4. Buffer Operation Analyses
4.1. Simulation Setup

The aim of the conducted simulations is to analyze the operation analysis of the
implemented buffer and compare it with all preceding stages of its design. The general
behavior and the critical operation parameters are taken into account.

Three main design advancement stages of the presented buffer are compared, along
with one layout structure prepared just for comparison’s sake. First, the original buffer
schematic consisting of the core and bias circuitry fed with an externally provided bias
current (Figure 5, without any safety devices) is considered. Next, the SOAC buffer
schematic equipped with all necessary safety devices (the buffer shown in Figure 5 with
all safety devices) is taken into account. As a final design step, the layout of the SOAC
buffer, is included in the comparison. The additional (and artificial) structure is the layout
of the buffer without any safety devices. This layout may be considered as the layout of the
original schematic. This structure has been included in the comparison to enable analysis of
the differences between the original and SOAC buffers at both at the schematic and layout
stages of design advancement.

The comparison is made by means of several different simulations. The physically
implemented buffer versions are represented by their post-layout parameter extraction
netlists. The parameter extraction process provides information on the parasitic components
present in the prepared layouts. The presence of these parasitics influences the operation of
the designed circuit, and this influence can be compared to the effect caused by the addition
of the safety devices and to the cumulative influence of the parasitics and safety devices
(with their own parasitics). Simulations of all buffer netlist variants were conducted for the
XDM10 process with the use of the Cadence Vitruoso software coupled with the Spectre
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simulator and the relevant design-kit. An 18 V high voltage supply, 5 V low voltage supply,
and 10 pA bias current power and bias the buffers during all the simulations.

The input signals are always placed symmetrically in the ground-to-high-voltage
supply voltage range. The input and output buffer nodes are equipped with pad-related
ESD structures identical to those designed and used during the physical implementation of
the buffers (Figure 10). The simulation setup is presented in Figure 12.

VSsup
—m—

VSUP
VCC

Figure 12. Simulation setup for comparison of the buffer implementation stages.

4.2. AC-Domain Comparison

All frequency domain simulations were performed for the AC input signal atop the
9 V DC input offset voltage. Figure 13 presents the simulation results for the schematic and
parameter extraction-based netlists of the original and SOAC versions of the scrutinized
buffer. It can be clearly seen that the physical implementation of the buffer results with a
visible limitation of the small-signal cutoff frequency. However, there is also a discernible
reduction in this frequency for the SOAC buffer, both at the schematic and layout stages
of advancement.

10° 108 10’ 108 10°
freq (Hz)

Figure 13. Frequency-domain comparison of the buffer implementation stages: the original buffer—

blue dotted line; the SOAC buffer-green dashed-dotted line; the laid-out original buffer—orange

dashed line; the laid-out SOAC bulffer-red solid line.
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The implemented safety devices contain their own resistances and capacitances, both
as devices inherent to their operation principle and as parasitics. It can be noticed that
the differences between the original and SOAC buffer versions are significantly smaller
than between the physically implemented and schematic-based buffer versions. The
quantitative details of this comparison are presented in Table 4. The presented frequency-
domain simulations provide a comparison of the operation speed limits of the tested buffer
implementation stages. It must be remembered that frequency-domain simulations are
small-signal ones, whereas the discussed buffer operates as a large-signal circuit. For a
more realistic comparison of operation speed capabilities, time-domain simulations were
also conducted.

Table 4. Comparison of the buffer properties for all the selected implementation stages.

