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Abstract—We explore the application of split-length compensa-
tion to the design of a three-stage low dropout (LDO) voltage 
regulator. Initially, we review three basic compensation techni-
ques, Miller, cascode, and split-length, and demonstrate their 
use in a multi-stage amplifier. It is found that stable designs are 
possible using single Miller compensation, whereas both cascode 
and split-length compensation require a Miller compensation 
network in parallel. Finally, we compare the three compensation 
techniques in terms of quiescent current, area, dropout voltage, 
unity-gain frequency, line and load transient response, and 
power supply rejection. For the LDO architecture selected, it is 
found that cascode and split-length compensation offer very 
similar performance, with the exception of quiescent current 
and area. Cascode compensation required 24% less total 
compensation capacitance, whereas split-length compensation 
used 14% less quiescent current. 

Index Terms—Split-length compensation, Miller, cascode, single 
Miller compensation (SMC), Multi-stage amplifiers, Low Drop-
out (LDO) voltage regulators. 

I. INTRODUCTION 
As supply voltages scale down with advanced process 

nodes, low voltage, high-gain amplifiers are realized by 
cascading multiple gain stages. However, each gain stage 
inevitably introduces low-frequency poles which tend to 
degrade stability. The choice of compensation network 
impacts a wide range of amplifier performance measures, 
including power consumption, silicon area, unity-gain fre-
quency and power-supply rejection. Two widely understood 
and adopted compensation techniques are Miller [1]-[3] and 
cascode compensation [4]-[20]. 

Saxena and Baker recently introduced a third 
compensation technique, split-length compensation [21]-[22].  
More recently, it was called “pseudo-cascode” by the authors 
in [22]. Split-length compensation is particularly suited to 
low-voltage amplifiers, as the headroom requirement is 
almost half that of cascode compensation. In [24], the 
application of split-length compensation to the design of a 
wide-range of high-performance amplifiers, including LDOs, 
is described.  

The goal of this work is to quantify the benefits of 
applying split-length compensation to the design of LDOs, 
comparing split-length to the better-known Miller and 
cascode techniques. LDOs are particularly important in 
today’s portable electronic devices, which require clean 
power at minimal cost [12]-[15]. 

This paper is organized as follows: The application of 
Miller, cascode, and split-length compensation methods is 
described in Section II. Section III discusses the imple-
mentation of the three-stage LDO. In Section IV, the three 
methods are compared through a wide range of simulation 
experiments.  Discussion and conclusions follow. 

II. COMPENSATION TECHNIQUES 
Fig. 1 depicts the architecture of a generic three-stage 

LDO. Let the transconductance, equivalent resistance to 
ground and lumped parasitic capacitance of the ith stage be 
represented by Gmi, Ri and Ci respectively. At the output of 
the third stage, ROUT is the parallel combination of R3 and RL, 
the external load resistance. Similarly, COUT is the sum of C3 
and CL, the load capacitance. Parasitic capacitance CGD is due 
to the large pass transistor of the output stage. 

 
Fig. 1. LDO architecture employing single Miller compensation. 

 

The low-frequency gain of the amplifier ADC is the 
product of the gain of all three stages: 

 

OUTmmmDC RGRGRGA 32211= .    (1) 
 
Small-signal quantities Gm3 and ROUT are functions of load 

current IL which, in a typical LDO design, may vary by 
several orders of magnitude. ROUT is inversely proportional to 
IL, whereas Gm3 increases with IL at a rate that is sub-linear. 
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As such, ADC tends to fall off at high load currents. The 
challenge of stabilizing an LDO is enhanced by these 
expected variations in ROUT, Gm3, and ADC. Very often, a large 
external load capacitance is required.  
A. Single Miller Compensation 

While more complex Miller compensation techniques are 
possible, the architecture of Fig. 1 employs single Miller 
compensation (SMC) [14], [16].  Compensation resistor RM in 
series with capacitor CM is placed directly between the output 
of the third stage VOUT and the output of the first stage V1.   

Assuming COUT >> CM, C2, CGD, and CM, C2, CGD >> C1, 
and that the poles are widely separated, circuit analysis of the 
architecture in Fig. 1 yields the following equations for the 
dominant poles and zero: 
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For very large COUT, the first pole ωp1 ≈ 1/COUT ROUT.  Due 

to the variation in ROUT with load current, this output pole 
moves towards high frequencies at high load currents. The 
second dominant pole occurs at node V1, the output of the 
first stage.  For COUT very large, ωp2 ≈ 1/CM  (R1+RM).  The 
left-half plane zero ωz1 helps guarantee stability over a wide 
range of output current.  
 

