Chapter 3 Bandgap and LDO

CHAPTER 3

Voltage sources in integrated circuits are usually divided into voltage reference
sources and linear regulators. As a stable reference, the bandgap reference and low-
dropout(LDO) linear regulator is very important in different modules of analog and
mixed-signal integrated circuits. As the voltage and current source the output voltage of
bandgap has characteristics independent of temperature. And LDO provides a stable,

pure DC voltage reference for on-chip circuits as a basic power supply system.

3.1 Bandgap

As a very important module of analog and mixed-signal IC, the voltage reference
source plays a very important role in various electronic systems. With the increasing
performance demand for various electronic products, the requirements for voltage
reference source are also increasing. The voltage source’s output voltage and noise
determines the performance of circuits and systems.

The bandgap is fully compatible with standard CMOS process and can work at low
power supply voltage. In addition,it has low temperature drift,low noise and high power
supply rejection ratio,which can meet the requirements of most clectronic systems. With
these advantages,the bandgap has been widely studied and applied. In CMOS bandgap,
low power supply voltage,low power consumption,high precision and high PSRR are the

future development direction.

3.1.1 Basic of bandgap

Many modules in integrated circuits require voltage sources and current sources
independent of temperature, which often affects the function of these modules. So how
can we get a constant voltage or current reference that has nothing to do with the
temperature? We assume that there are two identical physical quantities in the circuit.
These two physical quantities have opposite temperature coefficients. When the two
physical quantities are added to a certain weight, the voltage reference of zero

temperature coefficient can be obtained,as shown in Fig.3.1.
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Fig. 3.1 Principle diagram of zero temperature coefficient
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In Fig.3.1,the voltage source V1 has a positive temperature coefficient ( 3T

ava
T <0) . We choose

and the voltage source V2 has a negative temperature coefficient (

V1 V2
aT %2 T

of zero temperature cocefficient is obtained: V= V1 a; + V2 + a,.The following task

two weights of «; and «, to satisfy «; * =0,then the voltage reference

is how to get two voltage V1 and V2 with opposite temperature coefficients. In
semiconductor technology,bipolar transistors can provide physical quantities of positive
and negative temperature coefficient respectively. They are widely used in the design of
bandgap reference. Recently, various literatures have also mentioned that the positive
and negative temperature coefficients can be obtained by using MOS transistors working
in subthreshold regions, but the accuracy of subthreshold region models needs to be
investigated further. And the modern standard CMOS process provides the model of
longitudinal PNP bipolar transistor, making the bipolar transistor still the first choice for

bandgap reference.
av2
1. Negative temperature coefficient voltage (W<0)

For a bipolar transistor, the relationship between the collector current /. and the
base-emitter voltage Vg is as follows

I, =1, «exp(Vg:/V) (3-D

Ve =V« InlI./I) (3-2)

In equation (3-1) and (3-2), I, is the saturation current of transistor, V ; is the thermal

voltage, V; = kT/q, K is the Boltzmann constant, and Q is electronic charge. The
derivative of equation (3-2) for Vg is

Wpp IV I, Vi dl

oT T ™11 o1 (33

s

Obtained from the theory of semiconductor physics:

I.=bT"" exp% (3-4)
The derivative of (3-4) for temperature:
Ve IL :(4+m>V—T+E‘Q Vi (3-5)
I, T T 1?2 1
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from equation(3-3) and (3-5):
Wye Ve —U@+m)Vy —E,/q

T T (3-6)
where m~1.5, When the substrate is silicon, E, = 1. 12¢V. While Vg =750mV, T =
d VBE o
300K, T -1.5mV/C,
IV pp
It is known from equation (3-6) that the temperature coefficient o7 of Vg itself

is related to the temperature T.If the positive temperature coefficient is a temperature
independent value, there will be errors in temperature compensation, resulting in a
voltage reference that can only get a zero temperature coefficient at one temperature

point.
‘e . . av1
2. Positive temperature coefficient voltage (W>0)

If two identical bipolar transistors are biased at different collector current, the
difference between their base-emitter voltage is proportional to the absolute

temperature,as shown in Fig.3.2.
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Fig. 3.2 Positive temperature coefficient voltage circuit

As shown in Fig.3.2,two identical bipolar transistors Q1 and Q2.which are biased

at different collector current I, and nl.Ignoring their base current,there is:

I(l 11'2 771 I
AVpp =Vigpr = Vg, =Viln — —=Vyln — =Viyln — —Viyln — (3-7)
I.\] IA? I.\l I.\Z

There alsois I, =1,=1,,1.,=nl,,then

1 I T
AV =Voln ™ —vin L v =%l (3-8)
I, I, q
The derivative of (3-8) for temperature:
IAV ek
3T —;hm >0 (3-9)

We can see that there is a positive temperature coefficient in equation (3-9), which

is independent of temperature T.
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3. Zero temperature coefficient voltage reference (

