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ABSTRACT

Dual mode DC-DC converters utilizing PWM and PFM modes of operation have
been widely used to improve the efficiency over a wide range of the load current. Due to
the highly varying nature of the load, it is beneficial to have the converter switch
between the modes without an external mode select signal. This work proposes a new
technique for automatic mode switching which maintains very high efficiency at light
loads and at the same time, keeps the output well regulated during a load transient from
sleep to the active state. The Constant On-time PFM scheme and a zero current detector
avoids the use of an accurate current sensing block. The power supply rejection is also
improved using feed-forward paths from the supply in both the PWM and PFM modes.
A new implementation of the PWM controller with clamped error voltage required to
meet the specifications is also shown. The proposed feedback implementation using a

programmable current source and resistance provides smooth output programming.
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CHAPTER I

INTRODUCTION & MOTIVATION

The tremendous increase in the use of battery operated devices has called for
efficient power management to extend the battery life. Figure 1 shows the Block diagram
of a cellular handset with required supply voltages [1]. The various blocks are designed
and optimized for maximum performance at different supply voltages. Since the typical
Li-ion Battery voltage is around 3.7V or 4.2V and vary depending on the state of charge,
supply regulators are used to interface with the blocks, so as to provide a stable supply.
The motivation of this thesis is to design a supply regulator with following
characteristics:

*  Output Regulation

— DC Regulation: The steady state value of the output voltage should be

maintained constant with varying Supply and Load conditions.

— Transient Regulation: These supply regulators encounter sudden changes
in the load current during the block power-up/ sleep to active mode
change etc. The instantaneous value of the output should always be
maintained within a certain band during these step changes, so that it
doesn’t affect the functionality of the block. This specification is
becoming tighter as the current slew rates are increasing (and hence the
additional drop due to the non-idealities in interconnect has to be

mitigated) [2, 3].



— Dynamic Voltage Scaling: The modern day power management units

incorporate DVS, whereby the supply to the blocks is varied depending

on the performance need; so as to improve the overall system efficiency.

This necessitates supply regulators to have programmable output [4].

« Efficiency: The supply regulators, being only an interface between the battery

and the actual load, should not consume much power. Since these battery

operated devices are often in standby/sleep mode, these supply regulators should

have high efficiency throughout the load range to extend the battery life.

* Area/Cost/Integration: As more and more functionalities get added to these

devices with the overall size kept same or even lowered, the area overhead of the

regulators and, the size and number of external passive components required by

the regulators should be kept to a minimum.

Lithium Battery

4.2-45V
|
[ | | |
Supply Supply Supply Supply
Regulator Regulator Regulator Regulator
3.6V i
Antenna
Display |
2755V L5 23V
Supply [ Audio —| Digital circuits —»| Analog/RF
Regulator > (LP/DSP) circuits
2.5V
Supply
Regulator — Interface g

Figure 1. Block diagram of a cellular handset with required supply voltages [1]



Inductor switching step-down DC-DC (Buck) converter [5] is the most popular
choice for the supply regulators given their high efficiency compared to linear regulators.
Hence the focus of this thesis would be to design a Buck Converter with tight transient
specifications and high efficiency throughout the load range. Chapter II gives a brief
description of the Buck Converter fundamentals. It includes the steady state analysis, AC
small signal modeling, and a study on the loss contributors in the actual implementation.
Chapter III talks about the various control schemes adopted to regulate the output of a
buck converter - mainly the PWM and the PFM scheme. Few modifications to the PWM
loop to ensure the transient regulation under all circumstances is proposed. It also shows
the output programming implementation that allows for smooth transition. A simple but
effective implementation that varies the ON-time with supply and output voltage setting
to keep the maximum load support and voltage ripple constant in the PFM mode is
introduced. The efficiency improvement achieved over a wide load range using the Dual
mode control (which incorporates both schemes) is also explained.