B. Cascode Compensation 
In Fig. 2, cascode compensation is employed between 

nodes VOUT and V1 with the addition of capacitor CC in series 
with current buffer gmC. Stability could not be achieved over a 
wide range of load currents without the inclusion of the 
parallel Miller compensation network, as shown. 

Under the assumptions described earlier, circuit analysis of 
Fig. 2 yields the following equations for the dominant poles 
and zero: 
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As for Miller compensation, the first pole occurs at the output 
node and the second at node V1. The zero due to the Miller 
compensation is absolutely vital for stability over a wide 
range of output currents. 
C. Split-Length Compensation 

The technique of split-length compensation was introduced 
in [19]. It is accomplished by splitting the length L of a single 
transistor into two shorter lengths, L1 and L2. Splitting of an 
NM OS device is depicted in Fig. 3, in which L1 + L2 = L.  
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Fig. 2. LDO architecture employing cascode compensation in parallel with 
Miller compensation. 
 

 
Fig. 3. Illustration of split-length NMOS device. 

 

 
Fig. 4. LDO architecture employing split-length compensation in parallel 
with Miller compensation. 

 
Split-length devices can be created within most commonly 

used transistor structures, including differential pairs, current-
mirror loads, and common-source transistor amplifiers. The 
node VX is a low impedance node, making it suitable for 
feedback through current buffer MN2. Transistor MN1 operates 
in the triode, or linear region, with a resistance equal to 1/gm. 
A simplified model of split-length compensation applied to 
the LDO architecture of Fig. 1 is depicted in Fig. 4. 

The form of the pole-zero equations are identical to those 
of cascode compensation. The only difference is that roughly 
half of the current through transistor CC is actually fed back 
through current buffer gmC2, assuming gmC1 = gmC2. As such, 
the “effective” cascode compensation capacitance is reduced 
to 0.5CC  in (3) when applied to split-length compensation. 

 

III. THREE-STAGE LDO IMPLEMENTATION 
The schematic of a three-stage LDO employing single Miller 
compensation is shown in Fig. 5. The feedback path is 
indicated with a dashed line from node Vfb to Vfb'. The first 
stage is an NMOS differential amplifier. The differential 
input (Vfb' – Vref) corresponds to VIN in the small-signal 
models of Figs. 1, 2, and 4. The second stage is a PMOS non-
inverting common-source amplifier. The output stage is a 
common-source amplifier realized with the huge pass 
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Fig. 5. Schematic of three-stage LDO using single Miller compensation. 
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Fig. 6. Schematic of first-stage differential amplifier allowing for (a) cascode 
compensation through node VY and (b) split-length compensation through 
node VX. 
 
transistor MPASS. The second stage employs an adaptive 
biasing technique described in [14]-[15].  

Only the differential amplifier changes while incorpora-
ting the two other types of compensation. Fig. 6 shows the 
necessary changes to the differential amplifier to incorporate 
cascode and split-length compensation into the LDO. 

The baseline Miller-compensated LDO was designed in a 
0.5-µm 2P3M process under the following constraints: a load 
current range from 100 μA to 100 mA, a 1.2-V reference 
voltage, a 1.5-V output voltage, an external load capacitance 
of 1 µF, a quiescent current of 21 µA at minimum load 
current and 75 µA at maximum load current, a low-frequency 
gain of 63 dB at maximum current load, a dropout voltage of 
106 mV, and a minimum phase margin of 45o. These con-
straints help serve as controls for the simulation experiments 
described in the next section. 

IV. SIMULATION EXPERIMENTS 
A series of simulation experiments were conducted to 

measure the performance of the three compensation tech-
niques: Miller, cascode (with parallel Miller) and split-length 
(with parallel Miller). Fig. 7 shows the simulated phase 
margin as a function of load current ILOAD. It is apparent that 
the minimum phase margin is 45o for all three designs. 

Fig. 8 shows the output voltage VOUT in response to a 1-V 
change in the input voltage VLINE.  Input rise and fall times are 

100 ns each.  The large variation in output voltage for Miller 
compensation is reduced by a factor of 5 for cascode and 
split-length.  Fig. 9 shows the output response to a  change  in 
load current ILOAD from minimum to maximum values with 
rise and fall times of 200 ns and 500 ns, respectively.  In this 
case, the reduction of output voltage variation for the cascode 
and split-length designs is not quite a factor of 2. 

