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Abstract: In this paper, the proposed shunt regulator is presented.
Compared with a series voltage regulator, the shunt voltage regulator
gives wideband power supply rejection (PSR) and fast transient re-
sponse at the expense of large quiescent current. In this paper, a novel
shunt regulator architecture is proposed to achieve the genuine charac-
teristic of a shunt regulator with small quiescent current. The proposed
shunt regulator transient response is 3.98 usec over full load current ris-
ing step and it is at least 3.5 times faster than series regulator. PSR
characteristic of the proposed shunt regulator shows —22.4dB up to
200 kHz.
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1 Introduction

As the mobile electronics market is growing with unexpected speed, it is not
surprising that power management ICs (PMICs) are playing a key role in
battery operated mobile electronic products. PMICs contain three major
components: linear dropout voltage regulator (LDO), switching mode power
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supply (SMPS) and charge pump circuits. PMICs should provide a constant
supply line and, in certain applications, a higher voltage line than the supply
line to operate LCD drivers as well. Compared with SMPS and charge pump
circuits, LDOs are widely used in PMICs since they provide a clean DC supply
line and have simple architectures compared with other power supplies [1, 2].
Many of the latest linear regulator schemes use series voltage regulators. The
advantage of series voltage regulators is that they provide high power supply
rejection (PSR) and good load and line regulation. The drawback of series
voltage regulators is their narrow-band PSR and extremely slow transient
response at light load conditions. To improve these drawbacks, the series
regulator should consume large current itself, which degrades battery life.

The shunt regulator is an excellent candidate to achieve wideband PSR
and a fast transient response. However, the shunt regulator consumes high
current at zero load conditions. This paper presents a novel shunt regulator
to overcome this problem. Section II first reviews the prior arts in series
and shunt regulator architectures and then summarizes the state of the arts.
While Section III introduces and details the performance of the proposed
shunt regulator, Section IV shows the simulation results of the proposed
shunt regulator. Section V draws relevant conclusions.

2 Prior arts in series and shunt regulators

Fig. 1 shows the prior architecture of both series and shunt regulators. A
series regulator in Fig 1 (a) is widely used in current power management ICs
since it provides high PSR and good load/line regulation, and its architecture
is very simple. The main drawbacks of a series regulator are narrow band PSR
due to large decoupling capacitor (C,) and the need for a large compensation
capacitor to achieve stability. In addition, the large decoupling capacitor
causes slow transient response over a full load current step. To improve these
negative aspects, several techniques have been developed, such as inserting a
buffer stage between the error amplifier and pass device, or using a wideband
low gain multi stage amplifier instead of a single high gain amplifier [3, 4].
These techniques are helpful to improve PSR only, not transient response.
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Fig. 1. The prior architecture of (a) series regulator and
(b) shunt regulator.
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The shunt regulator in Fig. 1 (b) is a good candidate to achieve wideband
PSR and a fast transient response. The architecture of a shunt regulator is
similar to a series regulator except that the current source (Isource) provides
power to both the amplifier and pass device. The obstacle of a shunt regula-
tor, however, is how to implement this current source and control the current
according to loading conditions. Several prior designs have used bipolar tran-
sistors, zener diodes, or CMOS diodes to implement the current source. In
the standard CMOS process, bipolar transistors and zener diodes are not
available so CMOS diodes are utilized. The problem with using a CMOS
diode is that it causes large current consumption at no load condition. Since
the size of this CMOS diode is determined by the maximum load current
condition, the CMOS diode generates maximum current no matter the load
condition. Therefore, using CMOS diode causes the device MN required large
geometry to handle huge current at no load condition. In addition, the effi-
ciency is degraded due to the voltage drop (closed to 0.7 V) of CMOS diode.
Compared to a series regulator, a shunt regulator has wideband PSR and
fast transient response characteristics at the expense of large quiescent cur-
rent since the current source implemented by the pass device always provides
large current at any loading condition.

In this paper, the pass device of the proposed shunt regulator is biased
using a current sensing feedback circuit to prevent large current consumption
at no load conditions. Owing the current sensing feedback circuit, the novel
shunt regulator can achieve a significant reduction in current consumption
while the regulator keeps providing wideband power supply rejection and a
fast transient response. More details will be described in next section.

3 Proposed shunt regulator

The proposed shunt regulator is shown in Fig. 2(a). The shunt regulator
utilizes an adaptively biased pass device using a current sensing feedback
circuit. The current source is implemented by PMOS transistor MP. The
gate bias of MP is controlled by an adaptive biasing controller which generates
Veont by sensing the current in MN1_1. At no load conditions, the current of
MP flows into MN1_1 and thus the current in MN1_1 increases. The sensing
current induced in the bias controller (MP1, MP2, R.) also increases which
in turn increase Vot and thus decreases the current in MP as compared to
the current in MP in full load conditions. At heavy load conditions Vot
should be decreased so that MP drives a large current to the output. In
this condition, the current through MN1_1 is decreased because most of the
current flows into the load and the sensing current also decreases, which
generates a low Vo as desired.