By using the voltage of positive and negative temperature coefficients obtained in
the above two sections, a voltage reference Vg independent of temperature can be

obtained,as shown in Fig.3.3,equation (3-10) can de derived:
kT
Vipr =a; ¢ Tlnn +a, * Vi (3-10)

The following shows how to select a; and a, then get the zero temperature

coefficient voltage V ggr. At room temperature (300K) , there is a negative temperature

IV g
coefficient voltage 7TBE = - 1.5mV/K,and positive temperature coefficient voltage is
IAV k
"= Znn=0.087mV/K + Inn
JaT q
The derivative of (3-10) for temperature
IV ReF k IV e
JT ==y -;lnn—}—az ’W (3*11)

assuming (3-11) equal to zero and @, = 1, put the positive and negative temperature

coefficient voltage in (3-11):
a; + lnn=17.2 (3-12)

So the zero temperature coefficient voltage reference is

T
Viker %17-2%_’_‘/}% ~ 1.25V (3-13)
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Fig. 3.3 Zero temperature coefficient voltage reference

4. Circuit of Zero temperature coefficient voltage reference
From the analysis of the previous section,the zero temperature coefficient voltage
reference is obtained by adding the base-emitter voltage V y; and 17.2 ¥ kT /q.The zero
temperature coefficient voltage reference circuit is shown in Fig. 3. 4. Suppose the voltage
V1= V2 in Fig.3.4,then the left and right branches are equation (3-14) and (3-15),
respectively.
V1=Vyn (3-11)
V2=Vgg, + IR (3-15)
then
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Vier = Ve, T IR (3-16)
o)
IR =Vigp — Ve, =kT/q ¢« Inn (3-17)
put (3-17) into (3-15),
V2 =Vyp, +£T/q « Inn (3-18)

Comparing (3-18) with (3-13),it is known that this circuit can obtain zero temperature
coefficient voltage reference. The problem is how to make the voltage at both ends of the
circuit equal in Fig.3.4,that is, V1= V27

Vdd o
10, 10)
—=<J 20—t
R
o1 nQ1
GND é

Figure 3.4 zero temperature coefficient voltage reference circuit

We know that when the ideal OPA operates normally,the voltage at the two input is
approximately equal,so the following two circuits in Fig.3.5 and 3.6 can be generated,
making V1= V2,respectively. There are two main kinds of circuit structure to complete
adding,one is to add the two through an OPA. And its output is the voltage reference.
The other is to generate a current proportional to absolute temperature (PTAT) , which
can be converted into a voltage through a resistor. This voltage naturally has a positive

temperature coefficient,which is then added to the base-emitter voltage Vg .

R2 R3 ;

> Vi

GND =

Fig. 3.5 the voltage reference circuit A
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Fig. 3.6 the voltage reference circuit B

In Fig.3.5,the input voltage of operational transconductance amplifier(OTA) is V1
and V2,and the output is V , that drives resistor R2 and R3. OTA makes the input
voltage V1 and V2 approximately equal. The voltage difference between the base-emitter

of the two bipolar transistors is V| Inn,and the current that flows through R1 is

Vo lnn
I, = R (3-19)
1
get V., is,
I, R,
Vier =ViE .01 —|—R— « (Ry+R3y) =V o1 + (1 +R—) Vi lnn (3-20)
1 1

Combination of (3-13) and (3-20) shows that at room temperature 300K, zero
temperature coefficient voltage can be obtained: V=~ 1.25V.

Fig.3.6 is another circuit for obtaining a voltage reference. The principle of this
circuit is to generate a current which is directly proportional to absolute temperature,and
then convert it to voltage through resistor. Finally,the voltage is added to Vg of bipolar
transistor to get the voltage reference. As in Fig.3.6,the current produced by the middle
branch is still as equation (3-19).The current is PTAT,and the right mirror branch also
produces a current of PTAT. This current flows through the resistor to form the PTAT
voltage.and finally the base-emitter voltage of bipolar transistor Q2 is added to obtain

the voltage reference
R,
Vier =Ve.e 1+ FVTlnn (3-21)
1

The combination of (3-13) and (3-21) shows that a voltage reference of zero
temperature coefficient can be obtained when R2(Inn) /R1=17.2 is used. Then when
R2/R1=10,we can choose n = 6.

Figure 3.7 is the third circuit for obtaining a voltage reference. The basic principle

of this circuit is similar to that of second kinds. The difference is that two resistors
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Fig. 3.7 the voltage reference circuit C

(R3=R4=R) are added to the nodes V1 and V2 respectively,and the current flowing
through the resistor is I = V2/R4 =V g, /R ,So the current I ,,, flows through the MOS
transistor:

Ve Violon
"R R,
If the MOS transistors size( W/L); = (W/L) ,,then there is I,4 = I,,,and the

voltage reference V,,, is obtained

Lyy =1 +1g = (3-22)

Ve n Vo lnn
R R,

It is known from equation (3-23) that the voltage reference of this structure can be

V.., :IM3R2:< | R, (3-23)

obtained by adjusting the resistor value of R2. The first two structures can only get the
reference voltage of 1.25V.

