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A 1.8V LDO voltage regulator with foldback current limit and thermal protection®
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Abstract: This paper introduces the design of a 1.8 V low dropout voltage regulator (LDO) and a foldback current
limit circuit which limits the output current to 3 mA when load over-current occurs. The LDO was implemented in
a 0.18 um CMOS technology. The measured result reveals that the LDO’s power supply rejection (PSR) is about
—58 dB and —54 dB at 20 Hz and 1 kHz respectively, the response time is 4 us and the quiescent current is 20 yA.
The designed LDO regulator can work with a supply voltage down to 2.0 V with a drop-out voltage of 200 mV at a

maximum load current of 240 mA.
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1. Introduction

Current limit circuits are extensively used in LDO cir-
cuits. They can protect LDO when load currents exceed safe
values. The current limit embedded on an LDO must limit the
output current to a small value when load over-current occurs.
A classical current limit circuit (Fig. 1) can constrain the load
current to a safe value but not a very small one by using a one
stage current mirror to copy the load current in a certain ra-
tio. The current limit circuit consumes a great deal of power
when load over-current occurs. To solve this problem a fold-
back current limit circuit is proposed in this paper. It constrains
the load current using two stage current mirrors. One can limit
the load current to a fixed value, and simultaneously, output
voltage decreases. The other can constrain the output current
to a very small value.

Linear regulators are based on a feedback topology
which requires frequency compensation to achieve closed-
loop stability. It is difficult to maintain LDO stability because
of the wider output current range, which causes the pole lo-
cated at the LDO output to vary. To solve the issue, VCCS
frequency compensation was proposed in Ref. [1] and cur-
rent source amplifier frequency compensation was proposed
in Ref. [2]. This paper uses off-chip capacitor ESR frequency
compensation to overcome the stability problem.

2. Current limit circuit analysis

Figure 1 shows a classical current limit protecting
circuit’®!. M2 and PW are made up of a current mirror. When
Lioaa reaches the protecting current, Vgg + RiI} > Viep, M1
opens. I; is the current passing through the M2 transistor. The
value of (W/L)py is very large (8880 in this paper); when jgq
is 260 mA and Vj, is 2.4 V, the PW transistor is still in the
saturation region. When not considering channel length mod-
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ulation, the maximum load current is

Vierz — VEB
Lioaa = K = > (1)
R
where K = (W/L)pw /(W/L)\. In fact, when Iy, reaches the
protecting current, lj,,q continues to increase; the increasing
coefficient depends on the classical current limit circuit. This

is because
Iload _ 1+ /l(an - Vout)

I T 1+A(Vin— Vi)’
where A is the channel length modulation coefficient. Vpy, is
the drain voltage of M2. When load over-current occurs, Vp,
equals Viepn. According to Eq. (2), we can get:

©))

K(l + /le) 11
1+ A(Vin — Vo) + KARioaali

Lioaa = 3
where I} = (Vier2 — VEB)/R1. Rioaa 1s the load resistor. Figure
3 shows the simulation result when K = 96, Vi, =3V, Viep
= 1.2 V. According to the above analysis, a classical current
limit circuit can limit the output current to a specific range,
but the large output current consumes a great deal of power
when current limiting occurs.
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Fig. 1. Classical current limit circuit.
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Fig. 2. The proposed LDO.

To solve the problem, a foldback current limit was pro-
posed in Ref. [5]. The proposed current limit topology in this
paper is shown in Fig. 2. The current limit topology includes
two current mirrors to copy the output current. The first current
mirror is made up of PM6 and PW. PM9 and PM7 can mitigate
the influence of a channel length modulation on PM6. The sec-
ond current mirror is made up of PM10 and PW. When load
over-current occurs, the first current mirror limits the output
current to

Vief2
loaat = K1 ——, 4
R;
where K ((VVJ//LL)):AX Simultaneously, the output voltage

decreases®!, then M6 opens. The following equation (5) is
given according to the second current mirror.

21¢
Viss = + Vs 5
G83 (W/L)xws ' ©)
2V (W
Ralg + Voss = Vou = Vin 1| 22 (—) . ®)
5 \ L /NMe6

where K, = % According to Egs. (5) and (6), the fol-

lowing equation (7) is solved.

V2Vip/(Rs(W/L)nnse)
oad ~ : 7
Foas (Ri/K>) - R @

When current limiting occurs (R4/K> > R), the output current
is very small, usually several millamperes. The output current
simulation results are shown in Fig. 3 with no current limit,
and classical and foldback current limits in the LDO circuit.

3. Stability of the proposed LDO and thermal
protecting

The small signal equivalent circuit of the LDO core is
shown in Fig. 4. Because (W/L),, is very large, Cpgs and Cpeq
substantially influence LDO stability.
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Fig. 3. Current limit spectra simulation results.
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Fig. 4. Small signal equivalent circuit of the LDO core.

In this paper, LDO stability is achieved by the off-chip
capacitor’s equivalent series resistance (ESR) frequency com-
pensation which provides an ESR zero (wgsr) for the open-
loop transfer function and contributes pole-zero cancellation
to ensure closed-loop stability. The two main poles in Fig. 4
are wp; and wpy, where wp,is at the gate of the PW transistor.
wp, lies in the drain of the PW transistort'l.

