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Abstract. In this work we examine how to improve the per- frequencies due to capacitive coupling. Load changes cre-
formance of voltage regulators in application specific inte-ate a distortion at the output voltage as the regulation loop
grated circuits (ASICs) by placing capacitors into free layout needs time to settle to the adopté®l drop. The investiga-
space. The problem arising after layout, when there are artions of improvement of PSR and load stability are impor-
eas not covered by functional elements, is where to connedant, especially if there are sensitive front-ends on the ASIC.
the free-space capacitors (FSCs), as they can be connectedThey would be disturbed by these effects and then wrong
the input or the output net of a voltage regulator. Thereforedata would be returned by precious analog to digital convert-
we designed a testbench for mathematical calculations andrs (ADCs) to signal processing devices like on- or off-chip
one for simulations to identify the influence of a capacitancemicrocontrollers or DSPs. Therefore a better ASIC perfor-
connected at these certain positions. We mainly focused omance should be reached by increasing the PSR of the regu-
PSR analysis while not losing sight of transient effects. Thelator.
results of calculation and simulation illustrate that the best Many authors have been dealing with topics concerning
solution is to split the capacitance half by half to both possi-regulators. New methods to increase PSR or faster load regu-
ble nets if no output capacitance was installed during designlation loops are e.g. 2-stage regulatidfaiig et al, 2009 or
Otherwise a ratio of one to one for input capacitance to out-double regulationl{iim et al,, 2011). Newest trends also tend
put capacitance has to be set up for best performance. to capacitor-less low dropout regulators, where a high PSRR
could be reached by an additional fast output buffer, which
drives the regulation transistoklfbasi et al,2010. Another
method to increase PSRR is to add a left-hand zero by nested
Miller compensationkluang and Liu2011) or to use a neg-
ative feedback loopShirahatti et al.2010. Capacitor-less
regulators are voltage regulators, which don't need an exter-
al bypass or stabilization capacitor as the Texas Instruments
PS78915 TI, 2000 would need. Nevertheless, capacitor-
ess does not exclude capacitors at all, as internal capacitors
are still used for these regulators. An advantage of on-chip
capacitors is that they have very low E€R@dTech2003

1 Introduction

In application specific integrated circuits (ASICs) regulators
are used to create an output voltage from a certain input volt
age range. The ideal regulator has a constant output volta
independent of a load change and without any influence fron]
the input voltage. This influence not only includes DC volt-
age levels (line regulation), but also any AC distortion. The
independence of the output voltage from the input is called . 4
power supply rejection (PSRPAg and Chay2010). In liter- )\(/)alu_es due to the short metal connections. For on-chip ca-
ature also often the term PSRR (power supply rejection ratio ) -
(Baker, 201Q Holberg 2010 is found, which is more true A typical leakage value is around 1e-8 to 1e-7 Aﬁ*.“"
for amplifier as there a ratio between the signal amplificationzoog which would result in a minimum parallel resistance

and the power distortion damping exists, while in regulatorsva:ue fort1.8_V ?n# 1hmﬁ1°f aro_tmd 1.8d(si2. Slmall(ler ESRk
only the power distortion damping is of interest. Nonideal value as typical ofi-chip capacitors and low leakageé makes

regulators, which are in fact all implemented regulators, Suf_capacnor choice discussion for ESRdrita, 2011 and leak-

: : : age obsolete.
fers from both, AC distortions and transient load changes. ) . .
9 As this work researches PSR effects, noise reduction

The PSR is limited in its damping and also frequency de- . : o
pendent, i.e. in most cases the PSR gets worse with highetFChnlques like low-pass filtering of the Bandgap reference
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voltage with externalTl, 2000 or possible internal capaci-
tors are not further investigated.