5. Offset in OTA

In Fig.3.8, V, is the offset voltage of OTA. The offset voltage makes the voltage
reference error,and this error is also related to the temperature. Suppose that the OTA is
ideal,so there is

Vie.or = Vo = Vige,o1 TR, (3-24)

where I, is the current flowing through resistor R1 and bipolar transistor nQ1,and the

output voltage of OTA is

Vir =Vigag T (Ry +RDI, =Vge .or + (R +RI, (3-25)
combine(3-24) with (3-25)
R
Vier =Vie o T (1 +R—3) Viplan —V ) (3-26)
1
RB RS
Vier =V + (1 JrR—) Vilon — (1 JrR—)Vm. (3-27)

1 1
According to equation (3-27), there is an error in the output voltage reference
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Fig. 3.8 Offset of OTA in Zero temperature coefficient voltage reference circuit

because of the offset voltage in OTA. This error is the result of (1 + R3/R1) times of
OTA offset. There are several circuits that can reduce the offset voltage:

(1) Increase the area of input transistors of an OTA, reduce the offset voltage by the
design of the common-centroid layout.

(2) In high power supply,two bipolar transistors can be used in series; which makes
AV gp increase.

(3) Differnent current of two branches makes AV g increase from Inn to In(CMN) ,
and reduces the ratio of V to V,,of which m and N are positive integers.

6. Start-up of bandgap

As shown in Fig. 3.6, the bandgap actually has two operating points, one is the
working point when the circuit is normal, and the other is the zero current point. In
power-on process,all the transistors in the circuit do not have current,and this state will
be kept forever without no external interference. This is the problem of start-up.

In order to solve the start-up problem, an additional circuit is needed. The basic
requirement of the start-up circuit is that after the power supply is stable, when circuit is
in the "zero current" working state, the start-up circuit gives a stimulus to the internal

"zero current" working state and fall into

circuit node,which forces it to get rid of the
the normal working mode. And when circuit is in normal operating mode, the start-up
circuit stops working. The start-up circuit is in the right part in Fig.3.9.

In Fig.3.9.when the supply voltage is normally supplied and there is no current in
the reference circuit, that is, PMOS transistor PM4 and PM5 have no current to pass
through. While the node Net1 voltage is zero, PMOS transistor PM3 turns on, NMOS
transistor NM1 cuts off. So the voltage of node net3 is Vdd — 2V g, which turns on
NMOS transistor NM2 and makes node net4 connect to ground. Finally, the PMOS
transistor PM4 and PM5 are on,and the voltage of node Netl gradually increases to
about 2V ;. The bandgap get to be operating normally.

Then in start-up circuit, the NMOS transistor NM1 is on,and PM3 is off, which

makes the voltage of node net3 decrease gradually and NM2 is gradually cut off. After
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Fig. 3.9 Bandgap with start-up circuit

the normal operation of bandgap circuit, the two branches of start-up circuit stop
working(NM2/PM3 is off).

3.1.2 Bandgap design

The performance of bandgap determines the precision that analog circuit can
achieve,so its performance paremeter needs to be set according to the precision of
functional module. Because the bandgap circuit mainly provides DC voltage(current) ,its
low-frequency AC (<C 10kHz), temperature and voltage characteristics are highly
demanded. The main design difficulty is that it has good AC characteristics and stability
while obtaining a lower temperature coefficient. The following is a brief introduction to
its performance parameter.

1. Parameter

1) Temperature Coefficient(TC)

The temperature coefficient is a performance specification to measure the output
voltage as a function of temperature. It is usually represented by ppm(parts per million) .
The equation is shown in (3-28).

Viax — V

TC(ppm/C) = mr M X10° (3-28)
ppm/ Vmcan(Tmax - Tmin)
where V.. and V ; are the maximum and minimum values of voltage reference

obtained at required temperature range. V... is the average,while T, and T, are the
maximum and minimum temperature.

2) Power Supply Rejection Ratio(PSRR)

Power supply rejection ratio is a parameter to measure the ability of output voltage
to suppress the variation of power supply voltage. Because the power supply voltage is not

fixed during the normal operation, there are various kinds of noises. The greater the
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PSRR,the stronger the circuit's ability to suppress the power noise. There is
PSRR |, = —20log,, AV, /IV ;) (dB) (3-29)

IV .,/ Vpp is the ratio of the voltage reference to the change of power supply
voltage at a certain frequency. The frequency we usually care about is 1kHz and 10kHz.

3) Power

Power consumption is a concern for any kind of integrated circuits. The lower power
consumption means less power dissipation per unit time,which is especially important for
IC packaging. Power consumption is also important for handheld devices,which is related
to the lifetime of mobile device. But if the power consumption is too demanding, there
may be noise and driving problems,so the power consumption of bandgap circuit should
be in a reasonable range.

