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Abstract: This paper presents a controllable resistor, which is formed by a MOS-resistor working in the deep trian-

gle region and an auxiliary circuit. The auxiliary circuit can generate the gate—source voltage which is proportional
to the output current of an low dropout regulator for the MOS-resistor. Thus, the equivalent output resistance of

the MOS-resistor is inversely proportional to the output current, which is a suitable feature for pole-zero tracking
frequency compensation methods. By switching the type of the MOS-resistor and current direction through the aux-
iliary circuit, the controllable resistor can be suitable for different applications. Three pole-zero tracking frequency

compensation methods based on a single Miller capacitor with nulling resistor, unit-gain compensation cell and
pseudo-ESR (equivalent serial resistor of load capacitor) power stage have been realized by this controllable resistor.

Their advantages and limitations are discussed and verified by simulation results.
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1. Introduction

1.1172.5Low dropout regulators (LDOs) are widely used
in communication applications due to their low noise and fast
response characteristics. But the wide range of output current
introduces a great challenge in stability issues for the closed
loop. Extensive research has been done on this aspect. In
Ref. [1], a pole-zero tracking frequency compensation method
was introduced by Kwok and Mok; a moving zero tracks the
output pole of the LDO, thus a pole—zero cancellation is made
to stabilize the loop. Recently, a pole-pole tracking method has
been realized by a “power MOSFET array” in Ref. [2], which
shows good stability, load and linear regulation response. An
impedance-attenuation buffer with dynamically-biased shunt
feedback has been used in Ref. [3] to stabilize the loop and
achieve better transient response. Comparing the AC charac-
teristics between heavy and light loads, the frequency com-
pensation technology in Ref. [3] is another pole—pole tracking
method. Also Ref. [4] can be categorized as using the same
method with different realizations of the buffer stage.

Comparing two frequency compensation methods, pole-
zero tracking and pole—pole tracking, the latter has under-
gone extensive development in recent years, and many differ-
ent architectures have been proposed. The main reason is that
the tracking-pole in the latter method is inherent in the loop;
any changes of the tail current for the gain stage would af-
fect the position of the corresponding output pole. Thus the
circuits’ implementation is relatively easy, and “dynamically-
biased shunt feedback”B! and the method of Ref. [4] are based

on this idea. In the contrast, in order to introduce a zero in the
loop transfer function, an additional signal path feed-forward
or to ac-ground is needed; especially a serial connected resis-
tor and capacitor should be included into such a signal path.
For example, such a zero could be generated by “the nulling
resistor in a Miller compensation”!, “unit-gain compensation
cell”® or a pseudo-ESR power stage, shown in Fig. 1. Fur-
thermore, in order to achieve the “tracking” feature, the cor-
responding resistance should be inversely proportional to the
output current. Although a MOS-resistor could be used to gen-
erate the variable resistor, the auxiliary circuit which produces
the controllable source—gate voltage is the key for the pole—
zero tracking frequency compensation method. Looking back
to Mok’s method!!!, it does not fit the previously mentioned
three zero generation methods. Since one node of the MOS-
resistor should connect to supply voltage in Ref. [1], none of
nodes of the corresponding resistor in Fig. 1 connects to sup-
ply voltage. In this paper, a suitable auxiliary circuit which
can generate a controllable source—gate voltage for the MOS-
resistor is developed. The simulation results show that this
auxiliary circuit can significantly reduce the impact of process
variation on the equivalent resistance, and even the influence
of body effects has been eliminated. Also, the auxiliary cir-
cuit has been described in detail from the theory and simula-
tion results. Three pole—zero tracking frequency compensation
methods based on single Miller capacitor with nulling resis-
tor, unit-gain compensation cell and pseudo-ESR power stage
have been described with the simulation results. Their advan-
tages and limitations are discussed.
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(a) (b)
Fig. 1. Zero generation circuits, R, in the dashed ellipse is the corre-
sponding resistor used to generate the zero. (a) Single Miller capaci-

tor with nulling resistor; (b) Unit gain compensation cell; (c) Pseudo-

ESR power stage.
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Fig. 2. Controllable resistor with auxiliary circuit, assuming that the
current to be proportional is generated by a PMOS: (a) for P-type
MOS-resistor; (b) for N-type MOS-resistor.

