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Abstract. This study delves into the application of secondary effects, specifically body effect,
channel length modulation effect, and subthreshold conduction effect, in the optimization of
analog integrated circuits. The research highlights the critical role these effects play in modern
circuit design, especially as device dimensions continue to shrink. Through a systematic analysis,
the study presents key strategies for mitigating these effects to enhance circuit performance,
reliability, and power efficiency. Notably, the implementation of a transient BD scheme in
partially analog-assisted D-LDOs (Digital Low Dropout Regulators) has shown a performance
improvement of over 10% compared to schemes without this enhancement, while also
significantly reducing total coupling. Techniques such as DIBL effect compensation have proven
effective in reducing load sensitivity and power consumption. This study provide valuable
insights and practical approaches for the design and optimization of high-performance, energy-
efficient electronic systems, making a significant contribution to the field of integrated circuit
design.
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1. Introduction
With the continuous increase in the demand for high-performance and low-power consumption of
modern electronic devices, the design and optimization of integrated circuits have become increasingly
crucial and complex. Against this backdrop, the three main secondary effects, as three major physical
phenomena, play significant roles in the design of transistors and their related circuits. The body effect
mainly involves the electron migration characteristics in the main region of the transistor. Especially as
the device size shrinks, the body effect has a remarkable influence on the threshold voltage and
transconductance characteristics of the transistor [1-3]. This effect not only determines the switching
speed of the transistor but also obviously changes the power consumption and also the performance of
the circuit. The channel modulation effect is mainly manifested when the transistor is in the saturated
region, resulting in a nonlinear correlation between the current and the channel length. With the increase
in circuit frequency and the decrease in power consumption, reducing the channel modulation effect
becomes one of the key challenges in circuit design. Effectively managing this effect can improve the
reliability and performance stability of the circuit [4].

On the other hand, the subthreshold conduction effect affects the energy efficiency ratio and power
control ability of the transistor at low voltage. In modern mobile device and sensor technology,
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optimizing the design of the subthreshold region to maximize battery life and system efficiency has
become critical [5].

The purpose of this report is to explore in depth the basic principles, influencing factors, application
and optimization strategies of these three secondary effects in modern integrated circuit design. Through
systematic literature review and case analysis, these key effects will be more fully understood and
applied to address increasingly complex circuit design challenges.

2. Theoretical Model and Basic Formula

2.1. Body effect
In NFET, when the substrate voltage becomes smaller, more holes are attracted to the substrate electrode,
making the depletion layer wider. The VTH is the function of the total charge of the depletion layer, so
as the substrate voltage decreases, the VTH will rise, thus affecting the drain current[6].

Threshold voltage of the MOS transistor:

Vra - VTHO+'Y(\/| 2Mr —2Vss | —\/| 2dr )

(1

This indicates that as the substrate voltage VBS increases, the VTH will increase non-linearly. In
design, this means that if the source potential is not fixed (as in some analog circuits), the body effect's
impact on device performance needs to be considered.

Drain current:

1 w
Ip = —pn Cox — (Vin—Vou — Vi)
2 L )
When the input Vin remains the same, the increase of VTH results in the decrease of Vout, as shown
in the figurel below.

(a) {h) {e)

Figure 1. (a) Source-to-substrate voltage as a function of input level (b) Without considering the body
effect (c) Considering the body effect[7].

The body effect can be eliminated as long as VSB=0 in the threshold voltage expression, which
requires short connections between substrate and source. For example, when integrating, the PMOS
monopolizes a trap, so that both the NMOS and the PMOS substrate can be connected to the source
extremely short.

2.2. Channel length modulation effect
When the voltage difference between gate and drain increases, the actual inverse channel length
gradually decreases. Channel modulation effect refers to the modulation effect of channel length change
on drain current ID and transconductance gm.

Without considering the channel modulation effect:
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Figure 2 is the actual drain current change due to the channel modulation effect.

Figure 2. Drain current considering channel modulation effect [7].

The length of the actual channel:
AL =AVbs
L 4)

Drain current with channel modulation effect is considered:

Ip = 1 pn Cox K (Vas—Vn)* = 1 tn Cox w (Vas — Vi) (1+ AVbs)
2 L 2 L 5)
This shows that even in the saturation region, the drain current still increases with VDS. This means
that the MOSFET's output resistance is finite, which in analog circuit design (such as amplifier) can
affect the gain and frequency response of the circuit. The change of L also causes the change of
transconductance gm.
Without considering the channel modulation effect:

gm= tn Cox v (Ves = V)
L (6)

2.3. Subthreshold conduction effect

Under ideal circumstances, when the VGS< threshold voltage VTH, the MOS tube is cut off, and in fact,
when it is less than the threshold, that is, when the threshold is lower, the MOS is also on and has a
certain drain current ID, this phenomenon becomes a subthreshold conduction effect, which can be seen
in figure3 [7].

Figure 3. MOS subthreshold characteristics [7].
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Subthreshold conduction phenomenon: The CMOS device can not be completely turned off when
the VGS is very small, and there is leakage phenomenon, which will lead to power loss and analog
(voltage or current) signal loss in the CMOS circuit. On the other hand, because the MOS tube is in the
subthreshold region state, the power consumption can be lower than that after opening. Therefore,
reasonable and correct use of sub-threshold conductivity of CMOS devices can achieve low voltage and
low power design.