Chapter IV studies the limitations of the existing mode transition schemes in
Dual mode converters and proposes a new scheme which provides fast transient without
requiring an accurate current sense block. Chapter V is dedicated to the actual design
procedure. Even though a supply of 1.6V to 5.5V would have been ideal, due to the non-
availability of fabrication support, a Buck converter with 1.8V supply is designed and
tested to show the proposed improvements. Chapter VI discusses the experimental

results and the conclusion and future improvements are mentioned in Chapter VII.



CHAPTER II

BUCK CONVERTER FUNDAMENTALS

While a linear regulator maintains the desired output voltage by dissipating
excess power in a "pass" transistor [6], the Buck converter rapidly switches a power
transistor between linear (ON) and cutoff (OFF) regions to supply the load with a
variable duty cycle such that average is the desired output voltage [5]. The resulting
rectangular waveform is low-pass filtered with an inductor and capacitor before being
applied to the load as shown in Figure 2. A control loop is used to determine the On-time
of the switches such that the output is well regulated even during variations in the supply

voltage, load current etc.

Vin —

Figure 2. Asynchronous buck converter and related waveforms.



During phase 1 (represented by the blue path), Psw is turned ON for Ton time
duration and the input supply is connected to the output filter. Assuming the output
voltage ripple to be very small, the voltage across the inductor during this time would be,
Vi1 = (Vi - Vour) and the inductor current would ramp up with a slope, m; = (Vin —
Vout)/L. Until the inductor current (IL) becomes greater than the load current (ILoap), the
capacitor (C) discharges to support the load; and output voltage keeps dropping. Once
higher, the inductor current charges the capacitor and provides the load. During phase 2
(represented by the brown path), Psw is turned OFF for Torr time duration and to prevent
sudden change in the inductor current, the diode (Do) turns ON connecting the output

filter to ground. The inductor current ramps down with a slope, m» = -Vout/L.

Vik-Vours TR U i o

— A Nl
: | _TOFF lLoaD seessusnss . A
&> s : Al
: ToN ILM: .........

-Vour : :
: o P N i e i t
: h Tsw g >

Figure 3. Inductor voltage and current waveforms in steady state.

In steady state (DC), the average value of inductor current should be equal to the
load current as the capacitor blocks DC. Also, the inductor current value at the beginning

of Ton and at that at the end of Torr would be the same at steady state as depicted in



Figure 3. For this to happen, the average voltage across the inductor in steady state

should be zero.

Vv — VOUT) * Ton — Vour * Torr = 0

Ton
Vour = T *Viy ;where Tgyy = Ton + Torr

sSw

The inductor current ripple is given by,

Vin =V, V,
Al = N - OUT*TON: OLUT*TOFF

Al Vin = Vour

Iy = Ioap — 7 = IlL0ap — T * Ton

Al Vin = Vour
I.pk = I0ap + S = IL0ap + — o *Ton

[Eq. 2.1]

[Eq. 2.2]

[Eq. 2.3]

The inductor maintains a continuous current in the converter if Ipm > 0. This

mode of operation is called the Continuous Conduction Mode (CCM) and the output is

independent of the load in this mode. As the load current reduces, the inductor current

may go to zero at the end of each cycle depending on the values of Vin, Vour, L and Tsw

as depicted in Figure 4. The diode (Do) gets reverse biased and prevents the inductor

current flow in the opposite direction to ground. This prevents unnecessary discharge of

the output capacitor. The converter is then said to be in Discontinuous Conduction Mode

(DCM) and the characteristics of the converter is different from that in CCM.