This work deals with the question, which net is the best
to connect free-space capacitors (FSCs). A free-space capag- Regulator under research
itor is a capacitor, created in ASIC areas, which are not cov-

ered by functional elements after layout. These areas are o=, this work, the regulator under research is a low-dropout

ten gaps between elements of the regulator. More free SPaGRgulator (LDO), on which the best usage of a free-space

therefore leads to more capacitance. The FSCs are placed,nacitor is investigated. The LDO consists of 4 major el-

ir_1to the finishgd I_ayout f_ind_their capacitance values are deéments, shown in Fig. The first one is a bandgap that is
rived from their size, which is then back-annotated from the yseq 1o create a reference voltage to which the output volt-
finalized layout to the corresponding schematic. As a higher,

X : néﬁ]e is compared. Next, there is an operational amplifier (op-
capacitance would increase the PSR performance more a p) which is used to compare the bandgap voltage to the

the capacitor has no need to have an exact value over prgegpack voltage and to set the regulation transistor's gate
cess variations and temperature, the most important paramgg|tage corresponding to the result of the comparison. This
ter, when choosing an appropriate capacitor from the designeqyation transistor is the LDO’s third element and is used to

kit, is the capacitance per area. As thg fungtionality of theregulate the voltage drop between supply net and output net.
regulator was already proved through simulations before 'ay'GeneraIIy the transistor can be a n-MOS or p-MOS transistor
out, the additional capacitors are used to further improve the, 4 here a n-MOS device is used.

regulator and not for stability reasons. _ The voltage drop thereby is generated througtiRurop,
The free-space capacitors are connected to ground Witlyhere the current is the current of the load plus the current
one side in every case, but which is the best net to connects ihe feedback network and the resistarités the resis-

the other side of the capacitors? tance of the transistoRy; on. This resistance is regulated by
Should FSCs be connected to the input or the output net the gate voltage, set by the op-amp. For the regulation tran-

the regulator (see Fid,), or should it be split to both nets? igior jt is necessary that its area is big enough so that the
Both nets can be seen as supply nets, which could be stab,aximum current flow density is not exceeded for any load.
lized by an additional capacitance. There are the same argy-5 e area also helps transporting away the generated heat in
ments for both nets, e.g. the capacitance between a net anfla transistor.

ground serves as a low pass, which rejects AC distortions  The 4th element used in the LDO is the feedback network.
when taking net resistances into account or that FSCs are gy most applications it exists of two resistors forming a volt-

charge storage which helps with transient load changes.  44¢ divider, dimensioned in a way that the divided voltage

It should be mentioned that the reliability of an ASIC corresponds to the bandgap voltage, when the output voltage

should not be decreased by additional free-space capacitofs the DO has the nominal valuBéker, 2010. The load in
as on-chip capacitors generally have a low leakage. Of coursgis \york is a constant resistive load plus a parallel variable

the designer should pay attention that the regulator is still stag,rent source. An additionally capacitor is also taken into
ble with an additional output capacitance, what is normally 5-cqunt at the later part of this work.

the case. A capacitor at the input could only have an effect

on the time, the regulator needs to start up, if the capacitance 2 Testbench

is very large. Nevertheless it is worth to re-simulate the reg-

ulator after all changes from layout are back annotated.  For a good prediction to which net the capacitance should
be connected, a good testbench is necessary. Aside to the
regulator itself and the load, the testbench also includes the
pads, the bond wires and the metal resistances from the
on-chip wires. For the calculations, the circuit was simpli-
fied to reduce the number of elements. The inner circuitry

2 Regulator under research and testbench
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of the bandgap and the op-amp, connected between thg.2 Simulation

supply wireVDD3V and ground, are included to the test-

bench by a impedancg(s). This impedance is assumed After the calculations showed the principal behavior, sim-
to have one pole, based on simplified simulation resultsulations were executed. A simulation testbench was imple-
Including the PSR transfer characteristic of the bandgapmented, containing the elements added for package and the
Apg(s) and the op-ampAgp(s) is done by the regula- transistor level circuitry of the bandgap and the operational
tion transistor's gate voltag&®s. The Feedback influence amplifier. To see the effects of a capacitor added to the in-
from the resistive voltage dividerVgg) is also included put or the output clearly, the AC effects of the metal resis-

in Vg = Aop(s) (A (s) (Vin — Vdrop) — Vi) WhereVyrop = tance and the bond inductances were simulated separately.
11 (25 Lpond+ Rmet) is the voltage drop of the package cir- AVDD is affected by a metal resistance change only by a
cuitry. pole movement towards lower frequencies. Adding the bond

inductances adds a pole at abglitx %md to the transfer
functions, i.e. the higher the bond inductance the lower the
frequency of the pole.

