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Abstract

:

A fully integrated and high-efficiency low-dropout regulator (LDO) with 100 mV dropout voltage and nA-level quiescent current for energy harvesting has been proposed and simulated in the 180 nm CMOS process in this paper. A bulk modulation without an extra amplifier is proposed, which decreases the threshold voltage, lowering the dropout voltage and supply voltage to 100 mV and 0.6 V, respectively. To ensure stability and realize low current consumption, adaptive power transistors are proposed to enable system tropology to alter between 2-stage and 3-stage. In addition, an adaptive bias with bounds is utilized in an attempt to improve the transient response. Simulation results demonstrate that the quiescent current is as low as 220 nA and the current efficiency reaches 99.958% in the full load condition, load regulation is 0.0059 mV/mA, line regulation is 0.4879 mV/V, and the optimal PSR is −51 dB.
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1. Introduction


Energy harvesting (EH) technology converts weak energy harvested from the environment into electricity [1,2,3]. EH has been used in many fields, such as the Internet of Things (IoT), wearable devices, and wireless sensors [4,5,6]. The output voltage collected from energy harvesting is unstable. Therefore, the low-dropout regulators (LDOs) are used to provide a stable power supply for the loads, as they have the advantages of uncomplexity, a low cost, and being noise-immune.



A typical EH system is depicted in Figure 1. Considering the weakness of the energy source and low collection efficiency, energy collection suffers from a low supply voltage and high power consumption [7,8,9]. Consequently, new challenges and requirements are set forth for the supply voltage and power conversion efficiency of LDO.



For the purpose of improving the integration and reducing the cost, [10,11,12,13] proposed the output-capacitor-less (OCL) LDOs consuming  μ A-level static currents. However, low-power equipment should consume as little electricity as possible during standby and operation. To further reduce the current to nA levels, [14] adopts an adaptive bias solution based on the super-source follower (SSF) structure. Nevertheless, the minimum supply voltage is as high as 1.8 V, and struggles to meet the EH requirement. In addition, the large dropout voltage leads to large power loss.



Another approach to improving efficiency is to reduce the dropout voltage [15]. A dropout voltage can be defined as the product of the valid channel resistance of the component and the load current in non-regulatory conditions [16]. In [17], a large and wide ratio power transistor is proposed to reduce the equivalent resistance, but this requires a large area. One method to reduce the threshold voltage is the floating meter [18,19], and the other method is body bias [20,21,22]. Recent research has shown that the threshold voltage can be reduced using current-driven bulks [23]. Since   V B   is less than   V S   in the PMOS power transistor, the source-end bipolar crystal pipe can be turned on to reduce the threshold voltage. This extra adaptively biased current-driven loop generates a lot of static current, which cannot meet the low   I Q   requirements.



This paper proposes a 100 mV-dropout and high-efficiency OCL-LDO with low supply voltage, which uses bulk modulation and adaptive bias technology with adaptive power transistors (APT). The bulk modulation without using the auxiliary amplifier has significantly reduced the dropout voltage to 100 mV. The adaptive bias can quickly detect the transient jumps to shorten the recovery times and reduce the quiescent current. Through the use of APT, the system is able to switch between 2-stage and 3-stage amplifiers under different load conditions, ensuring its stability in the full load range. Further, APT reduces power consumption by reducing unnecessary current consumption. On the one hand, ultra-low   V  I N    and   V  O U T    are suitable for weak EH systems, since they require a low input voltage and output voltage. On the other hand, by reducing the dropout voltage, high efficiency can be achieved with low power consumption.



In the rest of this paper, the operating principle of the proposed LDO is discussed in Section 2. Section 3 and Section 4 describe the circuit implementation and stability analysis, respectively. The simulation results, along with comparisons with the state-of-the-art designs, are reported in Section 5. Finally, conclusions are drawn in Section 6.




2. Operation Principle


2.1. Bulk Modulation without Amplifier


The amount of energy collected by the EH system is extremely small. DC-DC Boost converter only produces a few hundred mV of output voltage, requiring a low   V  I N    in the LDO design. Generally, the   V  I N    can be expressed as:


      V  I N   =  V G  +   V  G S P    ≥  V G  +   V  T H P    ,     



(1)




where   V G  ,   V  G S P   , and   V  T H P    are the gate voltage, gate-source voltage, and threshold voltage of the power transistor, respectively. When there is a voltage difference between the bulk and source,   V  T H    decreases with   V  B S    due to the body effect and can be written as:


      V  T H   =  V  T H 0   + γ  (    | 2   Φ F   | −   V  B S     −    | 2   Φ F   |    )  ,     



(2)




where   V  T H 0    is the threshold voltage when   V  B S    is zero,  γ  denotes the bulk-effect coefficient, and   Φ F   is the Fermi potential. Generally,  γ  ranges from 0.3   V  1 / 2    to 0.4   V  1 / 2   . This analysis was simplified by replacing source-bulk voltage   V  S B    with   −  V  B S    . In the case of   a 2    > >    b 2  , taking into account a mathematical formula [24]:


       a + b   ≈  a  +  b  2  a    .     



(3)







In Equation (2), there is    ( 2  Φ F  )  2    > >    V  S B  2  , and substitute them into a and b, and considering the relationship of [25,26]:


     1 +  γ  2   2  Φ F      = η ,     



(4)




where  η  ranges from 1.2 to 1.3. Part of Equation (2) can be approximately expressed as follows:


     γ    2  Φ F  −  V  B S     −   2  Φ F     ≈   γ  V  S B     2   2  Φ F      =  ( η − 1 )   V  S B   .     