Small-Signal

Large-Signal Voltage Gain Out-in Voltage Gain

Tl‘{;g:rf‘fter Cutoff Freq. Cutoff Freq. 21 MHz Sine R(i)ut-llen[rl:{al] Difference 1 MHz Sine Ingiuntelli/[l\sf_llll-lz
[MHz] [MHz] [dB] PP [mV] [VIV]
The original 502.0 20.7 ~3.10 46.25 —181.82 0.9956 160.1
schematic
The SOA.C 448.8 19.8 —3.49 46.44 —181.79 0.9956 75.78
schematic
The
unprotected 168.8 4.7 -17.09 60.79 —187.40 0.9948 2.603
layout
The SOAC 152.1 4.6 —17.66 61.32 —186.87 0.9948 2.603
layout

4.3. Time-Domain Comparison

The SOAC-related time-domain simulations of the power-up, operation, and shut-
down phases of the buffer work were conducted with the following setup. The simulation
starts with all the supply voltages, the bias current, and the input voltage equal to zero
and the enable signal low. After two microseconds, the high and low voltages and the bias
current start to ramp up from 0 to their nominal values (18 V, 5V, and 10 pA, respectively)
and finish this process in 2 us, while the enable signal remains low. After reaching the
nominal values of the supply voltages and the bias current, the enable signal remains low
for another 2 us. The enable signal is used to redirect the input bias current so that it
bypasses the input bias current mirror and flows directly to the ground node (Figure 5).
Next, the enable signal changes to high in 10 ns. This signal redirects the input bias current
so that it enters the input current mirror (Figure 5).

After another 2 ps the input signal changes from 0 to half of the high supply voltage
value. After another 2 ps the input signal changes to the sine wave. Depending on the
tested operation parameter, its amplitude varies from 5 V 0-p amplitude to the ground-to-
high-supply voltage range. After several tens of microseconds, the procedure is inverted.
The input signal is changed to a DC value and then goes to the ground, the enable signal
goes low, and then the high and low supply voltages as well as the bias current are ramped
down to the ground level. The simulation is finished when the buffer is discharged and the
voltages and currents of all the observed terminals are zero.

Simulations of input impedance, voltage gain, and DC offset were conducted with the
use of the test-bench presented in Figure 6.

Figure 14 presents the results of one of such simulations. All buffer versions are driven
with input signals defined as 5.5 V 0-p amplitude sine waves atop the 9 V offset voltage to
keep these signals in the middle of the rail-to-rail voltage range. The 21 MHz frequency
is selected so that the output signal of the original buffer schematic version is reduced by
nearly 3 dB, indicating the large-signal cutoff frequency of the original buffer schematic.
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Figure 14. Time-domain comparison of the buffer design stages for input 21 MHz, 5.5V 0-p amplitude
(violet dash-dash-dotted line): the original buffer—blue dotted line; the SOAC buffer—green dashed-
dotted line; the laid-out original buffer—orange dashed line; the laid-out SOAC buffer—red solid line.

First, it can be observed that time-domain simulations can provide more detailed
information on the buffer operation quality for high input signal frequencies. All the
output waveforms presented in Figure 14 are noticeably distorted in the same way. These
simulations were conducted for the floating buffer output to exclude effects related to
the pad-related ESD circuitry. Generally, it can be seen that the buffer is not well suited
for large-signal operation close to its cutoff frequency. The amplitudes of the output
waveforms for all the tested stages of the buffer design progression confirm the results of
the comparison in the AC domain. The addition of safety devices only slightly slows down
the operation of the SOAC buffer versions, which can be observed as a reduction in the
output waveform magnitudes.

The laid-out buffers represented by their post-layout parameter extraction-based
netlists show significantly lower speed capabilities than their schematic-based counterparts.
The same consistent trends can be seen for 3 dB cutoff frequency values of all the compared
buffer variants. Quantitative results are presented in Table 4.

Time simulations can also be useful for checking the operation of buffer versions
for lower input waveform frequencies. Figure 15 presents the time-domain curves of
differences between the output and input sinusoidal waveforms at 100 kHz. The waveforms
for schematics of the original and the SOAC bulffer versions are nearly identical (46.43 mV
magnitude for the 11 V input waveform). The output-input voltage shift amplitude for
both of the laid-out buffers is equal to about 61 mV and 31% higher than in the case of the
schematic-based versions.

These results show that the addition of safety devices barely alters this aspect of the
buffer operation at the selected signal frequency. The shape of the curves presented in
Figure 15 points to a low level of the output waveform distortions. The output-input
curves are almost of sinusoidal shape, which means that the main difference between
the output waveforms and purely sinusoidal input waveforms is the time shift between
these waveforms.



