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Abstract. Today, the size of semiconductor devices is still decreasing, which makes the circuit
more integrated, faster computing speed, and lower power consumption. But for a single
transistor, some performance degrades. One of the important properties is voltage gain, which
must be compensated with some special methods in the design. This paper will focus on the
discussion and analysis of four methods, which are able to improve the voltage gain. These are
cascode amplifier, cascade amplifier, gain boosting, and bootstrapping. In this letter, their
respective advantages and disadvantages will be discussed. Furthermore current applications and
possible external development of these methods are also important part of this paper. In this part,
the discussion will be further expanded and summarized on the basis of previous studies.
Hopefully, these studies can help others gain a more comprehensive understanding of these
technologies and provide a theoretical basis for future high-performance analog integrated
operational amplifier research and design.
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1. Introduction

Amplifier is an important part of analog integrated circuits, so it is very important to design a high-
performance amplifier for analog integrated circuits. Among the many parameters that affect amplifiers,
researchers will especially focus on voltage gain in this paper and how to design an amplifier with high
voltage gain. Voltage gain is the most basic parameter for operational amplifiers, which seriously affects
the application of operational amplifiers. At the same time, with the continuous development of the
integrated circuit manufacturing process, the size of MOSFET has been reduced to a few nanometers,
and the voltage gain of a single MOSFET is limited, which poses a higher challenge for the design of
high-gain integrated circuits. Therefore, it is crucial to use a series of gain improvement means to
compensate for the gain degradation of mos tubes in integrated circuit design. This paper mainly focuses
on the analysis and comparison of a series of existing gain enhancement technologies, and gives the
advantages and disadvantages of each gain enhancement technology, hoping to provide a reference for
the selection of gain enhancement technology in integrated circuit design.
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2. Analysis and discussion of gain enhancement techniques

2.1. Cascode
Cascode amplifier is a common way to increase the voltage gain of amplifiers. The basic principle is to
increase the output impedance of the circuit to increase the voltage gain of the circuit.
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Figure 1. An ideal cascode amplifier.

Figure 1 shows an ideal cascode amplifier. In this circuit, an ideal current source LB is used to bias
the circuit, and M2 MOSFET acts as a similar current buffer, increasing the output impedance of the
circuit and thus increasing the total voltage gain of the circuit. Under ideal conditions, the total voltage
gain can reach the product of the voltage gain of two MOSFETs.
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Figure 2. An ideal folded cascode amplifier.
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Figure 2 shows a typical folded cascode amplifier. The principle of high voltage gain reached by this
structure is the same as that of cascode structure, and most of the parameters except current loss are also
roughly the same, but because of its advantages in use as a differential circuit, it is worthy to be discussed
separately here.

Both of these amplifiers have upsides and downsides. Start with the ideal cascode amplifier, the most
prominent feature of ideal cascode amplifier is that it can reach a high voltage gain with a ideal current
source as bias or under low frequency high load conditions. Based on the above statement of the
advantages of cascade structure, the disadvantages of the cascode amplifier are also very clearly.
Without DC current source bias or low-frequency high load conditions, its ability to increase voltage
gain is greatly reduced. At the same time, it is also necessary to consider that the ideal current source
does not exist in the real world. Therefore, it is necessary to simulate an ideal current source as much as
possible. As a result, a telescopic cascode amplifier is produced, which used two MOSFETs in series as
a current source. But it will seriously lead to a drop in the output voltage swing. In a telescopic cascode
amplifier the Possible maximum output voltage swing is equal to the power supply voltage minus the
sum of the four mos overdrive voltages, in most cases this sum is 0.8V, which means, if a relatively
small voltage is used in the circuit, such as 1 or 2 V, this weakness will badly influence the output
voltage swing.

Then move on to the folded cascode amplifier. folded cascode amplifier is similar to the Cascode
amplifier and has similar advantages and disadvantages. But what the difference is that the folded
cascode amplifier is really meaningful when used as a differential circuit. The input and output of the
folded cascode amplifier can be shorted, the selection of the input common-mode level is easier, and the
output voltage swing is larger than that of the ordinary cascode amplifier. However, it also has a
disadvantage that cannot be ignored, because the bias current will be evenly distributed between the two
transistors, which will lead to the current consumption of the folded cascode amplifier will be twice that
of the cascode amplifier under the same voltage gain, output swing and gain bandwidth product, these
are really the shortcoming of the folded cascode amplifier.