The complete regulator is supplied by a voltage of 3.3V
and has an output voltage of 1.8 V. The values for bond in-
Based on the testbench, shown in Bigalculations were ductances were zero, 5nH and 50 nH to see the effect of the
effected to estimate the results and to verify that the dia-Nductance. With generally assumed valuesaf nH mnt
grams gained by simulation show the correct behavior. TheL€& 2003 inductance per bondwire length, a value of 5nH
testbench has two input variablég, and fiag, but the cal-  Was used for the [ater simulations.
culations are done only fo¥i, as the point of interest is ~ The resistance was varied between zer@,and 5 for
the PSR analysis. As the results depend on many parametdf€ Simulation of the wire effects. From earlier layout extrac-
(e.9. Reg1, Re2, R1, Rmet Lbond) Only the generalized zero 1ions a value of 82 for thick supply wires is assumed for
pole forms are shown in Egsl)(and @). The highest order ~ further simulations. o .
coefficients of numerator denominator from Ed.4nd @) For output transistor a n-MOS transistor is chosen, while
are shown in Eqs2),(3) and 6) respectively, for the param- the opamp was implemented as folded-cascode. The total ca-
eters directly affected by the FSQSi, and Cou. All other ~ Pacitance available for connection was extracted from layout
parameters are substituted &y andcg;. with 114 unit capacitors, each with a value of 401fF. So the

For the frequency behavior afDD3V, Egs. (),(2) and  total amount of capacitance is around 45.7 pF. .

(3) show that the number of poles and zeros keeps constant N Fig-4 the AC influence of the free-space capacitor to-
if either Cin or Cout OF both are added. This is due #is) wardsVDD3V and AVDD is the point of mtgre_st. F(_)r th_e
already having a pole, as the additiotia would create. But ~ VDD3V net (upper 3 curves) the AC behavior is quite sim-

Egs. @) and Eq. 8) show that the poles and zeros are shifted P€- Adding the capacitance to the output net has no effect
to lower frequencies especially at the chang€f to the input net in the frequency range of interest. The more
capacitance is added to the input net the ealieD3V is

damped and so has higher damping values at higher frequen-
cies. l.e. the more capacitance is added to thevitdD3V,
the lower is the frequency of the first pole, what corresponds
to the calculation results. Of course the effects\inD3V
a2.vpp = (¢n1 Cout+ n2) Cin + €n3 Cout+ Cna @) directly affectAVDD, asAVDDis derived fromVDD3V.
For AVDD (lower curves in Figl) the influence is clearly
2 visible, but very depending on the position of the capacitor. If
ba = (ca1Cout+c42) Cin (3)  the capacitor is at the input supply net (solid style), the curve
+ (ca3Cout+ caa) Cin + a5 Cout + cas is the worst of all three in middle frequencies. It profits from
The frequency behavior VDD to Vi, (Eq. 4) is similar the shift of the pole of the input net from far right towards
to that of VDD3V (Eq. 1). As both have the same denomina- lower frequencies in the range of low gigahertz. Connecting

tor, the poles are shifted the same amount, but Bsifows ~ the capacitor to the output or regulated net (dashed-dotted
that zeros are shifted otherwise. style) shows a high improvement in the mid frequency area.

This improvement profits from the pole shift beginning from
(4) some tens of megahertz towards high frequencies. The third

3 Calculation and simulation

3.1 Calculations

2
a2 vpp3vs®+aivpp3avs +ao,vpp3v

1
bas*+b3s3+bos2+bys+bg )

2
AVDD  az avyppSs“+ai,avpps +ao,Avpp

Vin bas*+b3s3+b2s?+bis +bo possible option, splitting the capacitor and connecting half
the amount to the input and the other half to the output net,
a2 avpp = (cn21Cout+ cn22+ n23Cin) 52 5) generates the dashed curve. As only half th_e amount is con-
+ (cn24Cin + cn25Cout+ Cn6) s + Cn27 nected to the output net, the pole movement is quite good, but

not so far towards lower frequencies as if all the capacitance
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Fig. 4. Effect of FSC to VDD3V and AVDD Fig. 5. Effect of FSC plus add. cap to VDD3V and AVDD