4) Start-up

The start-up of bandgap is not a quantitative parameter,but it determines whether
its function is normal. Start-up problems are not observed in the usual simulation of
transient, DC, and parameter scanning. Since there are two DC operating points in
bandgap,if we want bandgap to leave the zero current state and enter normal working
mode,we need to add the necessary "stimulus" to start the circuit. The normal operation
of bandgap is usually confirmed by adding O to V,, slope voltage signals on power
supply.

2. Circuit design

A complete circuit of a bandgap is shown in Fig.3.10.
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Fig. 3.10 Bandgap circuit

The bandgap is mainly divided into three parts, from left to right, followed by
voltage bias circuit(Bias) , voltage reference generator (Reference Circuit) and start-up
circuit(Start-up). The voltage bias circuit is used to generate bias voltage when OTA

works normally. From the Fig. 3.10, we can see that voltage bias comes from voltage



Chapter 3 Bandgap and LDO ||p» 61

reference generator. The voltage reference generator is used to generate the required
voltage reference(1.25V). We usually use the bipolar transistors in series to obtain the
positive temperature coefficient voltage, which is helpful to reduce the influence of OTA
offset to reference voltage.

As the positive temperature coefficient voltage is obtained by using the bipolar

transistors in series,the current of resistor R2 is I, in Fig.3.10.

2V lnn

2 = R, (3-30)

The resulting voltage reference V

2R,

Vier =Vie.e T R74V»1~1nn (3-3D)
e (3-32)

IV e IAV gk

put —5—— = -1.5mV/K, T :51nn =0.087mV/K « Inn into (3-32)

L lnn =8.6 (3-33)

4
When we choose n =7,R;~5R,;And R, =5k, R, =25kQ.

For OTA in a bandgap,the more important performance parameters are DC gain,
gain bandwidth product,phase margin,and power supply rejection ratio. The OTA circuit

is shown in Fig.3.11.
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Fig. 3.11 OTA circuit
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Because the output voltage accuracy and PSRR of bandgap is related to the DC gain
of OTA . the two-stage structure is selected to increase its DC gain. The first stage uses a
simple five-transistor structure to gain medium gain,and the second stage uses common
source to provide a certain gain while providing a larger output swing. The capacitor C
between the first and second stage is the Miller-compensation capacitor. It is used to

separate the two adjacent poles of OTA, pushing the dominant pole to the origin and
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making the second pole leave the unit gain bandwidth. In addition, the second pole is
further offset by resistor R ,,which makes OTA have the characteristic of monopole
and has a better phase characteristic.

In order to optimize the noise and offset voltage, we must ensure that the input
transistors of the first stage have a large W/L and area. The large transconductance can

effectively lower its flick noise.

3.2 Low-dropout linear regulator

Whether it is portable consumer electronics or large household electrical appliances,
in operation the constant changes in load and the other various reasons make the power
supply fluctuate in a large range,which is very harmful to the circuit. Especially for high-
precision measurement,conversion and detection equipment,the power supply voltage is
often required to be stable and has low noise. In order to meet the requirements, almost
all electronic devices are powered by a Low-dropout linear regulator (LDO). The LDO
has the advantages of simple structure,low cost,low noise and so on. It has been widely

used in portable electronic equipment.

3.2.1 Basis of LDO

As a basic power supply module, LDO plays a very important role in analog
integrated circuits. The changes in output load and the fluctuation of power supply
voltage itself have a great influence on the performance of integrated circuit system. As a
result, LDO is used as a linear regulator and is often used in systems with high
performance requirements.

LDO adjusts the output voltage by principle of negative feedback,and obtains the
stable DC output voltage on the basis of providing a certain output current capability. In
normal working state,the output voltage is independent of load,input voltage change and
temperature. The minimum input voltage of LDO is determined by the minimum voltage
drop of the adjusting transistor,usually 150-300mV.

The basic structure of LDO is shown in Fig. 3.12. LDO is mainly composed of the
following parts: bandgap,error amplifier,feedback / phase compensation network,and
adjusting transistor. The error amplifier, feedback resistor network, adjusting transistor

and phase compensation network constitute the stable output voltage V_,, of feedback

out
loop.

