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Abstract- A new compensation scheme for low dropout regulator 
(LDR) in relaxing the constraint on the equivalent series 
resistance (ESR) down to the value of zero from no load to full 
load current condition is presented. This is achieved by 
introducing a load-tracking zero that tracks with the moving 
output pole as the load current varies, and a level shift buffer 
reduces the size and capacitance of the power transistor. The 
load-tracking circuit ensures the stability in full load current 
range even in the absence of ESR. The proposed LDR is 
fabricated with a standard 0.35µm CMOS technology. 
Measurement results at very small value ESR (10mΩ) and output 
capacitor (0.47µF), where this equivalent ESR zero is far beyond 
the compensation region of LDR, confirm the stability at ESR 
equivalent value to be zero. Also the proposed compensation 
scheme allows a wide range of ESR from equivalent 0Ω to 20Ω 
and load capacitor from 0.47µF to 22µF with a load current of 
0µA to 100mA at dropout voltage of 0.2V.  

 

I. Introduction 
 

 A low dropout regulator (LDR, also known as LDO) 
operating at a minimum input-to-output voltage (called 
dropout voltage, usually less than 0.5V at full load) [1] has 
been widely used as a post regulator after the switching 
converter. However the efficiency improvement from the 
reduced dropout voltage sacrifices the stability of the LDR at 
low battery environment. 
 
 An LDR with a common emitter or common source 
configuration has a high output impedance node that adds an 
additional low-frequency pole (pLoad) degrading the total phase 
shift [1], [2]. Nevertheless, the inherent resistance in the 
output capacitor (called equivalent series resistance or ESR) 
and the output capacitor generate a zero (called ESR zero, zesr) 
improving the phase margin. However the diversified ESR 
variation due to different types and sizes of output capacitor 
and its nonlinear temperature and frequency dependence 
makes a stable LDR design extremely difficult [1], [3].  
 
 A major obstacle in designing a stable LDR is dealing with 
the large variation in ESR. Commercial products rely on the 
ESR zero for compensation, and only assure a bounded stable 
ESR range, typically from a minimum 0.1Ω to a maximum 
10Ω, within a specified load current range [1]-[3]. A technique 
of generating an internal zero to compensate the low 
frequency pole at the error amplifier output only worked at a 
fixed pole location and only showed stable load transient from 
1mA to 40mA [4]. A pole-zero tracking technique by 
generating a load-dependent zero at the output of the second 

gain stage was proposed to keep the unity gain bandwidth 
relatively constant, but no analysis was performed on the 
impact of ESR on the loop stability and the stable load 
transients were only observed from 10µA to 100µA and 10mA 
to 100mA [5]. 
 

 
Fig. 1. ESR compensated LDR instability due to ESR variation in a wide load 
current range [2]. 
 
 In this paper, we propose a novel compensation scheme 
that extends the ESR stable range down to zero in full load 
current range and call it as zero-ESR compensation. In section 
II, the proposed compensation scheme in PMOS LDR is 
introduced. In section III, implementation issues down to 
transistor level design are discussed. In section IV, small 
signal analysis and simulation results are given to verify the 
scheme. Finally, in section V, the measurement results are 
presented and conclusion is given in section VI. 
 

II. Principle of zero-ESR compensation scheme 

 
 ESR compensated LDR relies on a fixed ESR zero to 
counteract the phase shift contributed by one of two poles 
(output pole pL and error amplifier output pole pa) [2]. But a 
decade movement of the output load pole at increasing load 
current pushes the unity gain bandwidth towards high 
frequency. This lifts up the high frequency parasitic pole pb 
that the fixed ESR zero may not provide sufficient anti-phase 
to compensate as shown in Fig.1. Furthermore the severe 
variation of ESR degrades the phase margin and reduces the 
stable maximum load current of ESR compensated LDR. The 
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proposed compensation scheme alleviates the above problems 
by generating a load-tracking zero to track with the output 
load pole and a load independent pole to limit the bandwidth 
extension at increasing load current. The architecture of the 
proposed compensation scheme is shown in Fig.2. The pole-
zero pair is formed by a series CR network (Czrz) at the output 
of the error amplifier. The level shift buffer provides a low 
output resistance rob and increases the drive voltage of power 
transistor. The load-tracking resistor rz is the equivalent drain-
to-source resistance of a PMOS transistor Mz operating in the 
linear region. The tuning of rz will be given in the next section.  