(5)







Therefore, we can conclude that   V  T H    is linearly related to   V  S B   . Via the body effect approximation, Equation (2) can be simplified as [27]:


      V  T H   ≈  V  T H 0   +  ( η − 1 )   V B  .     



(6)







Previously, the bulk of the power transistor was connected to the source to prevent the conduction of the PN junction between the source and the bulk, as shown in Figure 2a. Thus   V  T H    =   V  T H 0   . The minimum   V  I N    of this kind of LDO is larger than 1 V, which does not meet the criteria for low   V  I N   .



The bulk modulation is proposed to reduce   V  T H    and then   V  I N   , as illustrated in Figure 2b. This system imposes an additional amplifier to generate the bulk voltage   V  B O D Y   , which increases power consumption.



Recently, bulk modulation without an extra amplifier was proposed in [28], which can better realize the balance between power consumption and low   V  I N   . Figure 2c shows its structural block diagram. However, the modulated   V G   is close to   V  I N   , resulting in low gain and poor performance.



To solve the problems mentioned above, this paper proposes a voltage reuse scheme to generate   V  B O D Y   . In a typical three-stage structure of OCL-LDO, the buffer is used to increase the drive ability and enhance the load capacity of the power transistor due to the small output resistance. The buffer output is usually only connected to the gate of the power transistor   V G  . In this paper, the bulk modulation is simplicity obtained by connecting the buffer output to not only the gate but also the bulk of the power transistor, as shown in Figure 3.   V  I N    in this paper can be expressed as:


      V IN  =  V G  +   V TH   =  V  T H 0   +  V G  +  ( η − 1 )   V G  =  V  T H 0   + η  V  G .       



(7)







From Equation (7)   V  I N    is determined only by   V  T H 0    and   V G  . The large value of   V  B O D Y    is replaced by   V G  , resulting in a reduction in   V  I N    to 600 mV. In addition, a gain path is established from the bulk to   V  O U T   , and the body transconductance   g  m b    can enhance the regulation gain. Consequently,   V  I N    is more effectively reduced without introducing additional power consumption, ensuring that the transistor performs normally in low   V  I N   .



It is important to note that a forward-biased PN junction between bulk and source experiences very low voltage. An exceedingly high   V  S B    may lead to the forward breakdown of the MOS transistor, resulting in device damage. Lowering the bulk voltage appropriately, while ensuring that the PN junction does not undergo breakdown, can reduce   V  T H   . To validate the feasibility of the proposed approach, simulations of the circuit were conducted. Figure 4a shows that the value of   V  T H    as   V  I N    varies under different   V  B O D Y    when adopting the   V  B O D Y    reuse method. The simulation results show that   V  T H    increases as   V  I N    decreases, while   V  B O D Y    remains constant. However,   V  T H    can be effectively reduced by decreasing   V  B O D Y   . In the proposed design, the MOS transistor is protected from forward breakdown since the maximum value of   V  B O D Y    is 280 mV, which is less than the forward breakdown voltage. Additionally, Figure 4b shows the drain current with and without   V  B O D Y    reusing. There is evidence that, within a specific range, after adopting the reuse of   V  B O D Y   ,   I Q   can be effectively reduced. Therefore, the proposed bulk modulation without an amplifier reduces both   V  I N    and   I Q  .



Despite this, bulk modulation also has some disadvantages, such as circuit instability due to the excessive modulation or reverse breakdown of PN junctions caused by a   V  B O D Y    that is too low. To solve the above problems, APT technology is proposed in the next section.




2.2. Adaptive Power Transistors


The drain current   I D   of the power transistor working in the saturation region can be given by:


      I D  =  1 2   μ P   C  O X    W L      V  G S    −   V  T H     2  ,     



(8)




where   μ P   is the mobility of the PMOS channel,   C  O X    is the capacitance of the gate oxide layer, and   W / L   is the transistor ratio.



As the load current   I  L O A D    gradually increases and   V  G S    increases, so   V G   decreases accordingly. When employing   V  B O D Y    reuse, there is   V G   =   V  B O D Y   . Reducing   V  B O D Y    too much will result in increased   V  B S   , which may lead to the forward breakdown of the PN junction.



As a preventative measure, this paper proposes the APT technology. This is based on the principle that, when the load changes, a feedback signal is used to adjust the use of the auxiliary and main power transistors (  M  P 1    and   M  P 2   ). Meanwhile, bulk modulation performs on   M  P 1    and   M  P 2   . Specifically, the modulation effect will be enhanced as   I  L O A D    increases. The   V  B O D Y    reuse scheme being implemented for   M  P 2    will turn off under light loads, making   V  B O D Y    close to   V  I N   . The schematic diagram and working process of APT are shown in Figure 5.



The system works in a twp-stage amplifier topology when the load is light. Due to the second gain stage performing in the triode region,   M 14   pulls the output voltage closer to the supply. Therefore, the   V  G S    of   M  P 2    is minimal, and   M  P 2    is turned off. This was obtained by designing the aspect ratio of   M 14   and   M 16  .   M 14   is set to be small enough and   M 16   is set to be large enough; thus,   M 16   works in the saturation region, whereas   M 14   is forced into the deep linear region to sustain equilibrium in the light load. The gate of   M  P 1    is connected to the output of the first-stage amplifier,   V  E A   .   M  P 2    is forcibly disabled and all the load current flows through   M  P 1   .



