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Abstract—Modern system-on-chip (SoC) solutions suffer from 

limited on-chip capacitance, which means the switching events of 
functionally dense ICs induce considerable noise in the supplies. 
This ripple worsens the accuracy of sensitive analog electronics, 
such as ADCs, PLLs, VCOs, etc. Without dropping a substantial 
voltage, point-of-load (PoL) low-dropout (LDO) regulators 
reduce (filter) this noise, but only as much as their loop gains and 
bandwidths allow. This paper presents a 5-mA, 1.5-µm bipolar 
current-mode LDO regulator that, with a higher bandwidth 
current loop, suppresses higher frequency noise by 49 dB (i.e., 
power-supply rejection PSR) up to 10 MHz with only 68 nF at the 
output, which is 20 dB better than its voltage-mode counterpart. 
 

Index Terms: Low-dropout (LDO) regulator, power-supply 
rejection (PSR), current mode, dual loops, supply noise ripple. 

I. LDO REGULATORS IN POWER MANAGEMENT 
ith the increasing sophistication of portable electronics, 
the demand for good power supplies is expanding. 

Supply systems must be accurate and power efficient to 
conserve energy and extend battery life, which is why 
inductor-based converters are so popular. Switching supplies, 
however, introduce systematic noise that state-of-the-art data 
converters, radio-frequency (RF) radios, phase-locked loops 
(PLLs), and others cannot sustain, so low-dropout (LDO) 
linear regulators often post-regulate a switched supply to 
suppress noise without dropping appreciable power [1]–[6]. 

What noise frequencies an LDO is capable of suppressing 
depends on bandwidth, which stability requirements under 
unpredictable loads (e.g., IL, RL, RESR, and CO in Fig. 1) 
normally constrain to below 0.5 – 1 MHz [2], [7]–[8]. 
Parasitic bond-wire resistances and inductances, switch-on 
resistances, and pad/pin capacitances further degrade PSR at 
higher frequencies, where dc-dc converters switch [2], [7], [9]. 

This paper presents, discusses, and evaluates a prototyped 
1.5-µm bipolar current-mode (dual-loop) LDO that further 
attenuates the high-frequency ripple switching supplies 
generate. To that end, Section II reviews power-supply-
rejection (PSR) performance and summarizes the state of the 
art in high-PSR LDOs. While Section III introduces and 
details the stability and PSR performance of the proposed 
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LDO, Section IV evaluates its achieved experimental 
performance and Section V draws relevant conclusions. 
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Fig. 1. Typical PNP BJT low-dropout (LDO) voltage-mode regulator. 

II. POWER-SUPPLY REJECTION (PSR) 
A. Voltage-Mode Performance 
The fraction of supply ripple vin that reaches vOUT is the 
voltage-divided (suppressed) translation of vin, which is supply 
gain AIN (i.e., vout/vin). Modeling the supply and ground 
impedances of an LDO as Fig. 2a shows describes how vin 
affects vOUT, which is how power-supply rejection (PSR) 
manifests in vOUT because PSR is the reciprocal of this vin/vout 
translation (i.e., PSR is 1/AIN) [2], [7]. Notice the impedance 
from vIN to vOUT is QP's small-signal output resistance roP 
(from Fig. 1) and vOUT's ground impedance is (in part) output 
filter ZO, which consists of load resistance RL, output 
capacitance CO and its equivalent series resistance RESR, and 
feedback resistors RFB1 and RFB2. The shunt-feedback loop an 
LDO employs to regulate vOUT introduces the other impedance 
to ground (as ZO–REG) that decreases with increasing loop 
gains. In other words, the LDO's ability to suppress noise rests 
on the noise ZO–REG shunts to ground, that is, on how low ZO–

REG is (or how high the loop gain is) across frequency. 
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Fig. 2. (a) LDO's PSR model and (b) its corresponding response. 

As a result, supply gain AIN is voltage-divided translation 
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and shunt-feedback resistance ZO–REG is 
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where loop gain LGV is the gain across the feedback loop (i.e., 
across GEA, QP, and RFB1-RFB2). AIN is therefore low at low 
frequencies (because LGV is high) and increases (i.e., 
deteriorates) past the LDO's internal pole fEA (when LGV 
drops). This degradation in PSR continues until LGV reaches 
the unity-gain frequency (f0dB), beyond which point CO and its 
RESR dictate how much supply noise shunts to ground [7]. CO 
is typically high to shunt more of the noise produced by (i) the 
supply (for PSR) and (ii) sudden load dumps (for accuracy). 