In LDO, a bandgap provides a voltage reference independent of temperature and
power. The error amplifier amplifies the difference between voltage reference and
feedback voltage,so that the feedback voltage is basically equal to the voltage reference.
Phase compensation network is used to compensate the phase of whole feedback network

to ensure the feedback network is stable. The adjusting transistor outputs a stable voltage
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under the control of error amplifier output. The adjusting transistor is a PMOS
transistor,and can also be a NMOS ora NPN transistor. In CMOS process, the PMOS is

usually selected.

r
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¥ * Vou
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] 1
Feedback/phase . i I
compensation | Ra Rese) = =
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Fig. 3.12 LDO structure

3.2.2 Operational principle

Fig.3.13 is a LDO curve of the relationship between output voltage and input
voltage. The abscissa are the input voltage 0-3.3V,and the ordinate is output voltage.
When the input voltage is less than a certain value(1.2-1.8),the output voltage is zero.
When the input voltage Vin is greater than it (1. 2-1. 8V), the output voltage V

increases with V;, . When Vin is greater than 2.1V,LDO is in normal operating state and

the output voltage is stable at 1.8V.
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Fig. 3. 13 the relationship between output voltage and input voltage

The operational principle of LDO shown in Fig.3.12 is: when LDO is on power,the

start-up circuit in bandgap begins to work to ensure that the whole system begins to
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operate normally. The bandgap outputs a stable voltage reference V,, which is
independent of supply voltage and temperature, while the R1 and R2 of the feedback /
phase compensation network generate feedback voltage V. The two voltages are input
to error amplifier for comparison. The error amplifier amplifies the result and adjusts the
gate voltage of transistors to control their current, finally stabilizes the output voltage.
The whole adjustment loop is a stable negative feedback system. When the input voltage
%4

are compared and amplified,so that the gate voltage of the transistors is increased,and

increases, the input Vg, of feedback resistor network will also increase. Vg, and V.,

out

the output current is reduced. At last the output voltage V_, decreases and stays at a

out
stable voltage value.

The closed loop expression of negative feedback loop is

ol

Vnul - mvre/

where A, is the open-loop gain of negative feedback loop.and 8 is the feedback

(3-34)

coefficient,and its expression is

K. (3-35)
" R, +R, '
when A ;8>1,equation (3-34) can be expressed as
V., R,+R.
Ve ~ —L =t 2 (3-36)

—~ re f
out B R7 ref

It can be seen from (3-35) and (3-36) ,the output voltage V ,,, of LDO is only related

to the voltage reference V., and the resistor ratio of feedback resistor network. It has

out

nothing to do with the input voltage V,, ,load current and temperature. Therefore, the

required output voltage can be obtained by adjusting the resistor ratio.

3.2.3 Parameter

The main parameter of LDO are divided into static and dynamic parameter. The
static parameter includes dropout voltage.quiescent current and efficiency. And dynamic
parameter consists of transient response. line regulation. load regulation and power
supply rejection ratio.

1. Dropout Voltage

When input voltage V,,is less than a certain value of Vwmff,the LDO output zero
voltage,and it is in the cutoff region; While V,, is between V. and critical voltage
V prear s the output voltage is not fixed, and LDO has no adjustment ability; And when
|4

remains unchanged. We define that the difference between Vg, and output voltage is

o 1s greater than Vg, .. LDO enters normal operating state and the output voltage
the dropout voltage of LDO, and the dropout voltage is usually 150mV-300mV. Its
expression is

Vdrr)/) :Vin - VBreak (3_37)
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In general, the smaller dropout voltage is beneficial to improve the conversion
efficiency of LDO. However,a too small dropout voltage may cause a poor phase margin
and power supply rejection ratio to the whole feedback loop,so a compromise should be
considered in LDO design.

2. Quiescent Current

Quiescent current( /) usually refers to the current consumed by the whole LDO
when it is not connected to any load, or it is defined as the difference between input
current and output current with output load. The expression is shown

Io,=1,,—1 (3-38)

The quiescent current is mainly composed of the bias current of active devices such

out

as bandgap, error amplifier, active compensation network (if exist), and the current
consumed by the feedback resistor network. The smaller quiescent current is beneficial to
improve the conversion efficiency of LDO and the life of the battery. In CMOS
integrated circuit,the quiescent current of the LDO is in the dozens of #A or smaller.

3. Efficiency

The efficiency of LDO is defined as the percentage of ratio of output power P, to
input power P,

B :1;“_’” - 100% II: : ;/dd’ «100% = L, — IQI)I.,,. (‘;{Z — Varop)

where 1, is input current, V', is supply voltage. I, is quiescent current and V ,,,, is

«100%  (3-39)

m

dropout voltage.
We can know that from (3-39), the efficiency of LDO related to quiescent current
and dropout voltage. The way to improve efficiency is to reduce I, and V4, .
4. Transient Response
The transient response of LDO includes two aspects: D the linear transient response
due to supply voltage change; @ the load transient response when load and output
voltage suddenly changes. The linear transient response is more important in frequent
power up and power down application, while the load transient response is more
important when the load current changes frequently. In specific application, the latter
occurs in real time,so the load transient response is paid more attention in design.
Fig.3.14 is the transient response of LDO. The upper half part is the step change of
output load current,and the lower part is the output voltage change with load current.
The changes in load transient response can be expressed
I, At
C,

I, is load current. C, is output capacitor. AV ¢ is the output voltage variation caused by

A‘/TR,max = + AVESR (3’40)

the equivalent series resistor(ESR) of output capacitor. And At is step response time. In
practical application, the smaller transient response time, the better of LDO

performance. By equation (3-40), with the fixed load current increasing the output
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Fig. 3.14 LDO load transient response

capacitor,the closed-loop bandwidth and ESR will reduce the amplitude of load transient
response s thereby reducing the load response time. In LDO design,the frequency response
method should be adopted to determine the stability of the whole feedback loop first.
Because LDO is a closed-loop system with multiple poles and negative feedback,if the
design is improper,there may be a stability problem,which will naturally affect its time-
domain transient characteristics.