Vi
-~
VrN-Vouri

: ToFF

0 :,..............,.‘.......’........)t
: Ton |

fVOUTé
- —p
Tsw

IL

2 (Vi Vour)/L

k‘.j./ LV'VUUT/L
7 7 |

Iipk1s
:
ILOADI

!
:
Iim ¢
:

v

sexnspeansssnmansannssnmansl >t
(a) CCM

lLoap1 > lLoanz > lLoans

Vi
-~

Vin-Vour!
' | TorF

0 E.............ﬁ.‘.......’........) t
: Ton
-VouT
H «“—>
Tsw

IL
-~

P (Vin-Vour)/L

Ipkat | ;
: “Vour/L
1 \>_1 [ 2
ILoAD2: P Al
[ (TTTTPPPRRRDPPE A, >t

(b) Boundary condition

Vi
-~
V|N-VOUT§
: TOFF
0 bemeheees >t
H Tow'
vour } To
P —
Tsw
I
A
b (Vin-Vourl/L
lipst Vour/L
: ¥ ouT A
1LOAD3; e
A L SN S W S
(c) DCM

Figure 4. Inductor voltage and current waveforms in steady state for different loads.

Applying the inductor volt-sec balance in Fig 4(c),

Vin — Vour) * Tons — Vour *Tp = 0

Tp

_ Viv = Vour) .

VOUT

TON’

[Eq. 2.4]

Knowing that the average inductor current should be equal to the load, we can write,

Vin = Vour . Ton: +Tp

2L

Tsw

= IL04D3

Substituting for Tp, Vour in DCM can be expressed as,

Vour =

VI N

1+ 2LILOADTSW

VinTon

If a resistive load is considered, such that IL.oap = Vout/RLoap

Vour =

1+ 1+

8LTgy
RLOAD TC?N

[Eq. 2.5]

[Eq. 2.6]



Thus for a given Ton, Vour is also a function of the load in DCM. Hence the
Control loop would have to vary the ON time in accordance with the load such that the
output voltage is maintained constant. The load below which a converter operates in

DCM (Boundary condition) can be found by equating Irm = 0 in Eq. 2.2.

Al Viy = Vour

ILOAD|boundary = Icpp = 7 = T * Ton [Eq. 2.7]

The high frequency ripple component in the inductor current flows through the
output capacitor generating a voltage ripple. For a given Vi, Vour, L, C and Tsw, the
current ripple would be smaller in DCM and so would be the voltage ripple. Integrating
the current through the capacitor in CCM,

Al * T
V= sw

Eq. 2.
aC [Eq. 2.8]

The diode (Do) in Figure 2 could be replaced by an NMOS switch to have a CCM
operation throughout as shown in Figure 5. Such a converter is often termed as a
Synchronous Buck converter. At light loads, a portion of the charge dumped on the
output capacitor is returned to supply and ground degrading the efficiency in these
converters. Hence, a Zero Current Detector (ZCD) block is often incorporated to sense
the inductor current going to zero and turn OFF the NMOS, so as to force DCM

operation at light loads.
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Figure 5. Synchronous buck converter with CCM at light load.

The Analysis done till now has been on an ideal Buck converter. Due to the turn
ON and turn OFF delays in the actual switch, both the Psw and Nsw could be potentially
ON at the same time resulting in a large shoot-through current from supply to ground
during switching. To prevent this, the gate drives (Pprv and Nprv) have a non-overlap
region such that both switches are OFF for a short duration between switching (termed as
the dead-time, Tpr). The body diode of the switches turns ON during this time to

maintain the current through the inductor.



2.1 Small signal modeling

To build a stable loop around the buck converter, we need to know the small
signal behavior of the converter to perturbations in the control inputs like the supply
voltage and the on-time (Ton). The switching converters are time varying systems, but if
the frequency of perturbations is much lower than the switching frequency, we can
assume them to be constant during one switching period and use an averaged model. The
switch network is considered as a two port network and the waveforms across the port
are averaged to develop what is called the Averaged Switch Model [7-9]. An important
feature of this approach is that the same model can be used in many different converter
configurations without the need for re-derivation. The key step in circuit averaging is to
replace the converter switches with voltage and current sources, to obtain a time
invariant circuit topology. The waveforms of the voltage and current generators are
defined to be identical to the switch waveforms of the original converter. Once a time-
invariant circuit network is obtained, then the converter waveforms are averaged over
one switching period to remove the switching harmonics. Any non-linear element in the
averaged circuit model can then be perturbed and linearized, leading to the small signal
ac model [5].