When the load current increases, the   I  D S    of   M  P 1    increases, as well as its   V  G S   . Therefore,   V  E A    decreases, as well as the   V G   of   M 11  , which increases the current of   M 11   and provides a large current to   M 15  , as well as   M 16  . Thus, the drop-down ability of   M 16   becomes strong enough to pull   M 14   from the linear region into the saturation region. Hence,   M  P 2    is activated. The system works in a 3-stage amplifier topology.



To better distinguish the two operating states, we define a threshold current   I  O N    of approximately 350  μ A. When the load current is less than   I  O N   , the second-stage amplifier is working in the triode region and turns off   M  P 2   . When the load current increases to   I  O N   , the second-stage amplifier works in the saturation region and turns on   M  P 2   .



It is worth mentioning that the proposed LDO can adaptively switch the power transistors according to the load current, allowing the system to transform itself between 2-stage and 3-stage topologies. In addition, simulation results have shown that   V  B O D Y    ranges between 350 mV and 550 mV with APT, and   V  B S    is less than the forward breakdown voltage, which ensures the safety of the device.




2.3. Structure of Proposed OCL-LDO


Figure 6 shows the LDO structure with the proposed bulk modulation and APT. The gain boost stage with an adaptive bias module (ABM) is used, which obtains a large bandwidth gain depending on the load current. The unity gain buffer (BUF) produces   V  B O D Y    to modulate the bulk voltages of   M  P 1    and   M  P 2   , lowering the total current consumption via bulk modulation. The APT not only achieves satisfactory linearity but also improves the transient response. In an attempt to realize enough stability, the compensation module (CM) with an internal RC network is used.





3. Circuit Implementation


This section will provide an overview of the OCL-LDO, including its structural realization and design consideration. The proposed OCL-LDO works under the condition of   V  I N    = 0.6 V,   V  R E F    = 0.5 V, with   V  D r o p    = 100 mV. The LDO’s   V  R E F    is ultra-low, which can be generated with a BJT-based Kuijk bandgap reference [29]. Figure 7 depicts the complete circuit diagram. The gain boost stage is a transconductance-boosted amplifier (  M 1  –  M 10  ) and ABM provides adaptive tail current. The BUF consists of   M 11  –  M 16   in the form of a current mirror, which is capable of increasing the slew rate and improving the transient response. The CM is composed of a resistor   r m   and a capacitor   C m  .



3.1. Maximize the Efficiency under Low   V  I N   


To maximize efficiency, it is necessary to reduce the dropout voltage. However, lowering the dropout voltage degenerates the DC gain of the power stage, which can be expressed as:


     A P     =  g  m , linear    R  O U T            ≈    μ n   C  O X    W L   V  D S      μ n   C  O X    W L    V  G S   −  V  T H               =   V  D S     V  G S   −  V  T H     ,     



(9)




where   g  m , l i n e a r    is the transconductance in the linear region. As   V  D S    in the design is merely 100 mV; it is highly possible for it to be smaller than (   V  G S   −  V  T H    ), implying that the   A P   is less than one. It is worth noting that this issue is not present for regular 200 mV dropout regulators, as their power stage can supply roughly 20 dB gain for the control loop. To address this problem, the proposed LDO introduces a gain boost stage with ABM.



From Figure 7, the gain boost stage employs a single-stage differential amplifier along with a cross-coupled PMOS pair to increase the gain. The cross-coupled pair generates negative resistance that can counteract the equivalent resistance of diode-connected transistors   M 5   and   M 6  , which effectively increases the resistance of internal nodes   V X   and   V Y  . The amplifier gain is obtained as:


      A  E A   =    ( 1 + α )   g m  +  g  d s      ( 1 − α )   g m  +  g  d s      g  m 1   (  r  o 8    | |   r  o 10   ) ,     



(10)




where   g m   represents the transconductance of   M 3  ,   M 4  , and   g  d s    denotes the total output conductance of node   V X   or   V Y  . The gain is amplified by a factor of    (  ( 1 + α )   g m  +  g  d s   )  /  (  ( 1 − α )   g m  +  g  d s   )   . To ensure that it works as an amplifier rather than a hysteresis comparator, the pairs   M 3  -  M 4   and   M 6  -  M 5   are set at a ratio of  α :1, where  α  should be kept smaller than 1 to avoid the over-compensation of negative resistance, taking into account the random mismatch under the fabrication.



For the push-pull stage structure, the DC gain can be approximated at 1. As a result, the overall circuit gain can be expressed as follows:


      A  D C   =  A P  ·  A  E A   =   V  D S     V  G S   −  V  T H     ·    ( 1 + α )   g m  +  g  d s      ( 1 − α )   g m  +  g  d s      g  m 1     r  o 8    ∥   r  o 10    .     



(11)




Thus, the DC performance of this LDO can be significantly improved by increasing   A  E A    when   A P   is small.




3.2. Achieve Low   I Q   and Transient Response


Realizing nA-level quiescent current is necessary to ensure ultra-high-power efficiency. The proposed LDO uses adaptive bias to ensure a low quiescent current while reducing transient response time and improving transient response.



Unlike traditional adaptive bias circuits, which mirror the current at the gate of the power transistor to bias the amplifier or buffer, the proposed ABM is driven by the first-stage amplifier itself and provides a bias current proportional to the load current, which can maintain a large enough gain of the first-stage amplifier over the entire load range.



Figure 8 illustrates the specific design of ABM. The ABM’s input current is set by   M 23  , which is biased by   V  E A    and is proportional to the load current because   V  E A    is closely related to the load current. The output current of ABM is   I  B I A S   , which is used to bias the amplifier and equal to the sum current of   M 1   and   M 2  .   I  M I N    and   I 2   are used to define the bias upper and lower limit. The workflow of ABM can be summarized into the following three phases depending on the load current.