2. Controllable resistor and auxiliary circuit

Figure 2 shows the controllable resistor with the auxiliary
circuit for both P-type and N-type MOS-resistors. As shown in
Fig. 2, MR is the MOS-resistor, and nodes A and B represent
the corresponding nodes for the equivalent resistor. The auxil-
iary circuit contains three parts: the current mirror MC (with
additional M1 and M2 to change the direction of the mirrored
current in Fig. 2(b)), a diode connected MOSFET of the same
type of the MOS-resistor MS, and an operational amplifier to
ensure the function. The architecture of the Opamp is different
from application to application according to the operational
point of nodes A and B; it will be discussed in detail in the
next section. Ic is an optional constant current source, which
is used to prevent MS from working in the sub-threshold re-
gion or the copied current being below the noise floor of the
MOSFET.

The theory of the auxiliary circuit is simple: the Opamp
held MS and MR have the same source voltage, as their
sources are connected to Opamp’s invert and non-invert inputs
respectively. Then the current mirror copies the current that
we want to be proportional to with a factor “a”. The copied
current will go through MS to generate the source—gate volt-
age with the gate voltage at the output of the Opamp. This
gate voltage will be sent directly to the gate of MR. Since MS
and MR have the same source voltage and their gates are con-
nected together, then MR has the same source—gate voltage as
MS which is proportional to the current that we require. Fi-
nally the equivalent resistor of MR is inversely proportional
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Fig. 3. Testing circuit for the controllable resistor.
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Fig. 4. Trans-conductance of MR, 1/R.q, against the copied current.

to the required variable current of the LDO. Below is the ex-
pression of the source—gate voltage, Vgs, and the equivalent
resistor, Req. Suppose that the output current of the LDO is the
current that we want to be proportional to:

2(a]0ul+IC)
v, |:,/—+|v I 1
U7\ uCox W/kyys (

R = 1
“ uCox (W/L)wg [Vos — Vrul

_ VW/L)ys
(W/L)yr A21Cox (@l + 10)

As shown in Eq. (2), the threshold voltage has been can-
celled in the calculation, if MS and MR used the same type
of MOS transistor; thus the impact of process variation has
been suppressed. Moreover, since MS and MR have the same
source voltage, the influence of body effects on them is almost

@

the same, and then this issue can be ignored in the circuit de-
sign. A testing circuit has been built and is shown in Fig. 3 to
verify these aspects. The testing circuit has two input signals
“Va” and “al,,” generated by a voltage source and a current
source respectively to represent the source voltage of MS and
MR, and the copied current by the current mirror. A capacitor,
C7, has been placed between node B and ground to cut off the
DC path of MR; then MR will work in the deep triangle re-
gion, and it will be the working condition for MR if it replaces
the Rz in Figs. 1(a) and 1(b).

Figure 4 shows the simulation results of the trans-
conductance of the equivalent resistor against the copied cur-
rent, when the latter changes from 10 nA to 10 uA. As shown
in the figure, 1/R.q is proportional to the square root of the
copied current, “al,,”, thus Equation (2) has been verified.
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Fig. 5. Equivalent resistance of MR against the source voltage of MS

and MR under process variation with 300 nA fixed copied current.

Figure 5 shows the equivalent resistance of MR against the
source voltage of MS and MR under process variation with
300 nA fixed copied current. When considering the process
variation and changes of source voltage, the equivalent resis-
tance only changes by +4.7%. The size W/L of MS and MR
are 10 um/5 um and 10 um/10 um respectively.

|VGs. max| represents the largest source—gate voltage in ab-
solute value of MR, which occurs when the copied current has
its maximum value. When considering the limitation of the
Opamp’s output in Fig. 3 and the same source—gate voltage
between MS and MR, then the following choices can be made.
If Vbp—Va > |VGs, maxl> @ P-type MOS-resistor could be used;
and if Vo —Vss > | Vs, maxl, @ N-type MOS-resistor could be
used. The architecture of the Opamp in the auxiliary should
fulfill the requirement of operation point of input voltage (V)
and output range which is decided by the variation of copied
current and size of MS. And during the circuit’s design, node
A should connect to more stable points in order to relax the
requirement of the Opamp in the auxiliary circuit. In the fol-
lowing section, three pole-zero tracking frequency compensa-
tion methods based on this controllable resistor are given and
analyzed.