Energies 2022, 15, 23

18 of 26

T T T T T T T T 1
240 260 280 300 320 340 36.0 38.0

[ T
16.0 18.0

Figure 15. Time-domain curves of differences between the output and input sinusoidal waveforms

at 100 kHz: the original buffer—blue dotted line; the SOAC buffer—green dashed-dotted line; the
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laid-out original buffer—orange dashed line; the laid-out SOAC buffer—red solid line.

Additionally, the maximum voltage ranges of the output waveforms have been
checked for all four variants of buffer implementation. Figure 16 presents the 100 kHz

input sinusoidal waveform and the resulting output signals during the rapid power-up
sequence and normal operation. It can be seen that the analyzed buffer does not offer a
rail-to-rail input signal processing range. However, there is no visible difference between

the output signal voltage ranges for different variants of the scrutinized buffer.
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Figure 16. 100 kHz input sinusoidal waveform (violet dash-dash-dotted line) and comparison of the

resulting output signals during the power-up sequence and normal operation; the original buffer—
blue dotted line; the SOAC buffer—green dashed-dotted line; the laid-out original buffer—orange

dashed line; the laid-out SOAC buffer—red solid line.
Figure 16 also shows how different the output voltage of the buffer variants can be

during the power-up sequence, depending on the buffer variant. However, it can be seen
again that most of the differences are present between the schematic- and layout-based
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buffer netlists. The difference between the original and SOAC buffers is significantly lower
for both the schematic- and layout-based buffer netlists.

4.4. Noise Simulations

An important factor in the operation of an electronic circuit is noise influence. This
aspect was also examined for the buffer discussed. According to the process documenta-
tion [33] all the transistors used in the buffer are equipped with noise-related parameters,
despite the fact of modelling low-voltage transistors with different models than medium-
voltage devices. The implemented noise modelling is limited to 1/f noise, but this is not a
major issue. The presented buffer can be considered a low-frequency circuit, and the 1/£f
noise is pronounced and important in that frequency range [34].

Figure 17 presents the results of the AC domain output noise simulations of all buffer
variants. The AC input signal is placed on top of the 9 V DC offset. Again, the results
for both of the laid-out buffers show very similar results. Also, results of both of the
schematic-based variants of the buffer show a very similar noise level, about 5-12 dB higher
than in the case of the laid-out buffers, in the pass frequency range of these buffers. In the
range of the large-signal cutoff frequency of the buffers (10 MHz), this difference is about
5-5.5 dB (Table 5).
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Figure 17. Results of the AC domain output noise simulations of all buffer variants; the original
buffer—blue dotted line; the SOAC buffer-green dashed-dotted line; the laid-out original buffer—
orange dashed line; the laid-out SOAC buffer-red solid line.

Table 5. Comparison of the buffer noise properties for the selected implementation stages.

The Buffer Variant AC Noise 10°-107 Hz Out-in Mean O-I Std. Dev.
[V/Sqrt(Hz)] 10,000 smp [mV] 10,000 smp [mV]
The original ~181.82 10.15 0.1116
schematic
The SOAC schematic —181.79 10.20 0.1157
The unprotected —187.40 10.00 0.0825
layout
The SOAC layout —186.87 10.05 0.0822

A factor that might limit the precision of the noise-related simulations is the absence
of noise modelling for diodes used as safety devices. Most of the safety diodes are placed
outside the signal path. There are only two of them in the signal path of the buffer, while
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there are three safety devices, each based on three stacked MOS transistors, and these
devices are clearly the largest safety devices in the whole buffer. The decision was taken to
conduct AC and transient noise simulations to further analyze the operation parameters of
all four examined buffer implementation stages.