	
Light load






During periods of low load current, the current in   M 23   is ultra-low and not sufficient to turn on the transistor. In this case, all devices are turned off, and   I  B I A S    is equal to   I  M I N   .


   I  B I A S , L   =  I  M I N   .  



(12)







	
Moderate load






As the load current increases, the transistors   M 20  ,   M 21   and   M 22   in the ABM are turned on, and there are


      I  D M 20   =  1 K  ·  I  L O A D   ,        I  D M 21   =  N K  ·  I  L O A D   .     



(13)







Considering that the current of   M 20   is less than   I 2  ,   I  B I A S    is equal to the current sum of   M 21   and   I  M I N   , and can be expressed as:


   I  B I A S , M   =  I  M I N   +  I  D M 21   =  I  M I N   +  N K  ·  I  L O A D   ,  



(14)




where K and N are the current mirror ratios, as shown in Figure 8.



	
Heavy load






Once the current of   M 20   increases to larger than   I 2  , the current mirror, made up of   M 18   and   M 19  , is activated. This threshold current   I  T H 2    can be expressed in the following manner:


   I  L O A D   =  I  T H 2   = K ·  I 2  .  



(15)







  I  B I A S    stops increasing and reaches the upper limit, which can be expressed as:


   I  B I A S , H   =  I  M I N   +  N K  ·  I  L O A D   =  I  M I N   + N ·  I 2  ,  



(16)







The bounds of   I  B I A S    ensures stable operation. In the actual design,   I  M I N    and   I 2   are set at 7 nA, 18 nA, respectively. N and K are set at 6 and 5150, respectively. It is worth mentioning that ABM also contributes to improvements in gain. The equivalent transconductance   g  m E A    of the gain boost stage can be determined as follows:


   g  m E A   =   g  m 1      g  m 3    g  m 5    − 1   ,  



(17)







As   I  L O A D    increases,   g  m 1    increases significantly; thus,   g  m E A    enlarges accordingly. Therefore, the bias current for the amplifier is proportional to the load current.





4. Stability Analysis


To analyze the stability of the proposed LDO, a small-signal transfer function needs to be derived. It can be seen from Figure 9 that the small-signal model switches between the two-stage amplifier and the three-stage amplifier. Due to the existence of the self-adaptive power transistor,   M  P 1   , and   M  P 2    turn on and work sequentially under the condition of different load currents. Thus, the stability analysis of the circuit should be discussed according to the situation: (i) the second-stage amplifier and (ii) the third-stage amplifier.



Due to the topology complexity, it is difficult to obtain the transmission function and analyze the stability. To simplify the derivation of the loop without reducing accuracy, the following assumptions are established.



The gains of the first-stage amplifier, the main power transistor, and the side power transistor are far larger than 1, that is,    g  m < i >    r  o < i >      > >   1. In the case of the third-stage amplifier,   g  m p 2     > >    g  m p 1   . Since the   g  m b    of   M  P 1    is small, it was ignored in the analysis. The output capacitor   C L   is larger than compensating capacitors   C M  ,   C  E A   .



4.1. Two-Stage Structure


In the case of a small load current, the LDO is equivalent to a secondary structure. There is a pole in   V  O U T    due to the output resistance and load capacitance. Since output resistance is closely related to the load size, a light load will have a relatively large output resistance, which results in the pole associated with the output terminal moving to the low frequency and becoming the dominant pole,   P 1  . The secondary pole   P 2   is located at the output of the first stage because of the output resistance of the amplifier and the parasitic capacitance of the   M  P 1    gate. The poles’ frequencies can be obtained by calculation as follows:


         P 1  = −  1   r  o E A    C m   g  m p 1    r o    ,     



(18)






         P 2  = −   g  m p 1    C  E A    .     



(19)







Maintaining stability by only allowing one pole to exist within the bandwidth is necessary. When the OCL-LDO is operated under the minimum load current condition, the pole frequency located in the output is close to zero. Therefore, LDO has a very poor phase margin (PM) and must adopt a compensation structure to produce a zero point. The compensation is performed by connecting the compensation Miller capacitor   C M   between the output of the first-stage amplifier and   V  O U T   . However, the traditional Miller compensation produces a zero point in the right half plane (RHP), which is converted to the left half plane (LHP) by adding the zeroing resistor   r m  . Therefore, the zero point   Z 1   can be expressed as:


         Z 1  = −   g  m p 1     C m    g  m p 1    r m  − 1    .      



(20)







Therefore, the transfer function of the two-stage structure can be expressed as:


     L G  ( s )  =  A 0    1 +  s  z 1      1 +  s  p 1     1 +  s  p 2      ,     



(21)




where   A 0   is the DC gain under the condition of light load and can be calculated as:


      A 0  =  g  m E A    r  o E A    g  m p 1    r o  .     



(22)







As shown in Figure 10, the LDO’s open-loop frequency response and pole-zero distribution are plotted under the conditions of   V  I N    = 0.6 V with   I  L O A D    = 10  μ A. Based on the simulation results, the PM is better than 45° for the worst-case scenario with the smallest load current, and the overall circuit is stable.