is connected to the output net. The additional shift of the in-behavior, but a better high frequency behavior as if connect-
put net pole towards lower frequencies by the connection ofng all capacitance to the output. This is due to the earlier
the 2nd half of the capacitance to the input net, helps to im-ole in VDD3V. With splitting the capacitance, the mid fre-
prove the frequency behavior of the regulator at higher fre-quency behavior is lying between the two other cases but is
quencies. So splitting could be called the best solution as imot much worse as if connecting all FSC to the output. But
mid-frequency range it already damps very well and at highwith split FSCs, AC behavior of nétvDD profits from the
frequencies shows the best damping. VDD3V pole and therefore shows the same high frequency
Another point of interest is shown in Fig.where again  behavior as if connecting all the FSC to the input. So split-
the frequency behavior &vDD andVDD3V is shown. The ting is again the best solution.
changed parameter now is again the capacity, in this case not Simulations show that splitting is best as long as splitting
only for the additional FSC, but rather for the FSC and a fixedcan create an allover ratio of 1:1 for all the capacitance at
capacitor at the output net. Often a capacitor is installed at thehe input net to all the capacitance at the output net. If the
output net for e.g. better transient behavior or stability. Thereoutput capacitance is greater than the free-space capacitance
also the question arises where to best connect the additionait all, the best solution is connecting all FSC to the input net.
FSCs. In the diagrams in Figgl and5 the shape of AC response
Again the diagrams were plotted for three cases: All ca-is only visible in the range between 1 MHz and 10 GHz. In
pacitance at the input net (solid curves), all at the outputFig.6 the complete shape is visible for the configuration with
net (dashed-dotted curve) and a half-half split of the capacia constant capacitance and the free-space capacitance.
tance(dashed curve). What is investigated in the upper and lower curves of
For the neAVDD (lower 3 curves) the best mid frequency Fig.6 is the influence of the bandgap to the regulator. In
behavior is again reached by connecting all capacitance to thihe lower curves, the bandgap voltage and especially the
output net. But then the high frequency behavior is very badbandgap currents are kept constant while in the upper curves,
because of the missing early pole on the iBD3V (upper  the bandgap voltage and currents are that of the simulated
3 curves), which supplies the regulator. Connecting all thetransistor circuit. The influence is clearly visible especially
capacitance to the input net leads to very bad mid frequencyat very low frequencies, where the difference is about 20 dB.
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Fig. 6. Influence of bandgap to AVDD Fig. 7. Transient behavior of AVDD at load change

This simulation is done to prove the necessity to damp the This work emphasizes, that in contrast to other work,
input net, as the bandgap, the operational amplifier and thgyhere the focus is on changes in error-amplifier or improve-
regulation transistor are connected to that net and so a damppent of control loop, a simple, well understood design can
ing on that net helps improving the output net very much. gjj| pe improved if the cooperation between design and lay-
The diagram also shows that the values of the free-space cgjt js excellent and all space on the expensive ASIC is uti-
pacitors are too small to damp the low frequencies where thgj;a(.
PSR distortion from bandgap reaches the output net in the Therefore the analog designer should already pay atten-
range from DC to about 1 MHz. _ tion to post-layout optimization opportunities during design
So far, all the simulations only cover AC behavior and of the circuit to advise layouter where to connect free-space
point out how the FSCs influence the frequency behaviorcapacitors. An important instrument to fulfill that job is the
When simulating the transient behavior of load changes, theation of a proper testbench, containing next to most of the
effects are only very small on the né¥%¥DD (see Fig7) and  parasitic elements also opportunity devices for post-layout
VDD3V. As it can be seen in the diagram, the effect of a gptimization. These could be ideal devices with an estimated
load change at the output is almost the same, independent ipy1ye of FSCs which are later replaced by PDK (process de-
which net the FSC is connected. The explanation for this efye|opent kit) devices where the real value is back-annotated.
fect is that the charge, stored on the capacitor, is very smalryis approach is legitimately if the regulator is stable with
as the capacitor itself is very small. Therefore the capacitory,q without the FSCs and just improved by additional input
could only stabilize the voltage for a very short time before , output capacitance.
the voltage on the capacitor drops together with the output Neyertheless a simulation with extracted parasitics from
voltage. layout needs to be done in every case.
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