At present, the above two technologies have been widely used in the field of integrated circuit design,
and they are common means to improve amplifier gain. Here, I hope to discuss the future development
prospects of this technology based on previous research. Due to the wide application of the folded
cascode amplifier in differential circuits, the folded cascode amplifier is significantly more used than
the ordinary cascode amplifier. At the same time, the current integrated circuit design is developing in
the direction of high speed, low voltage and low power [1]. Talwar, Sharma and Srivastava discussed
and compared the folded cascode amplifier of the circulating type and the complementary type, which
have the advantages of saving power, sedimentation time, circuit area and increasing bandwidth, which
are of great significance in mobile communication [2]. At the same time, as a single-pole amplifier
circuit, the folded cascode amplifier has a high speed, which makes it very suitable for use in the field
of mobile communication, but in another side, the problem of poor anti-noise ability of the folded
cascode amplifier itself must be fully considered, which will be one of the future research directions.

2.2. Cascade

The cascade amplifier is also a very common amplifier, which used to increase the voltage gain of the
amplifier, and its basic principle is to achieve the increase of the total voltage gain by connecting
multiple single-pole amplifier circuits.
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Figure 3. A typical cascade amplifier.

Figure 3 shows a typical cascade amplifier with two single-staged amplifiers connected, and the total
voltage gain can also be obtained as the product of all single-staged amplifiers' voltage gains under ideal
conditions.

The most compelling advantage of cascade amplifiers is their ability to increase voltage gain, by
connecting multiple single-staged amplifiers a higher voltage gain and higher output swing can be easily
obtained [3]. Meanwhile, cascade amplifiers have great advantages in reducing the output signal-to-
noise ratio compared with single staged amplifiers. Using a circuit with a low noise factor in the first
stage of cascade amplifiers can improve the noise factor of the entire circuit [4]. Its disadvantages are
also obvious, the speed of the cascade amplifier is much lower than that of the single-stage amplifier,
which makes it very unfavorable in the field of high-speed demand such as communication. The high-
power consumption of the cascade amplifier circuit is also one of its disadvantages, and this problem
needs to be considered by designers under the current design concept of pursuing low power
consumption. In addition, there is also the problem of stability in the cascade structure, in order to solve
this problem, it is often necessary to add a Miller capacitor between the two stages of the amplification
circuit to compensate, and this will also lead to additional circuit power consumption increase.

The amplifier of the cascade mechanism is also widely used at present. In the design, it is often
considered to use a multistage amplifier circuit to achieve a high-gain and high-swing circuit through
the cascade of the high-gain stage and the high-swing stage [3], and at the same time, it can also obtain
a better bandwidth. However, the current development trend of integrated circuits tends to be high
energy efficiency and high integration. For this reason, the larger area and higher power consumption
of multistage amplifier circuits will be a problem that needs to be further solved. These could be the
most important future research directions in this field.

2.3. Gain boosting

As with the above two techniques, the gain boosting is a kind of technique that increases the voltage
gain of the circuit by increasing the output impedance of the circuit.In deep submicron CMOS
technology, even if the cascode amplifier is used, a relatively ideal voltage gain cannot be reached, so
feedback technology can be considered to improve the voltage gain.\
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Figure 4. A typical case using gain boosting.

Figure 4 is a typical single-staged amplifier circuit using the gain boosting technique.A large gain
operational amplifier is used as feedback in the circuit. According to the virtual short circuit and virtual
open circuit characteristic of the operational amplifier, the source voltage of the transistor M2 is constant,
thus making the current fixed, which makes the feedback structure form a better current source. It also
can be seen from the small-signal circuit analysis. Under ideal conditions, the output impedance of the
circuit is Agb times higher than that of the original cascode amplifier. The voltage gain is also Agb times
higher than original voltage gain. The voltage gain of the circuit can be seen to be improved by several
orders of magnitude.