3. Practical Application of Secondary Effects

3.1. Examples of the application of body effects
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Figure 4. D-LDO connection and test bench (a) Conventional connection and test bench (b) AA
connection and test bench (c¢) BD connection and test bench (d) Output waves of instantaneous output
voltage (VOUT), gate voltage (VQ), threshold voltage (VTH), and unit current (IUNIT) during a load
step [8].

This figure 4 mainly shows the application and improvements of AA (Adaptive Automation) technology
and BD (Partial Adaptive Automation) scheme in circuit design. Compared to traditional connection
methods, AA technology enables a rapid response to load step changes without the need to increase
sampling frequency or output capacitance. When combined with the BD scheme, the design can further
optimize the threshold voltage, thereby enhancing the transient response capability while increasing the
instantaneous value of the unit output current. By integrating the AA and BD schemes, the total coupling
is reduced to 40 pF while still maintaining a good transient response. Compared to using the AA scheme
alone, the performance improvement exceeds 10% [8].

3.2. DIBL effect compensation technique

The complementary metal oxide semiconductor voltage reference (CVR) has significant advantages in
achieving low power consumption, which can be reduced to the nanowatt or petawatt level. The DIBL
effect causes the ID of a subthreshold MOS transistor to depend on the VDS. In a self-biased or leak-
biased CVR, the VDS of the bias transistor changes with the VDD, and the bias current will also change
with the VDD due to the DIBL effect of the bias transistor, thus affecting the VREF.

In 2020, Wang et al. proposed a self-bias-based CVR structure, as shown in Figure 5, using a DIBL
effect compensation technique. According to their design, by introducing an additional PMOS transistor
M10, the current IC generated by its DIBL effect is VDD dependent, and the DIBL effect of the M6
transistor is successfully offset. This compensation technique makes the bias current IB independent of
VDD, resulting in significantly improved load effects (LS). The CVR structure with this compensation
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technology has a load effect of only 0.019%/V and achieves a very low power consumption of only 48
pW [9].

?Mr

Figure 5. CVR with DIBL effect compensation technology[9].

Yu et al. also proposed a self-biased CVR structure with DIBL effect compensation in their study, as
shown in Figure6. In order to reduce the dependence of IB caused by DIBL effect on supply voltage
VDD, they designed the VGS1 of bias transistor M1 to adjust adaptively to achieve DIBL effect
compensation. This design makes the bias current IB almost unaffected by VDD. According to their
research, the circuit has an average load effect (LS) of 0.016%/V while achieving a lower power
consumption of 521 Pw [10].
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Figure 6. Self-biased CVR with DIBL effect compensation technology[10].

In practical circuit design, body effect and DIBL effect compensation have their own unique
application scenarios and advantages. The main advantage of the bulk effect is its flexibility, suitable
for applications where the threshold voltage needs to be dynamically adjusted, while the DIBL effect
compensation is more suitable for circuit designs that require high stability. The combination of the two
can achieve the best balance between performance and power consumption in complex circuit design,
so as to meet the strict standards of modern integrated circuit design for high performance with low
power consumption.
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In addition to pre-regulation, self-regulation, and DIBL effect compensation techniques, increasing
the output impedance of the bias transistor is another effective method for reducing source-drain voltage
swing (LS). Yu et al. proposed an innovative approach by combining the standard current mirror (SCM)
structure with a cascode configuration to create a quasi-self-cascode current mirror (QSCCM)[10]. This
design increases output impedance, effectively reducing fluctuations in the bias current 1B, thereby
improving circuit stability and performance. This approach not only enhances operational efficiency but
also offers new insights for the design of high-precision analog circuits.

4. Conclusion

With the continuous increase in the demand for high efficiency and low power consumption of modern
electronic devices, the design and optimization of integrated circuits have become increasingly crucial
and complex. Against this backdrop, these basic secondary effects, as three major physical phenomena,
play significant roles in the design of transistors and their related circuits. The body effect mainly
involves the electron migration characteristics in the main region of the transistor. Especially as the
device size shrinks, the body effect has a remarkable influence on the threshold voltage and
transconductance characteristics of the transistor. This effect not only determines the switching speed
of the transistor but also directly affects the power consumption and overall performance of the circuit.
The channel modulation effect is mainly manifested when the transistor is in the saturated region,
resulting in a nonlinear correlation between the current and the channel length. With the increase of
circuit frequency and the decrease of power consumption, reducing the channel modulation effect
becomes one of the key challenges in circuit design. Effectively managing this effect can improve the
reliability and performance stability of the circuit.

On the other hand, the subthreshold conduction effect affects the energy efficiency ratio and power
control ability of the transistor at low voltage. In modern mobile device and sensor technology,
optimizing the design of the subthreshold region to maximize battery life and system efficiency has
become critical.

The purpose of this report is to explore in depth the basic principles, influencing factors, application
and optimization strategies of three basic secondary effects in modern integrated circuit design. Through
systematic literature review and case analysis, these key effects will be more fully understood and
applied to address increasingly complex circuit design challenges.
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