B. State of the Art in High-PSR LDOs 
While a low-pass filter can attenuate high-frequency noise in 
vIN, the series filter resistor dissipates considerable power [2], 
and adding a second LDO in series (which also dissipates 
considerable power) only helps suppress noise at low 
frequencies [6]. A common-gate cascode transistor can 
decouple vOUT from vIN across frequency, but again, the 
cascode also consumes power [1]. Feeding forward the supply 
ripple to QP's base (to ensure QP's emitter-base terminals 
sustain the same common-mode ripple) can restrain QP's 
current variations, but tuning it to account for roP variations 
requires both considerable real estate and quiescent power [3]. 

III. PROPOSED CURRENT-MODE LDO 
Improving PSR at high frequencies, where emerging dc-dc 
converters typically switch, without losing additional Ohmic 
(dropout) power, amounts to increasing the impedance to the 
supply (between vIN and vOUT in Fig. 2b) and/or decreasing the 
impedance (from vOUT) to ground near these frequencies. 
LDOs achieve good low-frequency PSR because shunt 
feedback reduces ground impedance ZO–REG at low-to-
moderate frequencies. Extending the frequencies for which 
ZO–REG remains low without compromising stability, however, 
is difficult [2], [7]–[8]. This paper instead proposes to insert a 
higher frequency series- (current-) sampling loop that, without 
increasing dropout voltage, increases the impedance to the 
supply at higher frequencies, where the state of the art fails. In 
other words, series feedback regulates output transistor QP's 
current and increases its (supply) impedance just like shunt 
feedback regulates vOUT and decreases ground impedance. 

The aim of the series-sampling loop is to transform QP into 
a current source only at higher frequencies (because shunt 
feedback already performs well at lower frequencies). The 
proposed circuit shown in Fig. 3 achieves this by (i) sampling 
QP's current with sense transistor QS's current iS (via gmS), (ii) 
high-pass-filtering iS with transconductor GI(s), and (iii) shunt-
mixing GI(s)'s output iFB into the voltage loop (with iREF). As a 
result, because iFB is negligibly small at low frequencies, the 
voltage loop alone defines vEA to control QP. At higher 
frequencies, the voltage loop sets dynamic current reference 
iREF against which the faster current loop regulates iFB to 
control QP's current iP to supply the load. Notice that 
transconductor GV samples vOUT and amplifier AD buffers vEA 
(to decouple QP's large parasitic capacitance from vEA).  
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Fig. 3. Small-signal model of the proposed high-PSR current-mode LDO. 

A. Stability 
Current Loop: Since the voltage loop mixes the system's 
input reference VREF and samples the system's output vOUT, the 
current loop is within the voltage loop and must therefore 
remain stable past the voltage loop's unity-gain frequency 
fV.0dB. From Fig. 3, the gain across the current loop is 
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where CEA produces pole fEA at vEA and RGI is GI(s)'s input 
resistance. As a high-pass filter, GI(s) incorporates a zero-pole 
pair at fZD and fPD (below fEA): 
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where fZD precedes fPD and the low-frequency gain GI0 is 
substantially low. Because of GI(s), as Fig. 4a illustrates, loop 
gain LGI is low at low frequencies at 
 mSDEA0IGI0I gARGRLG =  (6) 
and rises with frequency past fZD to level at fPD to 
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CEA then lowers LGI past fEA at –20 dB/decade. Setting the 
parasitic pole at QP's base vB (fB) above current-loop’s unity-
gain frequency fI.0dB or canceling its effects with another zero 
ensures LGI crosses 0 dB with a single-pole roll-off (at –20 
dB/decade), that is with adequate phase margin. 
 From the perspective of the voltage loop, current gain iS/iREF 
is current loop’s closed-loop gain AI.CL: 
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where open-loop current gain AI.OL is 
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At low frequencies, LGI is considerably below one, so AI.CL 
reduces to AI.OL or REAADgmS. AI.CL decreases once LGI rises 
above 0 dB, and LGI at the crossover frequency fCO is: 
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Once GI(s) and thus LGI flatten (past fPD), AI.CL levels to 
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and falls again at –20 dB/decade past AI.CL's -3dB bandwidth 
(fI.CL.-3dB), which equates to a moderate-frequency gain-
bandwidth product of 
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In other words, the current loop effectively introduces poles at 
fCO and fI.CL.–3dB and a zero at fPD to the voltage loop. 
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Fig. 4. Frequency response of the proposed (a) current and (b) voltage loops. 