3. Pole-zero tracking frequency compensation
methods

3.1. Single Miller capacitor with nulling resistor (SMCNR)

The single Miller capacitor is widely used in multiple-
stage operational amplifier frequency compensations, and the
nulling resistor is usually used to eliminate the zero in the
right-half-plane (RHP). If the nulling resistor is large enough,
the corresponding zero will come into the left-half-plane
(LHP) which can be used to cancel a pole in the loop trans-
fer function, and then help the loop to achieve better stability.
Figure 6 shows a 3-stage LDO with pole-zero tracking method
based on single Miller capacitor frequency compensation and
nulling resistor. Here the nulling resistor is formed by a MOS-
resistor and is controlled by the auxiliary circuit. The supply
voltage is 3.3 V and output voltage is 3 V with 150 mA max-
imum output current and 1 uF load capacitor. The first gain
stage is a telescope cascode structure to provide high gain and
high output impedance; thus with a Miller capacitor, the dom-
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Fig. 6. Three-stage LDO with Miller capacitor frequency compensa-
tion, and the nulling resistor is controllable to form a tracking zero by

the auxiliary circuit.

inant pole will be located on the output of the first gain stage.
The second gain stage is a simple common source amplifier
with Miller capacitor and the third gain stage (power stage)
is traditionally formed by a PMOS transistor with load resis-
tor and capacitor. Cg in Fig. 6 is the total parasitic capacitor
looking at the node A (or the output of the first gain stage).
Since the output voltage of the first gain stage is the most sta-
ble one for all current loads, the MOS-resistor is connected to
this node other than the output of the second gain stage. The
open-loop transfer function is:

A(S) = gm1&m28m3To1702RLX

1+ (Req = 1/gm2) Cuis

(1+ gm2r01r02CMs) (1 + C_M:‘) (1 +RLCLS) (1 + ReqCES)
3)
where g.,; and ro; are the circuit’s trans conductance and out-
put resistance of the ith gain stage, and Req is the equivalent
resistance of MR with the expression shown in Eq. (2). As
shown in Eq. (3), the loop has 4 poles and a zero given by:

P1 = 1/gmaro1ro2Cwm, @
P = gma/Cw, (5)
P3 = 1/RLCL = Iout/VoutCL, (6)

I (W/Lry2uCox @l + I0)

ReqCe Ce(W/L)ys

1 N (W/L)MR\/zluCOX (@low + Ic)

(Req = 1/gm2) Cu vy WD)y
®)

According to Egs. (4)—(8), P3 is proportional to the Iyy;
P4 and Z; are proportional to the square root of Ioy; and Py
and Z; have fixed ratio C\i/Cg. So the frequency compensa-
tion scheme is that at the heavy load of the LDO, Z; is used to
cancel P;, and P3 and P4 are out of the unit gain bandwidth;
at the light load, Z; and P3; are moving to lower frequency,
thus Z, is used to cancel P3, and P, and P, are out of the unit
gain bandwidth. Figures 7 and 8 show the AC simulation re-
sults and load regulation response of the proposed design. The

Py = N

Z) =
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Fig. 8. Load regulation response of the LDO when /I, changes be-
tween 75 mA and 150 mA for SMCNR LDO.

gains of first and second gain stages are observed together to
see the effect of Miller capacitor compensation with control-
lable resistor in Fig. 7(c), the moving Z; and the cancellation
of Z, and P, at the heavy load can be seen clearly in this figure.
Figure 7(d) ensures the stability of the loop under all current
loads. In Fig. 7(e), Rq does not rise linearly with load resistor
at large resistance due to the limitation of current mirror, but
the stability has been ensured by the minimum value of Z; that
can be reached.