 
Fig. 2. Simplified implementation of zero-ESR compensation PMOS LDR. 
  

III.  Implementation of zero-ESR compensation in 
PMOS LDR 

 
 The transistor level implementation of the zero-ESR 
compensated LDR shown in Fig.3 consists of the error 
amplifier, load-tracking zero circuit, level shift buffer, ILoad 
sensing circuit, PMOS power transistor MPMOS, feedback 
resistors R1 and R2, and the output loading components RL, 
CLoad and resr. 
 
 The load-tracking zero is generated by Cz and rz (transistor 
Mz) connected in series, with rz adjusted by the scaled output 
load current ILs. Since the load pole and open loop gain are 
proportional to ILoad and 1⁄√ILoad respectively [6], the resultant 
unity gain bandwidth increases with √ILoad at increasing ILoad. 
So the rz is designed to track 1⁄√ILoad. The sensing transistor 
Mpi and the power transistor MPMOS has a W/L ratio of 1:N, 
and their drain voltages are forced to be equal by the current 
conveyor Mi1-Mi4 to sample a scaled output current by the 
transistor Mi5 without adding extra voltage to the power 
transistor [7].  
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A small bias current added by the transistor Mrbias avoids the 
turn-off of load-tracking circuit during no load condition. 

 
Fig. 3. Detailed schematic of zero-ESR compensation PMOS LDR. 
 
The level shift buffer provides two distinctive advantages: (1) 
the transistor MLs operating in linear region acts as a level shift 
resistor rLS and increases Vgs of power PMOS (VgsPMOS) 
because 

 dsLsgsLsbdsLsthpgsLs VVVVV >∆+=−    (3) 
where Vthp is the threshold voltage of PMOS transistor. 
(2) With the increase in VgsPMOS, MPMOS could be much 
smaller, and the width reduction is given by 
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The width reduction is 13.3% in this design. The gate 
capacitance is reduced and the associated pole is pushed to 
higher frequency. By setting the same transconductance of the 
transistors MLsb(gmLsb), Mb2 & Mb3 (both equal to gmb2) and the 
resistor rLS to be smaller than 1/gmMb1, the equivalent output 
resistance is 
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The gain of level shift buffer stage (gmb1rLs) is 
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Since Mb1, MLs and MLsb are biased with the same current, 
both (Vgsb1-Vthp) and VdsLs would track each other, and the 
ratio of (Vgsb1-Vthp)/VdsLs would be insensitive to process and 
temperature variation. Although the buffer reduces the gain by 
a factor of 0.93, it provides stable low output resistance and 
enhances gate swing of the PMOS power transistor MPMOS . 
 

IV Small signal analysis of zero-ESR compensated LDR 
  

 Since the load current sensing circuit only varies the 
equivalent resistance of transistor Mz, it does not affect the 
loop response and could be neglected in the small signal 
analysis. The equivalent small signal models shown in Fig. 4 
are, error amplifier (gm1, ro1); level shift buffer (gmb, rob); load-
tracking zero network (Cz, rz & ILoad sensing circuit); PMOS 
power transistor (gmp, roPMOS); the parasitic capacitors Cp1 & 
CpPMOS; sampling resistors (R1 & R2); output load components 
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(equivalent output load RL, output capacitor CLoad & resr) 
respectively. The dashed line denoted by “A” is the location 
for breaking the loop for small signal analysis. 
 
 For an efficient analysis, the following assumptions are 
made: (1) CLoad >> (CpPMOS, Cp1 & Cz) and only CLoad 
determines the dominant pole of the system; (2) Cz=30pF is 
much larger than Cp1<10fF so that the parasitic pole Cp1 would 
have negligible effect on the load-tracking zero 1/Czrz. In 
order to simplify the discussion on the stability, the ESR is set 
to be zero. 