5. Line Regulation

The line regulation of LDO is defined as the variation ratio of output to input
voltage when input voltage changes under constant load. It can reflect the ability of LDO

to restrain the change of input voltage. Its expression is

LR — AV. ‘ I, =constant (3_41 )

In Figure 3.15,it is assumed that the load current is kept at 50mA, and when the
input voltage is 2.1V ,the LDO enters adjustment state and outputs a 1.8V voltage. The
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Fig. 3. 15 Line regulation of LDO
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input voltage is gradually increased to 5.4V ,and the output voltage varies from 1.8V to
1.8132V,so the line regulation of LDO is

0.0132

S - ce v
LR (5.4_2. 1) I“M:SOmA

=4mV/V

6. Load Regulation
The load regulation of LDO is defined as the ratio of the output voltage variation
AV

The load regulation reflects the influence of load current on output voltage, and the

o to the load current variation Al ,, when input voltage V', remains unchanged.

smaller,the better it is. Its expression is:
AV

out

SL()R - (3_42)

Alluad V,, =constant
Figure 3.16 gives a schematic of load regulation, where I,,, and AI, ,, are load

current and variation value respectively, and V,, and AV, are output voltage and

out

output voltage variation value respectively.
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Fig. 3. 16 Circuit diagram for calculating load regulation

When the output load current changes to I,,,;, + Al »the output voltage changes to

Vo T AV, swhich makes the output voltage variation of feedback resistor network is
delta AV,
R2
AV =4V * o s 3-43
Ib out Rl +R2 ( )
and Al is
AIZ()ad — 8 mEA * gmp * A‘/]‘[; (3-44)

gmra and g, are the transconductance of error amplifier and adjusting transistor.
Putting (3-43) and (3-44) into (3-42) ,the expression of load regulation is
1 R, +R,

R ‘ V., =constant
2

(3-45)

Sior =
8 mEAS mp

From equation (3-45),we can see that we can improve load regulation by increasing the
transconductance of error amplifier and adjusting transistor,and the feedback coefficient

of feedback resistor network.
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In Fig. 3. 17, assuming the input voltage V,, = 3.3V, the load current is changed
from O to 50mA, and the output voltage varies about 1.32mV near 1. 8V, then load
regulation is

1.32mV
Sror T T50mA \szg_w =0.0264V/A| v, =33V (3-46)
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Fig. 3.17 Load regulation

7. Power Supply Rejection Ratio(PSRR)

The PSRR is defined as the ratio of output voltage variation to power supply voltage
variation,that is, the small-signal gain of output voltage to supply voltage in a certain
frequency range. The PSRR reflects the ability of output voltage to suppress the noise of

power supply. Its expression is

AVrJuf
PSRR |, =20 -logm( )dB (3-47)
AV .,

The definition of PSRR is similar to line regulation, but there is an essential
difference. The line regulation represents a large signal, DC characteristic,and a small-
signal and AC characteristic is expressed by PSRR. The PSRR is related to LDO
structure, PSRR of bandgap and error amplifier. Fig. 3.18 is a typical PSRR curve.
Because LDO mainly provides DC voltage,the PSRR within 10KHz is more important.
Usually high-precision circuits are required for PSRR within 100kHz.

dB

10 100 1K 10K 100K IMeg
Frequency

Hz(log)

Fig. 3.18 PSRR curve
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3.2.4 Stability analysis

LDO is a closed-loop system with negative feedback. The system outputs feedback
voltage to input terminal and compares with the voltage reference for adjusting, finally
making the output stable on a expected value. Due to the complexity of feedback system
and existence of multiple zero-poles,there is a stability problem in itself. If the system is
not designed properly, it will cause the whole negative feedback system to oscillate.
Therefore we must analyze the open-loop amplitude-frequency and phase-frequency
characteristics,so as to ensure the stability.

Usually,the condition of ensuring stability is that the phase margin of open-loop
characteristic is greater than 45 degrees. Considering the transient characteristics,
overshoot and other properties,the 60 degree is an ideal value.

General LDO compensates the poles to achieve a better open-loop phase margin by

using the equivalent series resistor(ESR) of off-chip capacitors.as Fig.3.19 shows.