A large Miller capacitor about 20 pF is used here to en-
large the ratio between P4 and Z;, so that P4 will always be
outside of the unit gain bandwidth in order not to degrade the
phase margin of the loop.

3.2. Unit gain compensation cell (UGCC)

A unit gain compensation cell with controllable resistor
is built based on the research on Ref. [6], in order to reduce

would impact the location of “wzc” in Ref. [6]. This problem
has been solved in the proposed design and simulation results
in section 2 have verified the method. The transfer function of
the loop in proposed design shown in Fig. 9 is given by:

A(S) = gm18&m28m3ro17o2RL

1
8 (1 +ro1Cris) (1 + ro2Cras) (1 + RLCLs)

Au (1 + RegCs)
1 + Ay + ReqCcs + rouCLus + rouCcs + ReqCcrouCrLus®
©)
where C; is the circuit’s load capacitance of the ith gain stage,
and R is the equivalent resistance of MR with the expression
shown in Eq. (2). Ay, rou and Coy are the loop gain, output
resistance and load capacitor of the UGCC. Based on Eq. (9),

the loop has 5 poles and a zero given by:

Py =1/ro1CL1, (10)
P> = 1/ro2Cra = gmi1/Cra, (11)
P3 = 1/RLCL = Iout/VoutCL9 (12)
1 W/L 2uCox (aloy + I
7 = N (W/L)vr2uCox (alou c). (13)

ReqCC

Cc(W/L)ys
The positions of P4 and Ps are dependent on the ratio between
rOUCOU and ReqCC.
Case 1:if 1/RqCc < 1/rouCou, then:
Py~ AU/ReqCCa Ps = 1/rouCru. (14)

Case 2: if 1/RoqCc = 1/rouCou, then P4 and Ps will be a
pair of complex pole located at:

Py = Ps ~ \JAu[ReqCerouCuu. (15)
Case 3: if 1/RqCc > 1/rouCou, then:
Py~ 1[ReyCe. Ps ~ Au/rouCru. (16)

095013-4



Wang Yi et al.

September 2009

100 —
Tour= 100 mA
50 b t—

é% 50 '\

-100 @ . . . . . . . \

Topr=100 mA

~ “\--—- e —_——— I =1pA
100 e our= 1 b
]

£ 200fF ®

1 1 1 1 ~j
A ig L Torr= 100 mA
2 30 ———lur=1lpA
g 20k
<
3 | (C) /\
10 .
1] 1 L] L] 1
10 10 10’ 10" 10° 1

10°  10% 10" 10’ o
Frequency (Hz)
Sio°
95[ @ ©
9o} g
< sst s 10°r
£ sob 8
an
g 75t é 10°
g 70f &
£ osh 5 107
sof
N L L L L 2 L . L L '
10 100 100 10 10° 10° 100 M 10 100 100 10° 10° 10° 107
Load Resistance (£2) Load Resistance ()

Fig. 10. AC simulation results of UGCC with controllable resistor un-
der heavy load (I, = 100 mA) and light load (1, = 1 p£A): (a) Loop
gain; (b) Loop phase; (c) Gain of UGCC; (d) Phase margin under all

current load; (e) Equivalent resistance of MR under all current loads.

2.10

S 205f

>§ 2.00
195}
190 1 1 1 1 1 1
~ 125}
g 100}
\é 75t
50
~ 250
005 1.0 15 20 25 30

Time (ms)

Fig. 11. Load regulation response of LDO when Ioyr changing be-
tween 10 mA and 100 mA for UGCC LDO.

In the circuits’ implementation, case 3 should be avoided to
stabilize the loop; cases 1 and 2 can be accepted, if both Py
and Ps are out of the unit gain bandwidth. Furthermore, the
ratio between Z; and P4 will increase with larger R, in case
2, according to Egs. (13) and (15). This is the situation that
occurs in the proposed design.