4.2. Three-Stage Structure


During heavy load conditions, the output resistance of the circuit decreases, and the pole at the output becomes the secondary pole   P 2   instead of the dominant pole   P 1  . Since the   M  P 2    main power transistor has a large size, its parasitic capacitance is relatively large. Therefore, the pole existing on the gate of the main power transistor becomes the main pole   P 1  . The poles under heavy load can be approximated as follows:


         P 1  = −   g  m 13     C m   g  m 12    g  m 14    r  o E A    r  o 14     ,     



(23)






         P 2  = −  1   C L    r  m p 2    ∥   r o     ,     



(24)






         P 3  = −   g  m 13    2  C  g s 14     ,     



(25)






         P 4  = −  1   C g   r  o 14     .     



(26)







Because the output capacitance and equivalent resistance of other nodes in the small-signal diagram are small, other poles are outside the bandwidth, which will be canceled out by zeros and thus have no effect on the stability of the overall circuit.



Due to the relationship between the equivalent capacitance of the miller compensation and the gain of the amplifier, the zero frequency changes in response and moves to a higher frequency. This zero is given by:


         Z 1  = −   g  m p 1    C m   ,     



(27)






         Z 2  = −    g  m 12    g  m 14     g  m b   +  g  m p 2       C m   g  m p 1     .     



(28)







As a consequence, the three-stage structure has the following transfer function:


     L G  ( s )  =  A 0     1 +  s  z 1     1 +  s  z 2       1 +  s  p 1     1 +  s  p 2     1 +  s  p 3     1 +  s  p 4      ,     



(29)




where   A 0   is the DC gain under the condition of heavy load, which can be calculated as:


   A 0  =    g  m E A    g  m 12    g  m 14     g  m p 2   +  g  m b     r  o E A    r  o 14    r o    g  m 13    .  



(30)







Figure 11 depicts the specific poles and zeros with a bandwidth under the heavy load. The figure shows that the PM is 59   ∘  , which is greater than 45   ∘  , indicating that the circuit is stable overall.





5. Simulation Results and Discussion


The LDO proposed in this paper was implemented and verified in a 180 nm CMOS process, which supports 0.6–1.2 V supply voltage and 100 mV dropout voltage with a 10 mA maximum load current. The system can remain stable when   C L   ranges between 0 and 1000 pF with a 10 pF on-chip compensation capacitor. When   I  L O A D    = 10  μ A,   V  I N    varies from 0.6 V to 1.2 V, and   I Q   changes from 226 nA to 219 nA. The devices’ size and the most important parameter values for the proposed OCL-LDO are summarized in Table 1.



Under the condition of   V  I N    = 600 mV,   I  L O A D    increases from 10  μ A to 10 mA,   I Q   changes from 220 nA to 1.2  μ A. The changing trend of   I Q   in the two cases is depicted in Figure 12.



Only 1.2  μ A of quiescent current is consumed when the load current is 10 mA; thus, it achieves a maximum current efficiency of 99.96% when the load current is 10 mA. The current efficiency of the LDO under full load conditions is presented in Figure 13.



The current of   M  P 1    and   M  P 2    are also shown in Figure 14. From the result, when the system works as a two-stage, system the current of   M  P 2    is almost equal to zero and   M  P 1    increases with   I  L O A D   . Once   I  L O A D    >   I  O N   ,   M  P 2    is activated, its current increases with   I  L O A D    while the current of   M  P 1    remains unchanged.



Additionally, we simulated the relationship between PM and load current under a variety of loop conditions. As shown in Table 2, PM decreases with an increase in   I  L O A D    when LDO works in a two-stage manner. However, PM in the three-stage is the opposite.



The measured DC load regulation (LDR) is shown in Figure 15a; when the load current varies from 10  μ A to 10 mA, the output voltage changes by 0.05857 mV. Therefore, the LDR of the LDO is 0.00585759 mV/mA. The simulation results depicted in Figure 15b indicate that the output voltage only changes to 0.292787 mV when the supply voltage changes linearly from 0.6 V to 1.2 V. According to the calculation formula, the DC line regulation (LNR) of LDO is 0.487978 mV/V.



Figure 16a,b show the measured transient response when the OCL-LDO supply voltage is set to 0.6 V and the load capacitor is set to 100 pF, respectively. For a 1 ns edge, the maximum transient response of △  V  O U T    is 230 mV, and the settling time is 5  μ s. When the edge is 1  μ s, the maximum △  V  O U T    is 140 mV, and the settling time is 3.5  μ s, which represents a significant improvement. There is a minimum overshoot voltage of 95 mV and a undershoot voltage of 140 mV. However, the transient response is not entirely satisfactory. These results indicate that the circuit’s performance is satisfactory and there is room for further improvement. Typically, an undershoot improvement circuit would be included to enhance the transient response. Nevertheless, due to the constraints of quiescent current, no improvement circuit has been incorporated.



The trend of the PSR with frequency can be plotted by analyzing the PSR at multiple frequencies over the course of one measurement. The simulated PSR performance at 10  μ A load current, 0-pF   C L  , and 100 mV dropout is shown in Figure 17. Hence, it can be seen that the minimum PSR is −51.40 dB, −49.17 dB at 1 Hz, and −43.97 dB at 1 k Hz.



Simulations at different temperatures and process corners are conducted to demonstrate the robustness of the proposed design. The performance results, including minimum values of PM and GM, quiescent current, LDR, LNR, transient response, current efficiency, and PSR, are presented in Table 3. The minimum GM under different corners is greater than 50 dB, ensuring high regulation performance under different conditions.   I Q   is generally within 500 nA, with the lowest value being 139 nA at the SS corner of −20 °C; the current efficiency is at least 99.95%, and the maximum is 99.99%. There is an excellent transient response at the FF corner of 27 °C, a 2.7  μ s recovery time, and a maximum undershoot voltage of 320 mV. The worst PSR within 50 kHz is −51.4 dB at the TT corner of 27 °C. This shows that the proposed design can work steadily and perform as expected, even under extreme conditions. These results predict that the proposed LDO will work reliably after fabrication, even in the worst-case temperature and process corner.



