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THE UNDERSHOOT AND OVERSHOOT MINIMIZATION METHOD IN
VOLTAGE REGULATORS

As in modern data transfer circuits data rate and clock frequency continu to increase,
the contribution of jitter to the overall timing error becomes increasingly significant in
high-speed interfaces.

The main techniques of jitter minimization are usage of decaps and supply voltage
regulation. There are two main groups of voltage regulators: linear and switching. In high-
speed transceivers linear voltage regulators are often used, especially low-dropout regulators
(LDOs). The main advantages of linear voltage regulators are small area and power
consumption compared to switching regulators. LDO provides regulated output voltage to
sensitive analog circuits for different load currents with the help of negative feedback.
Another advantage of LDO is big power supply rejection compared with other regulators.

In this paper, a method of overshoot voltage reduction in LDOs during load switching
is proposed.

Keywords: voltage regulator, low-dropout regulator, LDO, overshoot, negative
feedback, ripple, fast loop.

Introduction. The architecture of a typical electronic microsystem consists
of several on-chip voltage sources for regulation [1]. In modern circuits LDOs are
used to supply noise-sensitive loads, such as voltage or current mode drivers, analog
equalizers, delay-locked loops, etc. These voltage regulators should be independent
of the load current and process variation. The basic architecture of a voltage
regulator is shown in Fig.1.

It consists of an error amplifier (EA) which is used for controlling the pass
transistor gate to provide a regulated output voltage. Error amplifiers are often
based on folded cascode and active load operational amplifiers (opamp). The
folded cascode structure can achieve a high open loop gain with one stage. This
topology uses a differential pair at the input for rejection of common mode and
power supply noise. Therefore, the folded cascode offers an auto-compensation of
phase margin, great common mode range on the input and a two-stage amplifier
gain. Moreover, this topology has a better Power Supply Rejection Ratio (PSRR) is
compared to the two-stage amplifier and a telescopic amplifier, since there is no
pole splitting [2]. Op Amp based on an active load amplifier has a simple architecture
with high gain and good stability parameters.
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Fig.1. Voltage regulator architecture

The amplification factor for voltage regulator is defined by following equation:

Av=Vref (g—g + 1) [3]. (1)

As shown in the above equation the voltage regulator amplification can be
controlled by changing Rfl and Rf2 resistor values.

For improving the voltage regulator’s PSRR, a technique with adding a
capacitor between regulator output and AC ground is commonly used, which changes
the dominant pole [3]. The output capacitor is being charged during a period when
more current flows through the pass gate than required for load driving. When the
pass gate cannot provide the necessary current for load driving, the capacitor starts
to discharge, which minimizes the undershoot. By increasing the output capacitor
value, the output ripple of the voltage regulator will decrease, but it will have an
impact on response time. In addition, there is also a limiting factor for increasing
the capacitor such as area.

Problem description. A voltage regulator circuit using folded cascode
architecture Fig.2 [4] has been designed by SAED14 nm FinFet technology [5],
and HSPICE simulations have been performed.
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Fig.2. A voltage regulator based on folded cascode opamp

An output Mpass transistor is designed for driving up to 1 mA current and
middle point of feedback resistors called V1b.

In the first step of circuit verification, HSPICE simulation is performed for
TT (Vdd=0.9V, T =25°C), FF (Vdd=0.945V, T=-40°C), SS (Vdd=0.838V, T=125°C)
cases and voltage regulator stability parameters are checked. Results are shown in
Fig. 3 and in Table 1.
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Fig.3. AC characteristics of nmos fast loop voltage regulator stability results.
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The main voltage regulator stability parameters

Table 1.

Measurement SS TT FF

PM (deg) 74 76 78
GM (dB) 36,2 37,1 37,7

UGB (MHz) 19,6 26,9 35
Gain at low frequency (dB) 70,8 73 73,2

During the simulations, the 3 pF output capacitor was used, and the output
load has changed so that the output current value increased from 0 to 1 mA during
20 pS which caused a huge undershoot and 18 nS settling time for TT case. The
output current value was decreased from 1 m4 to 0 m4 which caused a huge
overshoot as shown in Fig. 4, Fig. 5 and on Table 2 for TT, FF, SS corners.
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Fig.5. A voltage regulator output overshoot
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Table 2

The voltage regulator output measurement results

Measurement SS TT FF
P2P undershoot (mV) 150 99.3 74,7
Settling time undershoot (nS) 24 18 17
P2P overshoot (mV) 116 78,4 58,5
Settling time overshoot (nS) 19 17 14,7

As shown in Fig.4, the output voltage of the voltage regulator drops from
900 mV to 838 mV due to load changing, which is unacceptable, because it can lead
to high jitter in clock path circuits or data errors in transceivers, because modern
high-speed critical circuits are designed to work with +-5% range of voltage
supply. In modern designs, power supply Induced Jitter (PS1J) is one of the major
contributors which limits the timing budget of high-speed systems [6].