The Synchronous Buck converter waveforms with the non-idealities considered
can be represented as shown in Figure 6. ‘Rp’ denotes the overall resistance in the ON
(supply) path and ‘RN’ represents the resistance in the OFF (ground) path. This includes

the MOS switch resistance, layout, bond-wire and PCB routing resistances. ‘Rr* denotes

10



the resistance in the SWout path including the inductor DC resistance. Resr is the

effecting series resistance of the capacitor.

Vin

- .
~ I2 a
bipighesoms \'x Vi
lioap i+--- / ............... [AI
lim """" [ l/ :
“““ Sl e USRI
Ton
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2 * w-hRs
A (Vin-Vour -i2(Rp+Ry))/L e —
|LPKE ____________ \) _______ g e
o P NN
7 g _ :
: (-Vour-i2(Ry+Ry))/L : Tooi .
et LY LR EEEREEPR RS, >t i s P P < S
BV A
S e R

Figure 6. Synchronous buck converter (non-ideal) and associated waveforms in CCM.
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The switch network is converted to a two port network with the terminal current
and voltage waveforms as shown in Figure 6. As with any two port network, two of the
four terminal voltages and currents can be taken as independent inputs to the switch
network and the remaining two are viewed as dependent outputs of the switch network.
Assuming vi(t) and ix(t) to be the independent port parameters, and averaging the
waveforms over a switching time period to get rid of the switching ripples in the

analysis, we can write

< v (t) >=<v(t) > [Eq. 2.9]
<i,(t) >= <iy(t) >=<ippap(t) > [Eq. 2.10]
<i(t)>= fon (&) <iy(t) > [Eq. 2.11]
SwW
<v,(t)> = fon (&) <v,(t)> — {to’v(t) Rp + 1;‘)N(OR,\,} <i,(t)>
TSW TSW TSW
> [Eq. 2.12]

The above equations assume a constant switching frequency and neglect the
effect of the dead-time assuming it is insignificant compared to the switching time
period. As can be seen, the equations involve the multiplication of time varying
quantities which makes it nonlinear. To get a small signal ac model at a quiescent
operating value (I,V) we assume that the input voltage (vin(t)), inductor current (ir(t)) ,
and ON time (ton) are equal to some given quiescent values Vin , ILoap and Ton plus

some superimposed small ac variations as shown:

12



<v(t) >=Vy + UIAN(t)
<iy(t) > = Ipap + i, ()

ton(t) = Ton + ton(t)

Assuming the perturbations to be small, the other averaged parameters would
also be equal to their corresponding quiescent values plus small ac variations in response
to these inputs. The non-linear equation can then be linearized ignoring the second order

terms in the expansion. This gives the linearized equations as

Ton + ton (1)

T [LLoap + iL(8)]
sw

<i(t) >=

L+ i) = ILOAD] [ on(®

Ton .
ILOAD+ on (t)l [Eq 213]

Ton + ton(t .
<v,(0)> = o T on’ )[VIN + vy (8)]
sw

Ton + ton(t 1—Tyn — ton(t
_{ON ON()RP_l_ on — ton(t)

RN} [LLoap + i, (t)]

TS w TS w

A Ton Ton 1—Ton
Vo +v,(t) = EVIN - (ERP + Tew

Ru) lioan)

T_VIN(t) + {Vin — (Rp — Ry) * Ioap}
sw Tsy

l ton(t)

T, 1-T .
- (ﬂ Rp + on RN> i (t)l [Eq. 2.14]
TSW TSW

13



Reconstructing the switch network from these averaged equations, we obtain the
small signal ac model for the converter operated in CCM as shown in Fig 7. ‘d(t)’
represents the small signal variations in the duty cycle ( D = Ton/Tsw). For a constant

switching frequency, d(t) =t o~ (t) / Tsw.

[V‘N + (Rn-Re)lLoanfd(t) L

lLOAD*d(t) / t
Vin(t) H roan(t)

Figure 7. Small signal model of synchronous buck converter in CCM.