 
Fig. 4. Small signal model of zero-ESR compensation in PMOS LDR. 
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The load-tracking zero zz, the output dominant pole pL, the 
PMOS gate capacitance pole pPMOS, the associated 
compensation pole pz, and the pole due to the output of error 
amplifier p1 are then given by 
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 The principle of the proposed compensation can be 
illustrated by the loop gain response at different load currents 
shown in Fig.5. Note that all poles and zero at ILoad=0 are 
denoted by pL, pz, zz, p1 and pPMOS (solid line response), and 
the poles and zero at the maximum current condition (ILoad= 
ILmax) are pL’, pz’, zz’, p1’ and pPMOS’ (dashed line response). 
 
 Although there are four poles in the loop response, only 
two poles, (pL & pz), and the load-tracking zero zz are below 

the unity gain frequency, and the poles pPMOS and p1 are 
positioned at much higher frequencies than the unity gain 
frequency because (1) the low output resistance of the buffer 
pushes the large gate capacitance pole 1/CpPMOSrob to a higher 
frequency; (2) the pole p1 at the output of error amplifier is 
relocated at 1/Cp1ro1 because Cp1 is much smaller than CpPMOS. 

 
Fig. 5. Loop gain response illustrating the principle of zero-ESR 
compensation scheme from ILoad=0 to ILoad(max). 

 
 When the load current is zero, the pole-zero pair (pz & zz) 
almost cancels each other and then leaves the output pole pL as 
a single dominant pole. Then the phase margin of the loop 
results in 60˚. When the load current increases, the load-
tracking zero tracks with the output pole and the fixed pole pz 
limits the bandwidth extension such that high frequency poles 
(pPMOS & p1) can be kept below 0dB at maximum ILoad. Fig.6 
shows the simulation results of the zero-ESR compensated 
LDR at ESR=0Ω, CLoad=0.47µF at various load currents. 
 

 
Fig. 6. Simulated loop gain response of the proposed LDR with 0Ω ESR and 
CLoad=0.47µF at ILoad=0µA, 1mA & 100mA.  

 
V. Measurement results 
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 The performance of the zero-ESR compensated LDR 
fabricated in 0.35µm CMOS process (using 0.5µm thick gate 
transistor for high voltage operation) is compiled in Table 1. 
 

TABLE I 
SUMMARY OF  MEASURED PERFORMANCE 

Loading Current 0µA-100mA 
Output Capacitor 0.47µF to 22µF 
ESR 10m to 20Ω 
Threshold voltage Vthn=0.74V, Vthp=0.80V 
Supply Voltage 3V-6V 
Quiescent Current 72µA, 120µA@ILoad=0µA,100mA 
Dropout voltage 0.2V 
Output Voltage 2.8V 
Line Regulation (3-6V) 4.09mV/V @ ILoad=100mA 
Load Regulation (0-100mA) 85µV/mA @ Vdropout=0.2V 
Chip Area 0.412mm2 

 
Full load transients of the LDR over a wide range of ESR 

and output capacitor are measured and stability is confirmed. 
Since zero value ESR cannot be practically obtained, the 
lowest 10mΩ ESR is realized. Load transient responses of Fig. 
7 & Fig. 8 at ESR=10mΩ & CLoad=0.47µF verify the stabilities 
without relying on ESR zero (at very high frequency 34MHz) 
which is far beyond bounded region of stable ESR. If there 
were any susceptibility towards oscillation, there would been 
observed in full range of load currents [7]. No periodic 
oscillations are found from both measured rising and falling 
load transients at various ESR and output capacitors. 

 

 
Fig. 7. Measured load transient 0µA to 100mA at ESR=10mΩ, CLoad=0.47µF. 

 

 
Fig. 8. Measured load transient 100mA to 0µA at ESR=10mΩ, CLoad=0.47µF. 

 
Fig. 9. Measured load transient 0µA to 100mA at ESR=20Ω, CLoad=22µF. 
 

 
Fig. 10. Measured load transient 100mA to 0µA at ESR=20Ω, CLoad=22µF. 
 

V. CONCLUSION 
 

We presented a zero-ESR compensation that overcomes 
the fundamental limitation of the requirement of a minimum 
ESR at the output capacitor. By having a load-tracking zero 
and a level shift buffer with enhanced gate swing of power 
transistor, a stable LDR over a practical range of ESR from 
equivalent 0Ω to 20Ω and a common range of output capacitor 
extends the application under extreme ESR variation 
environments and allows the use of any types of capacitor. 
Measurement results confirm the validity of the design  
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