Similar to other methods of increasing voltage gain, gain-boosting technology can improve voltage
gain well, and its voltage gain is higher than that of common single-pole amplifiers such as cascode
amplifiers. However, the high gain of gain-boosting technology comes at the cost of speed, which limits
its use in the fields of communications, medicine, and automation. In addition, the gain enhancement
technology will also lead to high power consumption of the circuit, which is not good to some low-
power design [5]. At the same time, gain enhancement technology will also bring some stability
problems. The circuit itself has a zero-pole pair, and to compensate for it, the unit gain bandwidth of the
auxiliary op amp needs to be increased. When the unit gain bandwidth frequency of the auxiliary op
amp increases near the second node of the circuit, the entire op-amp will be unstable [6].

The gain-boosting technique is especially widely used in multistage amplifiers because of its
excellent gain-boosting ability to obtain higher voltage gains than ordinary cascode amplifier, which
makes it often used as a gain-boosting stage of multistage amplifier circuits [6, 7].In addition, Hui,
Woo,Hung and Leung proposed an amplifier with double gain boosting technology, which has a good
increase in both gain boosting and output voltage swing [8]. Meanwhile, Chang and Lin also proposed
a structure named double self-bias topology, in which a single power supply can be used for power
supply and gain enhancement can be improved to achieve low power consumption and high gain [9].

2.4. Bootstrapping

Bootstrapping is a technology that achieves high voltage gain by bootstrapping the effective value of
output resistance. Similar to the gain boosting technology which mentioned earlier, it has great
significance in deep submicron CMOS technology.
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Figure 5. A case using bootstrapping to improve voltage gain.

Figure 5 is an example of a circuit that uses bootstrap technology.In this circuit, Q1 is the
amplifier.Q2 is the emitter follower. The load resistance is connected to another emitter follower Q3.
Q3 is connected to the output voltage through three diodes. The output AC voltage of the emitter
follower Q3 is the same as the collector AC voltage of the input transistor Q1. For this reason, there is
no AC voltage drop at both ends of the resistance R. So the resistance R is bootstrapped to a large value.

One of the great implications of bootstrap technology is its ability to increase voltage gain. In the
integrated circuit design can be combined with another high-gain circuit mechanism to get a more ideal
effect, but also can get a larger bandwidth also has a good performance. However, the same bootstrap
technique results in slower circuit speeds and higher power consumption compared to the cascode
amplifier. At the same time, because the technology requires adding circuits to the original circuit, this
can lead to possible stability problems.

In addition to the great performance of bootstrap technology in increasing voltage gain, it also has a
good performance in improving linearity. In the paper [10, 11], the author used bootstrap technology in
the design of amplifier circuits to improve the output impedance, so as to improve the linearity of the
circuit [12].In addition, in the paper [11], a neutral bootstrap common-source common-gate amplifier
topology is proposed, which can maintain stability while improving power gain and output voltage
swing [11].It can be concluded from the above that the current application of bootstrap technology is
not limited to improving voltage gain, but also has a good effect on improving other parameters of the
circuit. This is also different from the gain enhancement technology, its application is more flexible.

3. Conclusion

In this paper, four methods to improve voltage gain are discussed in detail. In today's MOSFET size is
further reduced, its voltage gain ability is also affected to a certain extent, so it is essential to compensate
it by means of increasing voltage gain. The cascode Amplifier is a basic and effective gain-enhancing
amplifier, and its greatest significance is that the remaining three technologies can often be constructed
on the basis of the thecascode AmplifierThe cascade structure can achieve different parameter
requirements by connecting different single-stage amplifiers, which is a very flexible structure, but there
will be problems such as stability and speed. The gain boosting technology can further improve the
voltage gain on the basis of the cascode amplifier, so it has great significance in improving the
gain.Finally, there is bootstrap technology, which not only increases the gain, but also has applications
in improving linearity. The above is a simple summary of the four technologies, but it is worth noting
that the analysis of these technologies in this paper is stuck in the theoretical aspect and lacks practical
verification, which needs to be further improved.
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