A merit map (  F o M  ) is introduced to reflect the overall performance of the LDO, which has the following formula:


  F o M = K     C L   I Q  Δ  V  O U T     Δ  I  O , M A X     2     ,  



(31)




where   I Q   is the minimum quiescent current, and   Δ  V  O U T     is the maximum change in output during transient. Furthermore, K is the edge time ratio and defined by:


  K =   Δ t  used  in  the  measurement     the  smallest  Δ t  among  designs  for  comparison    .  



(32)







In this design,   K = 1  , bringing the above values into the calculation, the FoM value is 0.0506 ps. The comparison of the proposed LDO’s performance with several state-of-the-art fully integrated LDOs is presented in Table 4 below. Based on the results of the analysis, the proposed LDO achieves the lowest dropout voltage, good load regulation, and lowest FoM.




6. Conclusions


In this paper, an nA-level and 100 mV dropout LDO, combined with bulk modulation and adaptive power transistors is proposed and simulated in the 0.18  μ m CMOS process. The operation principle, circuit implementation, stability analysis, and simulation results have been presented in detail. Particular attention has been paid to obtaining a low dropout and low supply voltage by the bulk modulation technology, without an auxiliary amplifier. Adaptive power transistors are proposed to switch under different load conditions to ensure circuit stability while reducing circuit power consumption. In addition, the adaptive bias mirroring the current from the amplifier itself with bounds is utilized to improve the transient response. Due to the superiority of ultra-low-power consumption, low supply voltage, and a fast response, the proposed OCL-LDO is suitable for use as a point-of-load regulator in energy harvesting.
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Figure 1. A typical EH system. 
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Figure 2. Structures of (a) conventional analog LDO, (b) bulk modulation with an extra amplifier, (c) bulk modulation without an extra amplifier. 
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Figure 3. The structural diagram of the   V  B O D Y    reuse. 
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Figure 4. Simulation results of (a) the change of   V  T H    with   V  I N   , in the case of different   V  B O D Y   , (b) the   I Q   with   V  B O D Y    reuse and without   V  B O D Y    reuse. 
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Figure 5. The schematic diagram and working process of APT. 
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Figure 6. The black box schematic of the proposed LDO. 
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Figure 7. The schematic of the proposed LDO. 
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Figure 8. The schematic of ABM. 
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Figure 9. The small-signal model of the proposed LDO. 
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Figure 10. Open-loop gain simulation of the proposed LDO when   I  L O A D    = 10  μ A. 
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Figure 11. Open-loop gain simulation of the proposed LDO when   I  L O A D    = 10 mA. 
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Figure 12. The   I Q   of the proposed LDO when   V  I N    varies from 0.6 V to 1.2 V,   I  L O A D    changes from 10  μ A to 10 mA. 
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Figure 13. The current efficiency of the proposed LDO when   I  L O A D    changes from 10  μ A to 10 mA. 
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Figure 14.   I D   of   M  P 1    and   M  P 2    when   I  L O A D    changes from 0 to 1 mA. 
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Figure 15. Simulation results of (a) DC load regulation, (b) DC line regulation. 
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Figure 16. Measured dynamic response with a (a) 10  μ A to 10 mA load step and 1 ns rising/falling edges, (b) 10  μ A to 10 mA load step and 1  μ s rising/falling edges. 
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Figure 17. The simulated PSR performance of the proposed LDO at 10  μ A load current, 0 pF   C L  , and 100 mV dropout. 
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Table 1. Devices’ size and parameters’ value of proposed OCL-LDO.
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	 Component
	Size
	Component
	Size
	Parameters
	Value 





	  M 1  ,   M 2  
	5  μ /1  μ 
	   M 12   
	500 n/5  μ 
	  α  
	0.75



	  M 3  ,   M 4  
	3  μ /1  μ 
	   M 13   
	500 n/500 n
	N
	6



	  M 5  ,   M 6  ,   M 7  
	4  μ /1  μ 
	   M 14   
	3.5  μ /500 n
	K
	5150



	  M 8  ,   M 9  
	2  μ /1  μ 
	   M 16   
	250 n/1  μ 
	   I  M I N    
	7 nA



	  M 10  ,   M 15  
	1  μ /1  μ 
	   M  P 1    
	70  μ /180 n
	   I 2   
	18 nA



	   M 11   
	1  μ /2  μ 
	   M  P 2    
	20 m/180 n
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Table 2. PM with respect to   I  L O A D    in the two working conditions.
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Loop

	
2-Stage

	
3-Stage






	
  I  L O A D    (A)

	
100  μ 

	
200  μ 

	
300  μ 

	
1 m

	
5 m

	
9 m




	
PM (deg)

	
49.1

	
47.8

	
44.5

	
51.1

	
55.4

	
58.2
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Table 3. Performance summary under process and temperature corners.
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Parameter

	
27 °C

	
−20 °C

	
80 °C






	
Corner

	
TT

	
FF

	
SS

	
FF

	
SF




	
  G a i  n  M I N     (dB)

	
68.4

	
65.1

	
78.51

	
71.1

	
53.4




	
  P  M  M I N     (deg)

	
53.64

	
54.98

	
64.38

	
53.85

	
63.33




	
  I Q   (nA)