The time domain SOAC simulations of the output noise were performed for all
variants of the buffer. The input signal is the 9 V DC voltage, and the noise is presented as a
distribution of 10,000 samples of the output signal, including the mean value and standard
deviation. Figure 18 shows the readout distribution for the layout-based simulation of the
SOAC variant of the buffer (with safety devices). The shape of the distribution is symmetric
and bell-shaped, which points to no obvious problems, neither with the circuit operation
nor the simulation setup.
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Figure 18. Readout distribution for the layout-based simulation of the SOAC variant of the buffer
(with safety devices).

Figure 19 presents readout distributions with their envelopes for all the scrutinized
variants of the buffer. The readout distributions of the laid-out buffers are very similar
to each other. The same conclusion is true for the schematic-based buffers. The standard
deviation values for pairs of the laid-out and schematic-based variants of the buffer are
almost identical, as shown in Table 5, while the standard deviation difference for the laid-
out and schematic-based buffers is about 40%. The differences between the mean values
within such pairs of the buffers are bigger, but still three times lower than that between the
buffers from opposite pairs (laid-out vs. schematic-based), as presented in Table 5.
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Figure 19. Readout distributions for all the scrutinized variants of the buffer with their envelopes; the
original buffer—blue and dotted line; the SOAC buffer—green and dashed-dotted line; the laid-out
original buffer—orange and dashed line; the laid-out SOAC buffer—red and solid line.

4.5. Discussion of the Results

All comparisons made show that the influence of the entire set of safety devices is very
limited. According to the simulations discussed and their results shown in Figures 13-19
and Tables 4 and 5, the results are consistent for all the simulations in the frequency and
time-domain simulations. The parameter value differences between the schematic-based
buffers and, separately, between the pair of laid-out buffers are significantly lower than
between the corresponding schematic-based and laid-out buffer variants.

Of course, the simulations performed cannot take into account all aspects of buffer
operation. For example, noise is modeled only for the utilized MOS devices and only as
1/f noise. However, the conducted simulation analyses provide an important degree of
insight into the influence of the necessary internal safety devices on the buffer operation.
The limited influence of the implemented safety devices can be attributed to the fact that
the buffer signal path is kept very short and most of these safety devices are placed outside
(in the biasing subcircuitry), as shown in Figure 5.

The process of laying out the buffer causes a much more pronounced deterioration of
the buffer operation parameters, which is a typical outcome of the physical implementation
process. Such a deterioration can be coped with during the earlier stages of the circuit design
through the preparation of schematics with operating parameter margins expendable
during the laying process. Additional and significantly smaller deterioration of the buffer
operation related to the application of the safety devices can be easily dealt with precisely
in the same way, if necessary.

Comparison of the results obtained with other works is rather difficult. Analog circuits
are generally very diverse. Therefore, a possible comparison could not necessarily be made
to a close functional counterpart of the discussed buffer and implemented with the use
of a similar technologic process. Though, the main problem found by the author is the
impression that the influence of implemented internal safety/overprotection circuits on
the operation on IC function blocks seems to be seldom analyzed or at least presented. On
the other hand, publications on the influence of pad-related ESD structures on internal
circuit operation (mainly speed issues) can be found for both analog [35] and digital [36]
integrated components.
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5. Comparison of the Source, Gate, and Mixed Buffers for All Tested Stages of the
Physical Implementation Progress

5.1. Simulation Results of the Scrutinized Buffer

All the DC offset, voltage gain, and input impedance values obtained for the physically
implemented SOAC buffer are generally different from those obtained in the schematic-
based comparison presented in Section 2.3. Unfortunately, the most pronounced difference
is the input impedance of the completely implemented SOAC buffer (Table 4). Input
impedance reductions between the schematic- and layout-based variants of the scrutinized
buffer are about 65 times for the original versions and 38 times for the SOAC bulffer versions.
The input impedance limitation between the original and the SOAC versions of the buffer
is about 2.1 times in the case of the schematic stage of buffer design and is virtually absent
in the case of the laid-out buffers.