As a source-follower has been used for the second stage,
P, has been pushed out of the unit gain bandwidth, while P,
and P; are inside of the cross point of the loop gain. Z; is
used to cancel Ps at the heavy load, and cancel P; at the light
load. Figures 10 and 11 show the AC simulation results and
load regulation response of the proposed design. The cancel-
lation strategy can be seen by the comparison of heavy load
and light load frequency response shown in Figs. 10(a) and
10(b). In Fig. 10(c), the tracking zero can be observed by the
frequency characteristic of the UGCC. Since there is no slew-
rate-enhancement circuit in the proposed design, a longer time
is needed for EA to drive the power transistor, thus the re-
sponse time is about 500 us in Fig. 11. Cc¢ in the proposed

Fig. 12. (a) Traditional ESR circuit; (b) Power stage and feedback
network with pseudo-ESR.

design is 10 pF, and 10 uF load capacitor with no ESR can be
used.

3.3. Pseudo-ESR power stage (P-ESR PS)

The ESR of the load capacitor is used to introduce a zero
into the transfer function to stable the loop in the traditional
design. But for commercial requirements, a low ESR load ca-
pacitor is usually used in recent designs. Thus a pseudo-ESR
inside of the chip for gain stage has been developed to form
a new frequency compensation method. In the traditional ESR
circuit, the frequency of the zero can be easily calculated as

1
CLResr
If we neglect the Mp, and Cr in Fig. 12(b), the remaining

Zgsr = o))

circuit is quite similar to the traditional ESR circuit, based on
the small signal model of the topology shown in Fig. 12(b);
the expressions for poles and zeros are given by:

Z = gm,p2/gm.p1CLRpESR = gm,PZ/(gm,PICLReq)’ (18)
Zy = 1/CeRgy, (19)

P3 = 1/R.CL, (20)

P4 = 1/Cr (Rr1//Rp2). 2n

Since the feedback ratio is small in the application, Z;
and P4 are cancelled by each other. In order to couple the Z;
from node A to node Vg, Z, should follow the requirement:

1 1

_ < &m, P2
CrRp;

Zy

=7. 22
CLRp-ESR &m,PI ! 2)

The first two gain stages and the auxiliary circuits with

the pseudo-ESR power stage are shown in Fig. 13 to form a

3-stage LDO. The rest of the poles in the transfer function are
given by:

Py = 1/ro1Cr1,

Py = 1/rgoCra.

(23)

(24)

Thus the whole transfer function for the loop gain is given by:
A () = gm1gm28m3to1ro2RLX

(1 + gm,PlReqCLs/gm,P2) (1 + RrCrs)

(1 +7r01CL18) (1 + r02Cras) (1 + RLCrs) [1 + (Rp1//Rr2) C(FZSS])'

In this application, P; has been pushed out of the unit gain
bandwidth, while P, and P; are inside of the cross point of the
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loop gain. At the heavy load, Z; moves to higher frequency
to reduce the unit gain frequency, thus the impact on phase
margin caused by P; has been reduced; at the light load, Z;
moves towards P, to make a pole—zero cancellation to stabi-
lize the loop. The minimum location of Z; has been fixed by a
constant current source /¢ in Fig. 13. Figures 14 and 15 show
the AC simulation results and load regulation response of the
proposed design. The tracking zero can be observed in the fre-

quency characteristics of the feedback network, as the Z; has
been coupled from node A to Vg, in Fig. 4(c). The limitation
for minimum value of Z; is verified by the fixed maximum
value of Req shown in Fig. 14(e). The load regulation response
shown in Fig. 15 ensures the stability of proposed design. The
value of Cr is 4 pF, and low ESR load capacitor can be used
here.

4. Discussion

Compared with the MOS-resistor with a fixed bias, the
present controllable resistor overcomes the deviation caused
by process variation and body effects, thus it is more suitable
to replace the passive resistors in the chip to conserve area.