There are several important design considerations for the proposed shunt
regulator. First, the current I is defined by Is1 = I1 + Is + Is = Is1 _no_ioad
at no load conditions. At heavy load conditions, the bias controller senses
MN1_1 current through mirror devices (MN1.2 and MP1 and MP2) and
converts the gate voltage of pass device MP to drive the desired load current,
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151 which is expressed as Is1 = Ijpad + Is1_no_load-

Second, the stability of system can be achieved very easily using miller
compensation between the output of the amplifier and the output of the reg-
ulator, since NMOS pass device MN1_1 is very small to prevent large current
consumption. In order to analyze the stability, the small signal equivalent
model of the proposed shunt regulator is shown in Fig. 2 (b). To analyze the
loop response, the loop is broken between the positive input of operational
amplifier (V' y,) and feedback network resistors (V). The loop transfer
function of the shunt regulator, LG(s) = Vi _a(s)/Vis(s), is
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where gme, Gmps Gmp1, Gmn1, and gmp2 are the transconductance of the error
amplifier, MP, MP1, MN1_1 and MN1_2. Each transconductance of MN1_1
and MN1_2 is equal due to current mirror configuration. MP1 and MP2
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Fig. 2. (a) Proposed shunt regulator architecture (b)
small signal equivalent model.
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have the same transconductance as well. (] is parasitic capacitors at V1
node excluding the miller effect. Cs is parasitic capacitors at V2 node. C,, is
the total parasitic capacitor at the gate of MP and it consists of gate-source
capacitor (Cysp), miller effected capacitance of Cygp,, which is the gate-drain
capacitor of MP, and other parasitic capacitors which can be ignored. The
order of capacitance size is C, > C. > C), > Cyqp. Toe and 714, are the
output impedance of the error amplifier and MP, respectively. The order of
impedance is 7o > R, > R. > 1oy > Regr.

After error amplifier, there are two paths to the output as seen in Fig. 2
(b). First path is through single inverting device MN1_1. Second path is
through three inverting devices MN1_2, MP1, and MP. Since the second
path gain is much higher than the first path gain, the second path intro-
duces a dominant miller effect. Therefore, miller effect through second path
is considered for stability. From the above equation, the proposed shunt reg-
ulator is six poles and three zeroes system. The first pole is generated by
the output capacitor and output impedance of MP (py = 1/Corop). External
and miller compensation schemes cancel out the second and third poles such
as p2 = 1/(Cegmn2gmnpReroproe) and ps = 1/(CpR.) and the others are be-
yond the unity gain frequency. The pole at V2 node is located at very high
frequencies. This system generates positive zero due to Cyqp, but the zero
location is at higher frequencies than unity gain frequency. Then, this zero
does not have effect on the stability, neither does other non-dominant poles.
Therefore, the stability of the shunt regulator is guaranteed.

Third, depending on the error amplifier architecture, the LDO output has
the minimum voltage limitation. In other words, the output of the regulator
should be higher than the minimum required voltage to operate the error
amplifier. Fourth, comparing prior shunt regulator architecture as seen in
Fig. 1, quiescent current of the proposed regulator at no load condition is
reduced significantly and quiescent current is decreased at heavy load condi-
tions. The NMOS pass device MN1_1 and NMOS sense device MN1_2 do not
need to be large geometry devices. The PMOS pass device MP still needs to
be a large geometry device depending on current driving capability.

In addition, the current source Is can be added, depending on the ap-
plication, to achieve a faster transient response. This current source can
be implemented as a simple current mirror circuit and provide the specific
amount of current for the regulator to operate at no load condition. It means
that the pass device does not provide any current. This accelerates the tran-
sient response when loading conditions change abruptly from maximum to
no current.

4 Simulation and comparison

The proposed shunt regulator is designed using 0.5 pm standard digital CMOS
process and simulated with Cadence. To verify the performance of the pro-
posed regulator, transient response and PSR, characteristics are simulated
and compared with a series regulator, which is composed of the same ampli-
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fier as used in the shunt regulator. Both regulators have the same geometry
pass device and output capacitor (C, = 1 uF) and effective series resistance
(Resr = 0.5Q). Fig. 3 shows the transient and PSR response of a conventional
series and novel shunt regulator.

Fig. 3 (a) shows transient response of each regulator over a full loading
current step (0 to 100mA). The transient settling time of the series regulator
shows 14.34 pusec and more than 10 msec at the rising and falling of the current
step. The transient response of the proposed shunt regulator shows 3.98 usec
and 99.4 usec at the rising and falling of the full load transient step. From
the simulation results, the proposed shunt regulator achieved at least 3.5
times fast settling response than the series regulator. The transient voltage
variation (AV) is smaller than that of series regulator. Fig. 3(b) shows
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Fig. 3. (a) Transient response, (b) PSR response of series
and proposed shunt regulators, (c¢) Performance
comparison table.
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PSR response of each regulator at full load current. The PSR response of
series regulator is —40dB at 2.4kHz and —20dB at 23.4 kHz. The proposed
shunt regulator shows a wider PSR response such as —40dB at 34.4 kHz and
—20dB at 238.7kHz. Fig. 3 (c) shows the performance of proposed regulator
compared with series regulator.

5 Conclusion

In this paper a novel shunt regulator is presented. The proposed regulator
shows a fast transient response over heavy loading variation. In addition, the
proposed regulator shows wide range power supply rejection characteristics.
The proposed fast transient response shunt regulator will contribute to the
improved performance of power management integrated circuits in future.