The design step that causes most of the deterioration of this parameter is the laying
of the buffer. This remark is consistent with a general conclusion made for the physical
implementation process. Nonetheless, the significant reduction of the critical operation
parameter of the designed buffer requires more attention. It should be checked if the
parameter deterioration is a design-specific issue or rather a general problem of physical
implementation, at least in the selected semiconductor process.

5.2. Comparison of the Critical Operation Parameter Changes

In order to follow this issue, another simulation-based comparison was performed.
The critical operation parameters were checked for the source, gate, and mixed buffers at
all four designed stages taken into account so far. Simulation setup is identical as in the
case of the simulations related to the schematic-based comparison of the scrutinized buffer
with its ancestral architectures (Figure 6). The results of the voltage gain, DC offset, and
input impedance comparison are presented in Tables 6 to 8, respectively.

Table 6. Comparison of voltage gain [dB] for different implementation stages of the source follower,
gate followers, and discussed buffers.

Buffer Version Source Follower Gate Follower Improved Gate The Discussed

Follower Buffer
The orlglr.1a1 3082 m 4913 m —2894m —38.67 m
schematic
The SOAC ~30.88 m ~4928m ~29.68m ~3842m
schematic
The unprotected 3469m —51.05m —29.88 m —45,42 m
layout
The SOAC —3515m _51.44m —30.13 m —45.42 m
layout

Table 7. Comparison of output to input DC offset [mV] comparison for different implementation
stages of the source follower, gate followers, and discussed buffers.

Buffer Version Source Follower Gate Follower Modified Gate The Discussed

Follower Buffer
The or1g1r}al —36.30 28.51 20.23 10.20
schematic
The SOAC —35.99 28.20 19.89 10.27
schematic
The unprotected 3492 30.38 21.98 12.66
layout
The SOAC 3449 30.16 21.85 12.66

layout
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Table 8. Comparison of input impedance [MQ)] for different implementation stages of the source
follower, gate followers, and discussed buffers.

Buffer Version Source Follower Gate Follower Modified Gate The Discussed

Follower Buffer
The or1g11}al 0.5876 15.0 148.4 160.1
schematic
schematic
The unprotected 02131 2244 3.551 2.603
layout
The SOAC 0.2027 1.941 2.934 2.603
layout

As presented in Table 6, the voltage gain values for all four compared buffer architec-
tures are only slightly (less than 20%) deteriorated throughout the design stages from the
original schematic to the SOAC layout.

A similar conclusion can be drawn for the DC offset comparison (as presented in
Table 7). The deterioration of this parameter is less than 20% in the most pronounced cases.

The input impedance comparison (Table 8) shows a major deterioration for all the
simulated buffers. The most pronounced effects can be observed in the case of the buffers
intended to provide the highest quality of their operation. It can be seen that the reduction
to the input impedance between the original schematic and the SOAC layout in the case
of the source, classic/modified gate, and mixed buffers is equal to 2.9, 7.7, 50.58 and
61.51 times, respectively.

The highest and similar input resistance reduction ratios are present for the modified
gate buffer and for the scrutinized mixed buffer. The basic source and gate followers
have input impedance reduction ratios much closer to each other than to any of the more
advanced architectures. This is an important outcome, because the modifications to the
signal path of the modified gate and mixed followers are expected to provide the same
result. In both cases, the drains of the input-stage transistors are connected in ways that
largely limit variation of the drain-source voltages of these transistors.

In the case of the modified gate buffers, the input stage transistor drains are connected
to the output node, and in the case of the mixed buffer, they are connected to the sources of
the auxiliary transistors. It is worth mentioning that the more complex scrutinized buffer
with a higher number of transistors in its signal path and more sophisticated biasing cir-
cuitry results with only slightly (about 20%) more pronounced input impedance reduction
in comparison to the modified gate follower with its simpler signal path design and basic
biasing circuitry.

Although the SOAC layout of the modified gate follower offers its input impedance
higher by 12.7%, it must be remembered that this design is much more prone to process
parameter variation and device matching precision issues, as mentioned in Section 2.3.