Via »

Bandgap + Error
amplifier

\
/ ' Adjusting
1 | transistor

1 i
T
Feedback/phase !
compensation network | Ra Resw = = =
J

Fig. 3.19 LDO with off-chip capacitors

In Fig.3.20,R1 and R2 are feedback network resistor, C . is off-chip compensation
capacitor,and R g is the equivalent series resistor of compensation capacitor. The range
of R gz 1s 10mQ-1Q. C - generally takes a value of 0.1#F-10#F,and a tantalum capacitor
with good performance is generally used. Because the value of C is large, the output
node Vout is the dominant pole of LDO. C is a bypass capacitor. Usually, when the

pass

load current changes suddenly and the output voltage generates large ripple, C ,, will

reduce the ripple amplitude and make the output voltage stable quickly. The load

capacitor CL is usually smaller than C. and C . For simplicity,it is not considered in

pass
the following analysis.

When analyzing the small-signal characteristic of off-chip compensation LDO, we
need to break a certain point in the feedback loop. Start from this point,analyzing the
components of system sequentially,and finally returning to the starting point,as Fig. 3. 20
shows.

In Fig.3.21,we disconnect the feedback network and define error amplifier input
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Fig. 3.20 Analysis of small-signal characteristic for off-chip compensation LDO

Vi as the starting point of analysis, and the feedback resistor output is Vg, . So the
equivalent output resistor of error amplifier is R, , and the gate equivalent input
capacitor of adjusting transistor is C ;p >and the source-drain equivalent resistor is R pgp .

From Fig.3.21,the output resistor of V, is R, = (R, + R,)//R psp /R =R pgp »its

out

equivalent resistor is Z , s
Zow =R,/ /sC,) /) (Rgsg +1/sC) (3-48)
put (3-48) into (3-49)

R, « (1 +sR pxC)

Z()ul - 2 ~ - (3’49)
S RURESRC(C[M.\:\' + S [(/( (R(} +RESR) +R(J(/])ax.s'] + 1
The open-loop transfer function H(s) is
V., R r AR a g
H(s) — fbo 2 . 8 EAINEAS MP ez
Vﬂ)i Ry +R, 1+4+sRp,Ceqp
H(s) R;
7R, R,
R (1-+sR C)
S EANEAS MP ESR (3-50)

[1+s(R, +Rpsg)C. ]+ [1+5s(Ry // Rpsg)C i) * (1 +sRpsCip)
Considering Ry~ R pop <<KR1+ R2,R,> R ¢ - the poles and zeroes of entire LDO open-

loop system are

1 1
P, =— =— (3-51)
! (Ry +Rpsg) * C, Rpsp * C,
1 1
P, =— =— (3-52)
’ (RO // RESR) ° Cpasx RESR ¢ C/)axs
1
P, =———— (3-53)
’ REA * C(;P
Z **; (3-54)
b Rpsg + C.

In general, P1<P2<P3,and P1<<Z1<P2.The frequency response is shown in Fig.3.47.

The system's open-loop phase margin formula shows that if the phase margin is at
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Fig. 3.21 Frequency response

least 60 degrees, there is only one pole in the unit gain bandwidth(UGB). Therefore it
shows the characteristics of single pole system,and the non dominant pole is outside 2.2
times of UGB. In Fig.3.21,if the phase margin is up to 60 degrees,Z1 must be adjacent
to P2 and P3>2.2UGB, which means that zero Z1 must be used to compensate for the
non dominant pole P2. Furthermore the choice of the equivalent series resistance R pe
must also be in a reasonable range. If Ry is too large, the zero Z1 near the low
frequency will cause UGB to increase. It may cause pole P3 to go into UGB, and the
phase margin becomes smaller, which results in the instability of system; But If the R g
is too small,the zero Z1 moves to high frequency,which may move out of UGB and can
not achieve compensation. So R g has an important impact on system's stability. In fact,
due to the large size of adjusting transistor, the gate-source capacitor also constitutes a
zero.

Because of error amplifier with large output impedance(R ;,) and gate capacitor of
adjusting transistor(C p ) »its output has a large time constant. Since its large and small-
signal response time are subject to these restrictions, LDO as shown in Fig. 3.19 is not
commonly used. In order to improve the accuracy and transient characteristics of LDO.a

buffer is usually inserted between error amplifier and adjusting transistor.

V.
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Bandgap ', Adjusting
; transistor
4
= 2

|
|
|
:

Feedback/phase :
compensation network lL

Fig. 3.22 LDO with buffer

As shown in Fig. 3. 22, the voltage buffer isolates error amplifier from adjusting transistor,

and divides the original pole P3 into two poles: P31 and P32.
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1

Py=— (3-55)

1 RpaCpy

p,= L (3-56)
RBUCGP

Figure 3.23 is the amplitude-frequency characteristic of LDO with buffer. When the
buffer is added, the poles P31 and P32 are greater than the original pole P3,so the

system is more stable and improves its transient response time greatly.