Voltage Loop: From Fig. 3, both QP and QS's currents iP and 
iS (from gmP and gmS) flow to the output as iO to set vOUT, 
which means AI.CL alone does not describe iO/iREF. Instead, 
since iP is a mirror-ratio translation (MI) of iS, iO/iREF is 
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As such, the gain across the voltage loop is 
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where ZO is the impedance at vOUT and RFB1-RFB2 voltage-
divides vOUT to GV's input vFB. As a result, as Fig. 4b shows, 
LGV first drops past AI.CL's crossover frequency fCO, and more 
rapidly past ZO's CO pole fO (when CO shunts roP), until AI.CL 
levels past fPD (with a zero). LGV is stable because it reaches 
fV.0dB below AI.CL's fI.CL.–3dB (i.e., at –20 dB/decade and with 
adequate phase margin). Without the current loop, as in 
conventional LDOs, the loop gain (depicted by LGV

^ in Fig. 
4b) would first drop past ZO's CO pole fO, and more rapidly 
past vEA's pole fEA, inducing LGV

^ to reach unity-gain 
frequency fV.0dB

^ at –40 dB/decade (with little to no phase 
margin). In other words, the current loop stabilizes the voltage 
loop. Note that CO's RESR zero is above fI.CL.–3dB because RESR 
is negligibly small at a few mΩs. 
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Fig. 5. PSR (a) model and (b) response of the proposed current-mode LDO. 

B. PSR Performance 
The current loop effectively introduces series (current-
sampled) impedance ZI in the supply path, as Fig. 5a 
illustrates, just like shunt sampling introduces shunt (voltage-
sampled) impedance ZV to ground. Similarly, high LGI 
increases ZI just as high LGV decreases ZV: 
 oPIOL.III rLGZLGZ ≈=  (15) 
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except the former does so at high frequencies and the latter at 
low frequencies in the proposed scheme. In either case, high 
loop gains improve PSR (i.e., increase ZI and decrease ZV). 

The fundamental benefit of series feedback is increasing 
supply impedance ZU (in Fig. 5a) from its roP base by a 
(1+LGI) factor. Because the current loop is open at low 
frequencies (i.e., LGI < 1), ZU is roP at low frequencies, as Fig. 
5b(i) shows. The loop asserts its influence when LGI rises 
above 0 dB, past crossover frequency fCO, beyond which point 
ZU follows LGI's response, leveling past fPD and decreasing 
after fEA. ZU then falls back to its open-loop value of roP 
beyond fI.0dB, when LGI again falls below 0 dB.  
 LGI also affects total ground impedance ZD (in Fig. 5a) via 
the closed-loop current gain AI.CL. LGV, for instance, decreases 
past LGI's fCO so ZV (and thus ZD) increases past fCO in Fig. 
5b(ii), leveling after LGI's fPD. Beyond fV.0dB, ZV surpasses ZO 
(so ZD reduces to ZO) and CO shunts vOUT (so ZO decreases 
until CO's impedance is negligible relative to RESR – past fESR), 
beyond which point ZO (and therefore ZD) flattens to RESR. 
Without the current loop, the ground impedance (ZD

^) would 
remain unchanged from its low-frequency value until fEA 
induces ZV

^ to increase, past which point ZD
^ rises with ZV

^. 
When ZV

^ surpasses ZO (after the loop's unity-gain frequency 
fV.0dB

^), ZD
^ follows ZO, falling as CO shunts vOUT until CO 

completely shorts (past fESR) and ZO (and ZD
^) reduce to RESR. 

To appreciate LGI's impact on PSR, recall supply gain AIN is 
a voltage-divider translation and its reciprocal is PSR: 
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At low frequencies, ZI is negligible relative to roP and ZV is 
considerably lower than ZO and roP so PSR reduces to roP/ZV. 
Above fCO, LGI increases ZI (and ZU) so PSR changes to 
ZI/ZV, except both ZI and ZV increase beyond this point, which 
means PSR remains unchanged past fCO, as Fig. 5b(iii) 
illustrates. Similarly, ZI and ZV both level after fPD so no 
changes in PSR occur until fEA decreases ZI (and ZU), reducing 
PSR after fEA. 
 Above fV.0dB, ZV surpasses ZO so ZD reduces to ZO and PSR 
to ZI/ZO, where CO shunts ZO, again canceling ZI's decreasing 
effect and leveling PSR (past fV.0dB). PSR remains unchanged 
until ZU reduces back to roP (i.e., PSR is roP/ZO) when LGI falls 
below 0 dB (past fI.0dB). This cessation in ZI's descent, 
combined with ZO's continued fall, causes PSR to increase 
after fI.0dB, until CO shorts past fESR (i.e., ZO reduces to RESR) 
and PSR levels to roP/RESR. Note that without the current loop, 
as Fig. 5b(iii) illustrates, PSR^ is worse near fV.0dB

^, at 
frequencies where emerging dc-dc converters typically switch. 