The proposed solution. Two voltage regulators are added (Fig.6) in parallel
to the main voltage regulator to provide higher bandwidth and shorter response time.

fast loop
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Fig.6. Main and fast loop voltage regulators

Added voltage regulators are called ‘fast loop’. Because the fast loop and
main voltage regulator are connected to each other parallelly as shown in Fig. 6,
PSRR requirements for the main voltage regulator are stricter, but it’s necessary to
design fast loop regulators to have less than 0 dB PSRR.

The operating principle of the fast loop voltage regulators is as follows:
when the main voltage regulator is not able to provide a necessary current for
driving the load, MP transistor provides the missing part of the needed current and
if the main voltage regulator gives more current than necessary for load driving, the

excess current discharges through the MN transistor. Besides using fast loop
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regulators as a charge and discharge paths, they also give an opportunity to reduce
the settling time due to a higher bandwidth (800 MHz) compared to the main
regulator (100 MHz).

Error amplifier (nmos and pmos) is opamp which can be a folded cascode as
used in the main voltage regulator or another type of operational amplifier. In the
proposed architecture, an opamp is used based on active load configuration (Fig.7).
This circuit has good features in terms of self-bias capability, common-mode
rejection, voltage gain, and the gain-bandwidth product [7].

| . Nmos voltage regulator / Pmos voltage regulator

Fig.7. Fast loop voltage regulator architecture based on active load OTA

Error amplifiers used in fast loop have poor phase margin and are able to use
the proposed architectures of LDOs without any kind of external compensation. It
is necessary to implement an internal compensation that ensures stability under all
load conditions. This may be accomplished by using pole split techniques based on
the Miller effect, where the compensation network consists of a current buffer as a
differentiator that sets the dominant pole at an internal node. Other Miller
compensation techniques for multistage amplifiers can also be used, as proposed in
Fig. 8 [8](

Nmos voltage regulator

Pmos voltage regulator

Fig.8. Fast loop voltage regulator architecture based on active load OTA with Miller

compensation circuit
209



Internal compensation causes a higher output voltage ripple, it can be
reduced by charging/discharging the current available to charge and discharge the
gate capacitance of the pass transistor, thus improving the settling time of the
regulator. This sets a trade-off between transient response and power consumption
because, according to the results, a reduction in power consumption penalizes the
capacity to handle the gate capacitance of the power transistor.

Results. In the first step of the method verification, HSPICE simulation
carried out and the fast loop voltage regulator’s stability parameters were checked.
The results are shown in Fig. 9 and Fig. 10 and in Table 3 for TT,SS and FF
corners.

1k 10k 100k M 10M 100M 16 106
+BUSER Istb(db) (Unit:mad Uy =———
—
40 S
20 -
—~
0 e
RN

-20 \
-40 N

#EUSER.Istb(p) (Unit:-)

T T T T T
(log) 1k 10k 100k M ioM 100M 1G 10G

Fig.9. AC characteristics of pmos fast loop voltage regulator
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Fig.10. AC characteristics of nmos fast loop voltage regulator stability results
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Table 3

The voltage regulators stability parameters

Type Corner PM (deg) GM (dB) UGB (MHz) Gain at low
frequency (dB)
PMOS SS 92,4 26,06 374,6 46,8
voltage TT 88,9 25,3 683,8 53,9
regulator FF 73,8 23,4 1141,1 58,6
NMOS SS 93,4 26,6 322,2 40,6
voltage TT 914 25,7 596,6 49,2
regulator FF 71,6 23,3 1203,4 59,5

In the second phase, HSPICE simulation was performed to check the
proposed method with transient analysis. During the simulation, the output current
value changes from 0 to 1mA and is measured undershoot, settling time values as
shown in Fig. 11 , and changes from 1mA to 0 and measured overshoot, settling time
values as shown in Fig.12 and in Table 4.
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Fig. 11. Voltage regulator output voltage with proposed architecture
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Fig.12. Voltage regulator output voltage with proposed architecture

Table 4
The voltage regulators output measurement results comparison
Measurement SS TT FF
P2P undershoot (mV) 38 32,3 23,5
Settling time undershoot (nS) 2,87 2,17 1,95
P2P overshoot (m/V) 51 34,6 24,6
Settling time overshoot (nS) 3,07 2,8 2,47

As shown in Table 4, with the proposed version, the drop is three and the

folded cascode opamp.

settling time is approximately nine times less than in the voltage regulator based on

Conclusion. A voltage regulator based on folded cascode operational

amplifier has been designed with the SAED 14 nm FinFet technology. A huge
voltage drop is observed.

An architecture update has been proposed to reduce the voltage drop.

increase is acceptable for the desired results.