1
WESR = ESRXC.’ 8)
S— ! ©)
o CLRLowll(Rs + R7)IRas)’
1
wpy = (10)

Re (Cpas + gmpw Cpaa(Rioadll(Rs + R7)lIRas)

So the open-loop gain transfer function of the proposed LDO
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Fig. 5. Full range open loop gain of AC response.
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Fig. 6. Full range open loop phase of AC response.

voltage regulator is given as follows.

AO (1 + )
WESR

wpi wp2

Ay is the DC open loop gain of the error amplifier, PW transis-
tor, and feedback resistors!!!.

H(s) =

1D

R R
Ao = gupwl(Re + R)IIRasl|R1ond] ——— Ay ——

, (12)
R¢ + Ry Row + Rp

gmpw 18 the transconductance of the PW transistor. Ry is the
output impedance of the error amplifier. R, is the parasitic re-
sistor of the PW transistor!!!. The stability simulation results
are given as follows. The full open loop gain is shown in Fig. 5
and the full open loop phase is shown in Fig. 6.

When the chip temperature exceeds a certain value 77,
the PW transistor should be closed (thermal protecting circuit
undertakes this role), otherwise the chip would be damaged
and work abnormally. A new thermal protecting circuit was
proposed in Ref. [6]. A thermal protecting circuit is proposed
(Fig. 2) in this paper. When the temperature reaches the pro-
tecting temperature 7, I3 increases to /.

When temperature returns to 7,, LDO starts to work nor-
mally again.

T, = [(Ry + Ro) I — Rolylg
k1n (I/Igps1)

13)

_ (R +Ry) 11q
kln(l»/Igps2)’

Ieps1, Igpsy are the emitter base reverse saturation currents at
temperatures 7 and T, respectively.

P (14)

Fig. 8. Test circuit used in COB technology.
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Fig. 9. Current limit measured result.

4. Measured results

The LDO regulator was measured when Ry = 40 kQ,
R1=80KkQ, Viesy = 1.2V, C; =1 uF, ESR = 150 mQ, Rioad
ranged from 1 Q to 2 kQ, the DC input voltage ranged from
2.0 V to 3.5 V and the DC output voltage was 1.8 V. Figure 7
shows a micrograph of the proposed LDO. Figure 8 shows
the test circuits. Part I tests the transient response time. Part
IT measures the load regulation. Part III supplies a voltage to
current limit circuit Viep.

4.1. Current limit

The current limit circuit is measured when the load re-
sistor ranges from 1 Q to 15 Q. Figure 9 shows the measured
result when V;, =3 V.

4.2. Thermal protecting

In order to protect the LDO working at a suitable tem-
perature, a thermal protecting circuit is necessary. Figures 10
and 11 show the measured results when Vi, =2.3 V and [jpyq =
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Fig. 10. V, versus temperature when temperature ranges from —20
to 140 °C.
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Fig. 11. V,, versus temperature when temperature ranges from 140

to =20 °C.

200mA. Ty =133°Cand 7, =88 °C. So AT =T, - T, =
45°C.

4.3. PSR performance

The frequency of voltage source noise is mainly between
10 Hz and 100 kHz. LDO should have high PSR in the fre-
quency. PSR is important, especially in some RF circuits, such
as VCO, LNA, and Mixer. According to Fig. 4, Equation (15)

1s solved. 7
PSR = 201g — % | (15)
& Rds + Zoul

1
where Zoy = | (R + R7)IIRasI(ESR + —-)
SCL

4.4. Load regulation

Load regulation characteristics are not symmetrical for
increase and decrease in load current!!!. When I},,q decreases,
feedback resistors Rg, R7, and the error amplifier generate a
lower voltage to control the PW transistor gate. When [jo,q in-
creases, the feedback loop generates a high voltage to the PW
transistor gate. So the output voltage is stable. Equation (17)
gives the relationship between Vi and Rjgaq.

Vi - Vou )2
Iload =K [(Vm - VG - th) (Vm - Vout) - (Tt >
(16)
8V0ul Voul
” 17
aRload ( )

2 4 ’
Rload 1+ K(_Vin - _Vout + Vrefl)AO]

3 3

R
/(1 +— Ao).
R¢ + Ry

Table 1. Summary of the measured results.

Parameter Value

Process CMOS 0.18 um

Vout 1.8V

Drop voltage 0.2V @ 240 mA

Load 0-240 mA

Quiescent current 20 uA

Response time 4 us

PSR -58 dB @ 20 Hz, Ijpaq= 100 mA;

~54dB @ 1 kHz, lipq= 100 mA
1/60 @ [op= 1-180 mA,

3/4 @ [op0= 180-240 mA
7.5/100 @ Vi, =2.0-2.4V
0.21/100 @ Vi, =2.4-3.5V

Load regulation

Voltage regulation

Chip area 0.18 mm?
Temperature coefficient 10 ppm
Ry 1

w
where K= ptpcox (I)PW R, 2

4.5. Voltage regulation

The LDO can regulate the dc output voltage, and is not
influenced by input voltage. When the input voltage increases,
the output voltage increases instantaneously, and the PW tran-
sistor gate voltage increases accordingly. Finally the output
voltage remains stable. Voltage regulation of the regulator is
determined by the loop dc gain'!.

5. Conclusion

This paper presents a foldback current limit circuit which
limits output current to a small level when the output current
exceeds the protecting current and also presents a thermal pro-
tecting circuit design. The measured result is shown in Ta-
ble 1. Current limit and thermal protecting do not influence
the load regulation, voltage regulation, transient response, and
PSR performance. It is also proved that they do not consume
much power.
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