TCAS II 
 

4 

C. IC Design 
The prototyped current-mode LDO in Fig. 6 senses iP with 
mirror transistor QS. QS's degenerating resistor RS (also in Fig. 
3 as RGI) then converts sense current iS into a voltage. RS and 
QS's emitter area are large enough to ensure RS's voltage is 
discernable and sufficiently small (at 100 Ω and 2/5 of QP's 
area) to keep the power lost in RS low. Input pairs QC1-QC2 and 
QV1-QV2 implement GI(s) and GV in Fig. 3 and cascodes QM1-
QM2-QM3-QM4 fold and combine their respective ac output 
currents into vEA. RDEG degenerates QC1-QC2's gain to GI0 or 
gmC/(1+0.5RDEGgmC), which is roughly 1/0.5RDEG, to keep 
GI(s) (and LGI) low at low frequencies and CDEG shorts RDEG 
to increase GI(s) (and LGI) past 1/2πCDEGRDEG (fZD in Fig. 4a). 
GI(s) levels to gmC when the degenerating effect (impedance) 
disappears past gmC/4πCDEG, which is fPD in Fig. 4a. Because 
LGI is low and LGV is high at low frequencies, GI(s)'s output 
and its impact on dc input-referred offset are low, which 
means the LDO regulates vOUT accurately. Although QS and 
QD conduct more current when IO rises, the rise constitutes a 
small fraction of IO(max) so current efficiency remains high 
(Table II). 
 RZ limits CEA's shunt current to introduce a zero at 
1/2πRZCEA, whose objective is to cancel the effects of the 
parasitic pole at the bases of QP and QS. Similarly, CFF feeds 
forward in-phase signals from vOUT to vFB at moderate to high 
frequencies to generate a zero that cancels the pole introduced 
at QV2's base. Lastly, because QP's current gain βPNP varies 
widely across load currents, DD and RD help ensure a 
relatively constant current gain from QD's collector to the 
output load so as to help maintain stability across extreme 
operating corners. 
 In practice, fPD nears fEA so LGI's flattening effect in Fig. 4a 
seems absent in Fig. 7a's simulated response. Similarly, LGI's 
fPD is near fO so their opposing effects on LGV (Fig. 4b) cancel 
in Fig. 7b's Bode plot, allowing LGV to drop past fCO and 
reach fV.0dB at –20 db/decade. Fig. 7b also illustrates how LGV

^ 
(without the current loop) reaches fV.0dB

^ at –40 dB/decade. 
The simulation results of Fig. 8 show that the system exhibits 
no less than 50O of phase margin when loaded with 0, 1, and 5 
mA, which indicates the system is stable as low-frequency 
gain LGV.DC and fO (i.e., roP in ZO) shift across loads. Notice 
that roP and REA (which is roughly QD's rπ or 43 kΩ) both 
decrease with increasing values of iP, so LGV.DC generally 

decreases with higher load currents. For verification, Table I 
shows that the derived locations of the poles and zeros match 
reasonably well with their simulated counterparts in Figs. 7 
and 8. 

 
(a) 

 
(b) 

Fig. 7. Simulated loop-gain response of the (a) current and (b) 
(b) voltage loops when loading the LDO with 5 mA. 

 
Fig. 8. Frequency response of the LDO under 0, 1, and 5 mA of load. 

Table I: Calculated vs. simulated locations of poles and zeros at 5 mA. 
Parameter Calculated Simulated 

fZD 1.4 kHz 1.3 kHz 
fCO 10 kHz 14 kHz 
fPD 95 kHz 110 kHz 
fO 88 kHzΩ / 1 kHzΨ 95 kHzΩ / 1.1 kHzΨ 
fEA 369 kHz 405 kHz 

Ω Resistive load (RL is VOUT/IL) and Ψ current-source load (RL is infinite). 

 

  

 
Fig. 9. (a) 1.2 mm2 die and (b) printed-circuit board (PCB) photographs. 
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Fig. 6. Transistor-level schematic of the proposed current-mode LDO. 
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Fig. 10. Transient (a) load-step and (b) input-line responses. 