Fig. 10 shows the simulated power supply rejection, 
measured at a load current of 1 mA.  Power supply rejection 
is measured with the LDO in a closed-loop configuration by 
injecting a sinusoidal source in series with the line voltage. 
Over the frequency range of 400 Hz to 50 kHz, cascode and 
split-length cascode compensation improves PSRR by 13 dB. 
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Fig. 7. Phase margin as a function of load current for (a) Miller, (b) cascode, 
and (c) split-length compensation schemes. 
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Fig. 8. Line transient response for (a) Miller, (b) cascode, and (c) split-length 
compensation schemes.  An offset was added for visibility. 
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Fig. 9. Load transient response for (a) Miller, (b) cascode, and (c) split-length 
compensation schemes.  An offset was added for visibility. 
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Fig. 10. Power supply rejection as a function of frequency for (a) Miller, (b) 
cascode, and (c) split-length compensation schemes. 
 

V. DISCUSSION AND CONCLUSIONS 
Table I summarizes the performance characteristics of the 

three LDO designs. For virtually all of the performance 
measures summarized in Table I, cascode compensation and 
split-length compensation, in parallel with Miller 
compensation, outperform Miller compensation alone.  On 
the other hand, cascode and split-length compensation have 
very similar simulated performance, except for total 
compensation capacitance and quiescent current at minimum 
load current. The tradeoff, therefore, appears to be mostly 
between area and power. 

In a direct comparison of the split-length and cascode 
compensation schemes, split-length shows a reduction in 
quiescent current of 14% at minimum load, whereas cascode 
shows a reduction in total compensation capacitance of 24%.  
However, the area of this LDO design is dominated by the 
huge pass transistor, sized 30 mm x 0.6 μm, which occupies a 
silicon area corresponding to a 60 pF poly1-poly2 capacitor.  
As such, a 24% reduction in compensation capacitance results 
in roughly a 6% decrease in total area.   

TABLE I.  LDO PERFORMANCE MEASURES 

Characteristic 
LDO Compensation Network 

Miller Cascode Split-
Length 

Total Compensation Capacitance 47.0 pF 15.1 pF 19.9 pF 

Quiescent Current @ IL = 100 μA 21.9 μA 25.7 μA 22.0 μA 

Quiescent Current @ IL = 100 mA 75.0 μA 78.8 μA 75.1 μA 
Unity-Gain Frequency @ IL = 100 

μA 35.9 kHz 75.8 kHz 76.8 kHz 

Unity-Gain Frequency @ IL = 100 
mA 1.23 MHz 1.86 MHz 1.74 MHz 

Line Transient Reponse ΔVOUT 232 mV 42.5 mV 46.1 mV 

Load Transient Reponse ΔVOUT 44.2 mV 25.1 mV 24.2 mV 

PSR @ IL = 1mA and f  = 1 kHz 47.0 dB 61.6 dB 60.9 dB 

PSR @ IL = 1mA and f  = 100 kHz 18.5 dB 30.9 dB 31.1 dB 

REFERENCES 
[1] J.  M. Miller, “Dependence of the input impedance of a three-electrode 

vacuum tube upon the load in the plate circuit,” Scientific Papers of the 
Bureau of Standards, vol. 15, no. 351, pp. 367–385, 1920. 

[2] Y. P. Tsividis and P. R. Gray, “An integrated NMOS operational amplifier 
with internal compensation,” IEEE J. Solid-State Circuits, vol. 11, no. 6, pp. 
748–753, Dec. 1976. 

[3] P. R. Gray and R. G. Meyer, “MOS operational amplifier design-A tutorial 
overview,” IEEE J. Solid-State Circuits, vol. 17,  no. 6, pp. 969–982, Dec. 
1982.   

[4] B. K. Ahuja, “An improved frequency compensation technique for CMOS 
operational amplifiers,” IEEE J. Solid-State Circuits, vol. 18, no. 6, pp. 629–
633, Dec. 1983. 

[5] D. Ribner and M. Copeland, “Design techniques for cascoded CMOS op 
amps with improved PSRR and common-mode input range,” IEEE J. Solid-
State Circuits, vol. 19, no. 6, pp. 919–925, Dec. 1984. 

[6] R. Reay and G. Kovacs, “An unconditionally stable two-stage CMOS 
amplifier,” IEEE J. Solid-State Circuits, vol. 30, no. 5, pp. 591–594, May 
1995. 

[7] R. G. H. Eschauzier and J. H. Huijsing, “Frequency Compensation, 
Techniques for Low-Power Operational Amplifiers,” Kluwer, Dordrecht, 
The Netherlands, 1995. 