5.3. Discussion of the Comparison Results

The final conclusion of the performed comparison is that the process of laying the
scrutinized buffer out caused a pronounced reduction of its input impedance being the
critical operating parameter. In addition, this effect is present in all the compared buffer
structures. This effect increases with the internal complexity of the tested buffers, but the
scrutinized buffer still provides the highest value of input impedance among the buffers
that employ cooperation and matching of devices of the same type to ensure their proper
operation. The input impedance of the scrutinized mixed buffer is more than 12.8 times
higher than that of the source follower. An issue for future research would be to investigate
whether such an input impedance reduction after the physical implementation of the
compared buffers is mostly connected to the properties of the semiconductor process or
to the internal architecture of the implemented buffers, in general. It is a problem worth
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solving, as the architecture of all the compared buffers, including the scrutinized mixed
buffer, is intentionally kept as simple and short as possible. Most of the added circuit
complexity is placed outside of the signal path in the DC operating bias circuits.

6. Conclusions

The author analyzed and discussed the influence of the design advancement of the
analyzed high-input impedance buffer on its structure details and operation parameters.
The issue was investigated due to the necessity of applying about 30 overvoltage protection
devices in order to ensure save operation of the buffer during its power-up, normal-
operation, and power-down phases. The presence of these additional safety devices is
necessary because of commonly implemented interconnections of the utilized low-voltage
and medium-voltage MOS transistors with significantly different maximum interterminal
voltages, due to the superior matching properties of the low-voltage MOS transistors. The
safety devices include a capacitor, p-n diodes, Zener diodes and stacks of diode-connected
MOS transistors. The conducted analyses include frequency- and time-domain simulations
of the circuit operation, along with frequency- and time-domain noise influence analysis.

The analyses performed by the author show that the addition of all these devices of
several different types causes only minor deterioration in the signal processing quality
of the scrutinized buffer. It is the physical implementation process that was found to be
the main source of deterioration to the buffer parameters. Operation parameters like the
voltage range of properly processed input signals, voltage gain error, and output-input DC
offset remain generally unchanged throughout the entire design process advancement from
the schematic of the original buffer to the final layout of the SOAC buffer. Among the main
limitations caused by the laying process, there are chiefly those related to the operating
speed limits.

Unfortunately, the author also found that one of the seriously affected parameters of
the scrutinized buffer is its input impedance. The problem is that the analyzed buffer was
designed with the very goal of obtaining an increased value for this parameter. Thus, such a
result required further analysis. A comparison was performed to analyze the deterioration
of the critical operation parameters for the scrutinized mixed buffer and its ancestral
source and gate followers. The author found that the detected parameter deterioration is
a common phenomenon in all the compared buffer structures. It is more pronounced for
more complex structures in general, and not particularly so in the case of the scrutinized
buffer. The commonness and degree of the deterioration of speed and input impedance
deterioration found by the author for the scrutinized and all the compared buffers suggests
the necessity of a comparative analysis against physical implementations with the use of
different medium- and high-voltage technology processes. It is worth mentioning that all
the buffers taken into account have extremely short signal paths with a very limited number
of devices between their inputs and outputs. Also, the ancestral buffers of the scrutinized
mixed buffer are rather typical and well-known source and gate follower structures.

The author presented a specific approach to circuit operation analysis in relation to
the application of internal devices that serve purely safety/overvoltage roles. In the course
of the performed studies, the author found this approach not to be a common one. It is not
clear whether it is caused by the limited influence of typically applied safety devices or if
stress is placed on the analysis of single stages of the circuit design, like final layouts of
designed circuits, only. The presented analyses provide information on deterioration of
the operation quality of the scrutinized buffers. The results gathered and analyzed by the
author show that the process of equipping the buffers with sets of required safety devices is
of secondary importance to their operation quality. On the other hand, it is still the physical
implementation process that was found to be the source of major changes to the circuit
operation parameters, even in the case of rather simple and typical buffers.

The outcome of the analyses performed by the author might be found useful and
informative for designers of middle- or high-voltage analog integrated circuits, starting
from the stage of technology process selection.
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