80 |

Loop Gain(dB)

Py

I

0 1k 10k 100k M

: P3,
Frequency(Hz)

Fig. 3. 23 amplitude-frequency characteristic of LDO with buffer

3.3 Technical words and phrases

3.3.1 Terminology

bandgap Y B M R
low-dropout linear regulator(LLDO) R Z L MR E R
positive (negetive) temperature coefficient 1E (5O I R
subthreshold region [ A X
Boltzmann constant WIR 75 % WA
proportional to absolute temperature(PTAT) 55 4% i AR E H
start-up E iﬁJ Eﬁ%

error amplifier TR ZE KA

static parameter A S

dynamic parameter BB

dropout voltage L 22

quiescent current FR A LR
efficiency AR

line regulation 2 PR AR R

load regulation R R R
equivalent series resistor(ESR) 530 £ H R B
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3.3.2 Note to the text

(1) The bandgap is fully compatible with standard CMOS process and can work at
low power supply voltage. In addition, it has low temperature drift,low noise and high
power supply rejection ratio, which can meet the requirements of most clectronic
systems.

i B E IR 5 AR i CMOS 12858 A 3 45, I DL AR TR A i e S5 00 A, 0 S ik B
A IR P VR RS AP MR R R R ) R YR AT ) EE AR BE L RE S R R T R AR

(2) In semiconductor technology,bipolar transistors can provide physical quantities

of positive and negative temperature coefficient respectively.

e SR T2 U S A B8 20 ) B (1L I | S B R M B

(3) If two identical bipolar transistors are biased at different collector current,the
difference between their base-emitter voltage 1is proportional to the absolute
temperature.

Q0 2R 1 A [ A9 UK o A6 A A [) 1 8 P A P O i 1 O IR B AT A B A - T B
H, P 1) 22 15 208 00 1 BE SR LE

(4) There are two main kinds of circuit structure to complete adding,one is to add
the two through an OPA. And its output is the voltage reference. The other is to generate
a current proportional to absolute temperature (PTAT) , which can be converted into a
voltage through a resistor. This voltage naturally has a positive temperature coefficient,
which is then added to the base-emitter voltage Vg .

S8 AKX AN B PR 3% 45 AL BT 2 AT P, — bR T o SRR AR P A AT AR N B
HE B A B H T 5 53— o e 7 A 5 IR B UG e (PTAT) 9 L 3t » 8 i H BEL % 48 il v s L 3
ANHL R E AR B I R R AR S A R SRR - R S L RV e AHARAS

(5) In order to solve the start-up problem,an additional circuit is needed. The basic
requirement of the start-up circuit is that after the power supply is stable, when circuit is
in the “zero current” working state,the start-up circuit gives an stimulus to the internal
circuit node,which forces it to get rid of the “zero current” working state and fall into
the normal working mode.

h T TR F ) Bl R T R BRU A L B (A RS S TR R A AR I L i
TAEREIEAE B TAERL, XS 3l A 8% 19 JEAS 2R J2 i PR i R A5 2 ), 15 )8 sh AL B Ak T
“HHLI” ARAR SIS Sl A 2 AT e R — Y R A A T L 0 R S S R B R B
T AR S e AGE # TAERBE

(6) In general, the smaller dropout voltage is beneficial to improve the conversion



74 || WEFEWEE

efficiency of LDO. However,a too small dropout voltage may cause a poor phase margin
and power supply rejection ratio to the whole feedback loop,so a compromise should be
considered in LDO design.

T HAE LT 2 5K LDO Ay L 28 80/ B, DL g B R H o ) e e B3 s (HL R /I i
s 22 AT 8 2 T JS0CHE A S U5t B B 1) A LA B L R A A PR AR 22 L B DAAE AR B BT I 2

(7) The line regulation of LDO is defined as the variation ratio of output to input
voltage when input voltage changes under constant load.

LDO Y £ 1 18 8 3 SCRAE B B 0R R 1558 B B0 T L 4 A HL TR R A= A2 AR i i HL T
ARkt 5 g A PR T 7 A R A LU AR

(8) The definition of PSRR is similar to line regulation, but there is an essential
difference. The line regulation represents a large signal, DC characteristic,and a small-
signal and AC characteristic is expressed by PSRR.

P AT ) L Y SC P IR o 3 R SR AR (EL R A AR S5 1 D31 o e M 1 R SRR Y 2 R
(RSN S Rk S TSR 11 0N <1 N Nl i

(9) Usually,the condition of ensuring stability is that the phase margin of open-loop
characteristic is greater than 45 degrees. Considering the transient characteristics,
overshoot and other properties,the 60 degree is an ideal value.

T OO O TR 1 AR GE R SE WY R A LT PR RR R A AL B R T 457, 5 IR B bR
AR L DA K A M B8 L AR A BE A B 60° 2 — A LR M

(10) In order to improve the accuracy and transient characteristics of LDO,a buffer
is usually inserted between error amplifier and adjusting transistor.

T B LDO FRE REFIIBE S5 4 — B A 15 22 TR A R A B (A 2 Al 4 A — 4> 22
UL