[8] G. Palumbo, S. Pennisi, “Feedback Amplifiers: Theory and Design,” Kluwer 
Academic Publishers: Boston, 2002. 

[9] G. A. Rincon-Mora, “Active capacitor multiplier in Miller-compensated 
circuits,” IEEE J. Solid-State Circuits, vol.35, no.1, pp.26–32, Jan. 2000. 

[10] X. Peng and W. Sansen, ‘‘Transconductance with capacitances feedback 
compensation for multistage amplifiers,’’ IEEE J. Solid-State Circuits, 
vol.40, no. 7, pp. 1514---1520, Jul. 2005. 

[11] P.  J. Hurst, S. H. Lewis, J. P. Keane, F. Aram, and K. C. Dyer, “Miller 
compensation using current buffers in fully differential CMOS two-stage 
operational amplifiers,” IEEE Trans. on Circuits and Syst. I, vol.51, no. 2, 
pp. 275–285, Feb. 2004. 

[12] G. A. Rincon-Mora, “Analog IC design with Low-Dropout Regulators,” 
McGraw-Hill, pp. 180-182, 2009. 

[13] M. Al-Shyoukh, H. Lee, and R. Perez, “A transient-enhanced low quiescent 
current low-dropout regulator with buffer impedance attenuation,” IEEE J. 
Solid-State Circuits, vol. 42, no. 8, pp. 1732–1742, Aug. 2007. 

[14] K. Wong and D. Evans, “A 150 mA low noise, high PSRR low-dropout 
linear regulator in 0.13 μm technology for RF SoC applications,” Proc. 
ESSCIRC, Sep. 2006, pp. 532–535. 

[15] A. Garimella, M. W. Rashid and P. M. Furth, “Reverse Nested Miller 
Compensation Using Current Buffers in a Three-Stage LDO,” IEEE Trans. 
on Circuits and Syst. II: Express Briefs, vol.57, no. 4, pp. 250-254, Apr. 
2010. 

[16] ________, “Single Miller compensation using inverting current buffer for 
multi-stage amplifiers,” IEEE Int’l Symp. on Circuits and Systems, ISCAS 
2010, pp. 1579 – 1582, 2010. 

[17] P. R. Surkanti, A. Garimella, and P. M. Furth, “Pole-zero analysis of multi-
stage amplifiers: A tutorial overview,” IEEE International Midwest Symp. 
on Circuits and Systems, MWSCAS 2011, pp. 1-4, Aug. 2011. 

[18] A. Garimella, and P. M. Furth, “Frequency compensation techniques for op-
amps and LDOs: A tutorial overview,” IEEE International Midwest Symp. 
on Circuits and Systems, MWSCAS 2011, pp. 1-4, Aug.  2011. 

[19] A. Garimella, P. R. Surkanti, and P. M. Furth, “Pole-Zero Analysis of Low-
Dropout (LDO) Regulators: A Tutorial Overview,” 2012 25th International 
Conference on VLSI Design (VLSID), pp. 131-136, Jan. 2012. 

[20] P. M. Furth, S. H. Pakala, A. Garimella and C. Mohan, “A 22dB PSRR 
enhancement in a two-stage CMOS opamp using tail compensation,” IEEE 
Custom Integrated Circuits Conference, CICC 2012, Sep. 2012. 

[21] V. Saxena and R. J. Baker, “Compensation of CMOS opamps using split-
length transistors,” 51st Midwest Symp. on Circuits and Systems, MWSCAS 
2008, pp. 109–112, Aug. 2008. 

[22] ________, “Indirect compensation techniques for three-stage fully-
differential op-amps,” 53rd IEEE Int’l Midwest Symp. on Circuits and 
Systems, MWSCAS 2010, pp. 588-591, Aug. 2010 

[23] M. Taherzadeh-Sani and A. Hamoui, “A 1-V process-insensitive current-
scalable two-stage opamp with enhanced DC gain and settling behavior in 
65-nm digital CMOS,” IEEE J. of Solid-State Circuits, vol. 46, no. 3, pp. 
660-668, Mar. 2011. 

[24] A. Garimella, P. M. Furth, P. R. Surkanti and N. R. Thota, “Current buffer 
compensation topologies for LDOs with improved transient performance,” 
Analog Integrated Circuits and Signal Processing, pp. 1-12, 19 Nov. 2011. 

1091


	MAIN MENU
	Help
	Search
	Search Results
	Print
	Author Index
	Table of Contents