Compared with the fixed zero in Ref. [6], the pole-zero
tracking method presented in section 3.2 can stabilize the loop
without ESR and restrict the quiescent current from 20.5 to
10.3 nA which is closer to commercial requirements.

Compared with the traditional pole-zero tracking
method!!, the presenting controllable resistor provides greater
freedom on the connecting of the MOS-resistor, and then dif-
ferent kinds of topologies can be built which place extra em-
phasis on power consumption or gain bandwidth production
respectively.

The three compensation methods are compared in the fol-
lowing aspects:

(a) Circuit complexity: how many differential amplifiers
(D) and single stage amplifiers (S) are used in the proposed
designs.

(b) Power consumption: including the quiescent current
and the dynamic current. The latter is caused by the current
mirror in the auxiliary circuit and depends on the factor “@” in
Egs. (1) and (2).

(c) Gain-bandwidth production (GBP): since the gain and
bandwidth of the open loop varies from different current loads,
GBP has been considered here. Here higher GBP means more
accuracy and faster response speed.

(d) Poles’ and zeros’ distribution: The poles and zeroes
are sorted by their locations, from lower frequency to higher
frequency. The distribution also implies maximum bandwidth
and the cost of quiescent current to push the poles. The poles
or zeros in parenthesis mean that they are out of the cross point
of the loop gain.

Table 1 gives the performances of three compensation
methods based on such specifications. As shown in Table 1,
the SMCNR method has minimum GBP and quiescent current.
Since P smcnr is located at very low frequency, less than 10
Hz, so less tail current is assigned to the first gain stage. As
a results of high output resistance of the first stage and pole
splitting effects caused by the Miller capacitor, the SMCNR
method has a minimum bandwidth of about 6 kHz for the cross
point of the loop gain. This topology is suitable for low power
consumption applications, but the response speed is low and
needs a slew-rate-enhancement circuit to improve the transient
response.
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Table 1. Performance of three compensation methods.
Parameter SMCNR UGCC P-ESR PS
Circuits’ complexity 2D3S 3D3S 2D3S
Quiescent current (uA) 5.13 10.3 33.1
Dynamic current, “a” 1.78 x 1073 0.71 x 1073 0.012 x 1073
Gain bandwidth production (dB-Hz) 0.67 x 10° 3.78 x 10° 69.8 x 10°

Pole and zero distribution Heavyload P; < Py <Z; <(P3)<(Py) P1<P3<Z < (Py)<(Py)<(Ps) Py<P3s<Zy<Py<Z <(P))
Lightload P1<P3<Zl<(P2)<(P4) P3<P1<Z]<(P2)<(P4)<(P5) P3<P2<Zz<P4<Zl<(P1)

The UGCC method has the most complex circuitry, since
the unit gain compensation cell and auxiliary circuit for the
controllable resistor each need a differential amplifier. More
tail current is needed to push two poles, P4, and Ps, in the
UGCC out of the unit gain bandwidth, so additional quies-
cent current is used. A source follower has been placed as the
second gain stage here, which sacrifices DC gain to achieve
higher bandwidth.

The pseudo-ESR power stage will cost the most quies-
cent current as it needs to push P; out unit gain bandwidth to
achieve faster response speed and higher PSR at the high fre-
quency. Since Z; is not needed to track P3 firmly among all the
current loads, minimum dynamic current is used here as factor
“a” is only 0.012 x 1073 for the pseudo-ESR power stage.

5. Conclusion

A controllable resistor has been introduced in this pa-
per. Using this technology, three pole-zero tracking frequency
compensation methods have been developed based on a single
Miller capacitor with nulling resistor, unit gain compensation
cell and pseudo-ESR power stage. Both the load regulation re-
sponse and the AC simulation for open loop including loop
gain, phase, tracking zero, phase margin and equivalent resis-
tance under all current loads are shown in corresponding sec-
tions. According to the simulation results, the three compen-

sation methods can ensure the stability of the LDO without
ESR in the load capacitor, and they provide frequency com-
pensation solutions from low power consumption applications
to high PSR, high response speed applications.
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