	
220

	
370

	
139

	
870

	
424




	
LNR (mV/V)

	
0.48

	
0.78

	
0.60

	
0.83

	
0.73




	
LDR ( μ V/mA)

	
5.85

	
10.21

	
15.87

	
48.87

	
152.31




	
△  V  O U T    (mV)

	
230

	
320

	
346

	
465

	
428




	
Settling Time ( μ s)

	
3.8

	
2.7

	
7.1

	
5.3

	
13.1




	
Current Efficiency (%)

	
99.96

	
99.99

	
99.99

	
99.95

	
99.95




	
Min. PSR from DC to 50 kHz (dB)

	
−51.4

	
−63.4

	
−63.7

	
−55.9

	
−62.2
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Table 4. Performance comparison with other works.
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	Paper
	TCAS-I [30]
	TPE [31]
	TPE [32]
	AEU [33]
	MDPI [11]
	MDPI [10]
	This Work





	Year
	2018
	2018
	2020
	2021
	2022
	2022
	2023



	Technology (nm)
	65
	130
	65
	180
	40
	40
	180



	  V  I N    (V)
	1
	1
	0.95
	1.3
	1.1
	1.1
	0.6



	  V  O U T    (V)
	0.8
	0.8
	0.8
	1.1
	0.9
	0.9
	0.5



	Vdrop (mV)
	200
	200
	150
	200
	200
	200
	100



	Capacitor-less
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	  I  L O A D ( m a x )    (mA)
	25
	100
	100
	100
	100
	100
	10



	  C L   (pF)
	0–25 p
	0–25 p
	0–100 p
	0–100 p
	0–100 p
	0–100 p
	0–1000 p



	  I Q   (μA)
	24.2
	112
	14
	50.25
	24.6-65
	30
	0.22



	Line Reg. (mV/V)
	0.7
	2.25
	12
	0.75
	N.A.
	0.2
	0.487



	Load Reg. (mV/mA)
	0.28
	0.173
	0.09
	0.48
	0.017
	0.25
	0.00585



	Edge time (ns)
	100
	10
	220
	500
	100
	100
	1



	Edge time ratio K
	100
	10
	220
	500
	100
	100
	1



	△  V  O U T    (mV)
	71
	35
	230
	336
	33
	23.5
	230



	Min. PSR from DC to 50 kHz (dB)
	−11
	−22
	−33
	−22.5
	−46
	−70
	−51.4



	FoM (ps)
	6.872
	0.098
	7.084
	84.42
	0.8118
	0.705
	0.0506
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o "

Adaptive Power_|

; in Boost tage- o nstors





media/file4.png
VINT > Ve + | Vrre | T e )
y
lad = laa1d ‘

(a)

Vin

D R —

VREF MP
» p Ve I

Vind = Ve + | VTHr |4

la T = laa1 + laa2 T ‘

(b)

VREF VBoby ‘ MP | | V= VIN
_—IVG ngJ,

Vour

Vind > VG+|VTHP|¢ J_CL GD IL
lad = laa1l

(c)





media/file30.png
Vout (mV)

500.60

500.58

500.56 |

500.54

VouTtmin = 0.500538629
/

7
e

Vout max= 0.500594719

[Loap (MA)

(a)

Vout (mV)

500.85

500.75

500.65

500.55

Vout max = 0.500831416 V

0.6 0.7 0.8 0.9 1 1.1 1.2
Vin (V)

(b)





media/file18.png





media/file21.jpg
Phase (deg)

200

180

160

120

120

100

w0

Gain = 68 dB
PM =59 deg
lioso =10 mA
Co=100pF

10 10 100 10 ' 1

Frequency (Hz)

107

70

50

w0

0

2

10

Magnitudu (dB)





media/file26.png
Current efficiency (%)

100

99.5

99.0

98.5

98.0

97.5

J'-_ |-

Current efficiency 2 99.0 %

Current efficiency max = 99.96 %






media/file27.jpg
MP2

Activated

600
0
200

1.0

0.8

ILoap (MA)





media/file3.jpg
3
B

Vg

[ —
ladeiond

oz Ves Vool
atelon+ ou

»

[P—
R






media/file22.png
Phase (deg)

200

180

140

120

100

80

60

40

20

i P1
- Gain =68 dB 5
PM =59 deg Z1 ’ |
i | |
- lloap =10 mA |
CL = 100 pF |
10> 10°° 1071 10° 10° 10° 10° 10* 10°

Frequency (Hz)

70

60

50

40

30

20

10

10

Magnitudu (dB)





media/file19.jpg
Phase (deg)

200

180

150

1450

120

100

Gain = 93 dB
PM =53 deg
107 10 10° 10" 107 10° 10 10

Frequency (Hz)

100

50

w0

2

Magnitudu (dB)





media/file7.jpg
v

ot}

< losefcinty reduced

-1s * restio15un
20

s [— W vereuse
30 |~ Wiovienrewse

0% o5

o0

s
vn

™

o7

ok

03 om o o ok 0% oé0
Vi)

®





media/file28.png
Activated

1.0

0.8

0.6

0.4

0.2

lLoaD (MA)





media/file10.png
Vin

o

Activated

Vour

VREF
EH_\
+
GND
D

Triode region - Saturation region

D

]





media/file33.jpg
PSR (dB)

10

-10
-20
-30
-40
-50
-60

PSR
PSR
PSR

=-4917@ 1Hz
—43.97 @ 1 kHz
M= -51.40 dB @ 331,131 Hz

10 10° 10°

Frequency (Hz)