According to the results, the voltage drop is reduced 3 times. But the circuit area
and power consumption increase slightly because two stabilizers are added, but this

The SAEDI14 nm FinFet technology libraries have been used during the
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HSPICE simulations, and outputs have been exported by Galaxy Custom Designer tool.
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LULUUL TUfeUdNrpuveNhu @6r8USYk B4 A6r8USYb L4 UQE3U UL
Ut}

‘Ukpuynidu wnfjuyutph thnjuwbgdwi wpuqugnps hwnnpnhs-plugniithy hwignygub-
powd nfjuubkph b nuljnughtt wqputpwh hwdwhnipjut dkswugdwup gnigpipug wqnu-
pwtth ppprngh nhpp dwdwbwluyht ujpwpuiph Uk nuninud E tpwbwluhg:

Ugqnuiipwih ppprngh tjuqupdut hhdbwlub inuwbwlubphg o juwywqbpdng
niiulnipjniiiiph ogunugnpénudp bt utinigdw jupdwt jupquynpnudp: Gnynipinit niukh
Jupiwl jupqunpuwt hudwlwpgbph bpyne hpdbwljwlb odpbp” gdughtt b thnpuwbigunnnn;:
Upwgqugnpsd thnpuwbigdwt gdtpnud hhdbwwinid fhpwndnud ki jupdwt jupgudnpdu
gdughtt hudwljwpgbpp, dwubwynpuybu’ gusp wiljdwh jupgquinphsitpp (Low-dropout
regulators): Lupudwt Jupquynpiwb gdughtt hwdwljupgbph hhdtwljut wpwbnipinibibp
ki thnpp dwbpbup b gwsp Eubpquuyuenidp’ b hwdbdwn jupdwi jupguynpuwb tnfu-
wpwwnynn hwdwlwpgtph: LDO-utpp jupquynpdws tjpuyhtt jupnudp npudwunpmud B
qquyntt whwnquhl ujebdwibkpht wwppbp pioh hnuwbplbph hudwp, puguuwlwb hb-
tnunupd juwh dhengny: LDO-utph djniu wnwybnipniup pupdp b gudp hwdwpimlw-
tught utdwh wyUmlukph ghpdwh Uks gnpswljhgh - hudbdunws jupdwi jupgujnp-
dwit wy) hwdwupghph:

Unwownlws k pinh thnthnjudwb wuydwbubpnid LDO-ukpnud ghpjupdwi ugw-
qupiuui Ukpnry:

Unwigpughli punkpll hunnpnhy-punniuhs hwtgnyg, jupdwt jupquynpuiwt hw-
dwljupg, LDO, mqpuupwih ppprng, juwwuqbpdnng nibwlnipnii :

C.A. XAYATPSIH, A.C. TABOSIH

METOJ MUHUMMU3AININU ITPOCAIKHU U ITIEPEPEI'YJINPOBKH B
PEI'YJIATOPAX HAITPSIKEHUSA

IlockonbKy B COBpEMEHHBIX CXeMax Mepeaul - IprueMa JJaHHbIX CKOPOCTh epeadun JaH-
HBIX U TAKTOBAsI YACTOTA MPOAOJDKAIOT PACTH, APOYKAHNE CUTHAIA B OOIIEH OMMOKe CHHXPOHHU3AIMN
CTaHOBUTCS Bce OOsee 3HAUUTENEHBIM B BBICOKOCKOPOCTHBIX HHTEpdecax.

OCHOBHBIMH METOIAMH MUHHMH3ALIUH JUKUTTEpA SBILIIOTCS MCTIONB30BaHUE AEKAILTHPYHOIIMX
KOHJICHCAaTOPOB M PETyJIMpOBaHUE HampspkeHHsA nuTaHus. CyIIecTBYIOT JBE OCHOBHbBIE I'DYIIIIBI
PETYIATOPOB HANPSHKEHMS: JIMHEHHBIC M UMITYJIbCHBIE. B BBICOKOCKOPOCTHBIX IpHEMOIIepelaTdH-
Kax 4acTo MCTIONB3YIOTCS JIMHEHHBIE PETYIISITOPI HAIPSDKEHHSI, OCOOCHHO PETYILITOPHI C MAJIBIM Tajie-
nueM HanpsbkeHus (LDO). OcHOBHbIMU IPEUMYIIECTBAMU JIMHEHHBIX PETYIATOPOB HAIPSKEHUS
SIBISIFOTCS. MaJiasl IUIOINA/(b U SHEProNOTPeOIeHUE [0 CPABHEHHIO C UMITYIbCHBIMH PEryIATOpaMu.
LDO obecniequBacT peryaupyeMoe BbIXOIHOE HAPsDKEHUE 1711 UyBCTBUTEIbHBIX AHAIOTOBBIX CXEM
JUISL pa3IM4YHBIX TOKOB HAarpy3Ku C MOMOIIBIO OTPULATENIbHOI 00paTHOM cBA3U. JIpyruM npeumy-
mecTBOM LDO 10 cpaBHEHUIO C JPYTHUMU PETYIATOpaMU SBISETCS KOI(DGHULUEHT 10JaBICHUS
BBICOKOYACTOTHBIX U HU3KOYACTOTHBIX IIYMOB NCTOYHHKA MUTAHUS.

B cratbe npeuioxeH MeTo/ CHIbKEeHUS nepeHanpspkeHus B LDO npyu M3MeHeHHH Harpy3KH.

Kntouesvie cnoea: cxema mepenadv-nprueMa JaHHBIX, peryisitop Hampspkenust LDO,
JpO’KaHUe CUTHaJIa, JeKaIUTMPYIOIIMI KOHIEHCATOoP.
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