IV. EXPERIMENTAL RESULTS 
Fig. 9 shows the photograph of the fabricated 1.5-µm bipolar 
IC and the printed-circuit board (PCB) used to evaluate it. Fig. 
10a illustrates the LDO's transient response to 0 – 5-mA, 100-
ns load steps with 15 nF of output capacitance (CO). Note vOUT 
rises 200 mV when the load suddenly falls and RFB1-RFB2 slew 
it back to regulation in roughly 0.8 ms. The response shows 
the LDO is stable with 15 nF of CO. Fig. 10b further shows 
that vOUT settles within roughly 0.15 mV of its target in 0.54 
µs in response to 1-µs, 500-mV input variations (ΔvIN), which 
indicates the LDO's bandwidth is faster than roughly 1 MHz. 
Although Fig. 10a's time scale (which was adjusted to 
accommodate vOUT's slew-rate response) cannot show it, the 
LDO also recovers from a rising load step in less than 1 µs. 

To measure PSR across frequency, low-amplitude sinusoids 
of various frequencies were superimposed onto the LDO's 
input supply vIN and the resulting ripple at vOUT was recorded. 
The peak-peak voltage of the input ripple was only 100 mV to 
avoid disrupting the LDO's biasing point. Because the LDO 
attenuates the ripple considerably, a low-noise, high-
bandwidth amplifier (LT6200-10) amplified vOUT to a level 
that the monitoring oscilloscope could discern. 

To appreciate the impact of the current loop on PSR, Fig. 11 
shows the response with (PSR) and without (PSR^) the current 
loop (where shorting RS disables the current loop). To keep 
the LDO stable in both cases, CO was 68 nF because the LDO 
became unstable with 15 nF without the current loop. As Fig. 
11 shows, the current loop further suppresses supply ripples in 
the critical worst-case range of 0.5 – 5 MHz (where dc-dc 
converters typically switch) by 20 dB when loaded with 5 mA.  

Although each application values parameters differently, 
high PSR LDOs generally trade PCB area with a larger off-
chip CO (to shunt supply ripple), lower maximum IO (to raise 
rds), and raise dropout voltage VDO (to reduce Early effects) for 
higher PSR(min). As such, a linear figure of merit FoM that 
improves with higher PSR(min) and IO(max) and lower VDO and 
CO, although not universally applicable, reasonably reflects 
LDO tradeoff performance. Accordingly, the FoM in Table II 
(PSR(min)IO(max)/VDOCO) indicates the proposed LDO performs 
6× and 3× better than itself without the current loop and the 
state of the art, respectively. This FoM does not include 
quiescent current, bandwidth, or die area because they depend 
strongly on process, which varies across the state of the art. 

 
Fig. 11. PSR measurement results with and without the current loop. 

V. CONCLUSIONS 
Experimental results show the proposed current-mode LDO 
improves power-supply rejection (PSR) by 20 dB across the 

critical worst-case frequency range of 0.5 – 5 MHz, where 
most dc-dc converters switch and typical LDOs falter. PSR 
was roughly 3× better than the state of the art in externally 
compensated LDOs. The prototyped 1.5-µm bipolar LDO 
achieved this performance by increasing the impedance to the 
supply with a current-sampling feedback loop. The loop 
essentially samples the output current with a mirroring sense 
transistor and mixes it into the main (voltage) loop through a 
frequency-shaping (RC-degenerated) differential pair. Further 
suppressing supply ripple (by 6×) in this way prevents 
switching converter noise from rendering sensitive analog 
functions ineffectual. 

Table II: State-of-the-art comparison. 

 Cascode 
LDO [1] 

Feed 
Forward 
LDO [3] 

TPS719X 
LDO [10] 

Proposed 
Current-

Mode LDO 
VIN(min) 1.8 V 1.15 V 2.7 V 1.4 V 

IO(max) 5 mA 25 mA 200 mA 5 mA 

VDO 450 mV 150 mV 230 mV 200 mV 

CO(min) On Chip 4 µF 1 µF 15 nF 

Load Reg. 1.6 
mV/mA 48 µV/mA 75 µV/mA 920 µV/mA 

Current 
Efficiency 98.5% 99.8% 99.95%λ 

99.90φ  
98.9%λ 
96.3%φ 

PSR 
at 100 kHz 61 dB 62 dB 58 dB 57 dB* 

PSR(min) 27 dB 56 dB 24 dB 
29 dB^,* 
32 dBΩ 
49 dB* 

tResponse 0.30 µs 2.4 µsΨ – 0.54 µs 

Technology 0.6 µm 
CMOS 

0.13 µm 
CMOS – 1.5 µm 

Bipolar 

FoM N/A 25M 14M 
10M^,* 
66MΩ 
104M*

 
λ No load, φ full load, Ψ calculated, ^ without I loop, Ω with 15 & * 68 nF of CO. 
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