10

10





media/file32.png
|Loap (MA)

Vout (mV)

10 lns » 1ns
[[ 10mA 10 mA
7.5 F
50 F
2.5 F 10uA 10 UA 10 uA
0 0.2 0.4 0.6 0.8 1.0
time (ms)
600 -
ll199 mV l\
500 (
400 230 mV
300 | 4
0 0.2 0.4 0.6 0.8 1.0
time (ms)

()

| Loap (MA)

VouT (mV)

10
7.5
5.0
2.5

600
500
400

300

lus » lus
[l 10 mA_\v 10 mA

[ 10 uA 10 uA 10 uA

0 0.2 0.4 0.6 0.8 1.0
time (ms)
|l195 mV I\

| 140 var r

0 0.2 0.4 0.6 0.8 1.0

time (ms)

(b)





media/file14.png
_ _ | » I~
h_c
ml_l -
> N [
.vJI_l_ll"l. w. M —{
ES 9| = O
g ) k5
S rmn_u =
2 > T 2
- 1
= |
yll
i 1|_| <
- g s AN
| =TT - Tv=|
||||||||||||||||||||| e s
>
=3 [ 1 £
= I—I - s
=T -
[ — ) w
a W n_IﬁI m
..|w._<|_. 2 "
<
2 w
) <
Mul _ _
. S . 1=z
. X H =
— m
.%- W
*T
=T [ Tv= |
0 2 A
> G

I

r

I

Adaptive Powe

Buffer+Vsopy Generater

_ e
|

Gain Boost Stage

4
«

Transistors





media/file11.jpg
Vour






media/file6.png
¢
Vind > Ve +|Vrre|d lad =laa1d =





media/file15.jpg
vin 1 N
D
1@ Ml Mas = MoK
s l
1 li=hioss/K
o @ "
e =]
N0
D

i _me:

A<

Var

‘V

1 N

1





nav.xhtml


  micromachines-14-00998


  
    		
      micromachines-14-00998
    


  




  





media/file16.png
I:M 19

M23 = Mp2/K

IBIAS

ImiN GD

|1=|Load/K

—a

J.

M21 ll:
|

VEA

| BIAS,H |

A | BiAs






media/file2.png
.

Matching

. Rectifier
Circuits

DC-DC Low Dropout}

~

Converter Regulator J

Energy Harvesting System

Power Management Unit

|Load





media/file20.png
Phase (deg)

200

180

160

140

120

100

80

60

40

Gain =93 dB

PM =53 deg

[Loap = 10 UA

CL =100 pF

saaal

10 102

Frequency (Hz)

10°

10*

10°

100

80

60

40

20

—-20

Magnitudu (dB)





media/file23.jpg
226

— 224

la (nA)

222

220

lioao (MA)

4

6

10

12
1.0
0.8
0.6
0.4
0.2

0.6

0.7

0.8

0.9
Vin (V)

1.0

< R

12

la (UA)





media/file5.jpg
Vout
VBooy

= (gmbe + gme) T

Vour

a [

Vind 2 Ve+ Ve |4 lad = laatd





media/file24.png
la (NA)

226

224

222

220

8 10

0.6

0.7

0.8 0.9
Vin (V)

1.0 1.1 1.2

la (UA)





media/file29.jpg
CNE]

saosoan1s

Vourua= 0500538629V,

oo (ma)
"

G o7 o8 s 1 i1
)
®

T2





media/file1.jpg
Matching

Rectifier
Circuits ectiie

peoC Low Dropout
Converter Regulator

Energy Harvesting System

Power Management Unit






media/file31.jpg
v (mA)

Vout (mv)

0
s
s0
25

500
a0
0

TOmA TomA - ¥ 10mA TomA
g s
o,
’ . :
& s Ir \
230m] H uw’“’"‘"l
y =
-





media/file25.jpg
Current efficiency (%)

100
99.5
99.0
98.5

98.0

97.5

Current efficiency 2 99.0 %

Current efficiency max = 99.96 %

4 5 6
lioao (MA)

7

10





media/file12.png
VBODY

3-Stage
MPlI

VIN

i)

=

V/REF
_Gain VEA
Boost
+ T

=

2-Stage

(9

)

CL






media/file9.jpg
Vi
D
ﬂ"," N,'E Py | e )
! 1 ! . T
Vier L
o— lv;. Cai s Vour
oA D
| e Lieor
'_lesn
o L
A= S C)
GND M2 M M -"
D

Triode region > Saturation region





media/file0.png





media/file8.png
V1u (V)

—0.30
—0.35

—0.40
—0.45
—0.50
—0.55

—0.60
—0.65

——\V BODY =0.20V
——V BoDY =0.35V
~ |—V BoDy =0.50V

——V BoDY =0.65V
——V BoDYy =0.80V

0.50 0.55 0.60 0.65

Vin (V)
(a)

la(uA)

0.5

—0.5
—1.0
—1.5
—2.0
—2.5
—-3.0
—3.5

e |qis efficiently reduced

e lLargestto 1.5 UA
~—— W/I Vsopy reuse
— W/O Veoby reuse
0.3 0.35 0.40 0.45 0.50 0.55 0.60

Vsooy (V)

(b)





media/file34.png
PSR (dB)

10

—10

_20 -

—30
—40
—50
—60

T —
PSR = —49.17 @ 1 Hz
L PSR =-43.97 @ 1 kHz
PSR Min= —51.40 dB @ 331,131 Hz
i | \
10° 10" 10° 10° 10" 10° 10°

Frequency (Hz)





media/file17.jpg