Since most converters operate in the discontinuous conduction mode at light load
conditions, small signal ac DCM models are needed to ensure that the control loop is
correctly designed. As seen before, the output voltage depends on the load in DCM. So
the converter no longer has a voltage source output characteristics; hence the dc
transformer model is less appropriate. Here we have developed a “loss free” model of the
DCM buck using the averaged switch modeling technique. The port waveforms
associated with a synchronous converter in forced DCM can be found in Figure 8. As in
CCM analysis, vi(t) and i2(t) are assumed to be the independent port parameters and are
given by Eq. 2.9 and Eq. 2.10. The average value of output <vour> is also used here as

an external parameter to determine the Nsw conduction time Tp.

14
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Figure 8. Ideal and actual buck converter port waveforms in DCM.

<y (t) > — <wvoyr(t) > . t5n ()

<i(t) >= T Ton [Eq. 2.15]
<v,()> = fon(®) <v()>+1{1— fon(®) _ to(®) <voyur()> [Eq. 2.16]
Tsy Tsw Tsw

From the inductor current waveform in Figure 8, we can write,

<y (t) > — <wvoyr(t) > . ton (O {ton (@) +tp(®)}

< i,(t =
ip(t) > oL Tew

2LTey < ip(t) >
ton (D) (< vy (t) > — < wvoyr(t) >)

15

<tp(t) >= —ton(t) [Eq. 2.17]



Applying this in Eq. 2.16,

ton (t)

sSw

<v,(t)> = <voyr(t)> +

<v,(t)>

2LTgy <i,(t)> « <vour(£)>
<y (t)> — <vgyr(t)> ton (1)

[Eq. 2.18]

Using linearized Taylor series expansion for Eq. 2.15 and Eq. 2.18,

A (VIN - VOUT)TOZNl I TgN A A
L+i() = [ + vin () — vour(t)
1 1 2LTSW ZLTSW( IN ouT )
(VIN - VOUT)TON A
ton (0 [Eq. 2.19]
LTgy,
A [ TonVin 2LI04pVouT
V, +v,(t) = Vour + -
22 LT Taw Ton(Vin — Vour)
[ TON 2LILOADVOUT A
+ ( + 2>v1N(t)
| \Tsw  Ton(Vin = Vour)
2L104pViN A
+ (1 - )v ®
Toxn(Vin — Vour)?/) " °U"

<VIN 2LILOADVOUT

+ ton(£)
Tsw TOZN(V,N—VOUT)> oN

2LVoyr
TonVin — Vour)

i (t)l [Eq. 2.20]
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For an ideal converter in steady state, V, = Vyyr .

TonVin _ 2L1L0apVour
Tsy Ton Vin — Vour)

2Vin
Vour =
1+ [1+ 8LLSWZ
RioapTon

From Eq. 2.17 and Eq. 2.21, in steady state,

[Eq. 2.21]

for aresistive load as shown earlier.

and Tp =Toy ¥ ———— [Eq. 2.22]

_ 2LTswlioapVour Viv = Vour
oN Vin(Vin — Vour) Vour

Applying Eq. 2.21 in Eq. 2.19 and Eq. 2.20, we can obtain a simplified form and
derive the small signal DCM model for the ideal converter as shown in Figure 9. It is to

be noted that the parasitic resistances in the circuit is ignored for this analysis.

2V *d(t)

RioaoDVin/Vour A, L
72N Vour(t)
c

loan(t)

—r Rioao

vin(t)

2l0ao(Rioao/Reoa) *d(t)

Figure 9. Small signal model of ideal buck converter in DCM.
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The CCM and DCM models mentioned here provides an easy way to analyze the
converter in frequency domain and design a stable compensation network when the
bandwidth of the overall system is kept well below the switching frequency. When
bandwidths higher than Fsw/10 are to be designed, the phase degradation due to the
sampling effect has to be considered. The sampled-data analysis [10] and its

approximations would come handy in such scenarios.

2.2 Power loss estimation

As mentioned earlier, practical implementation of the buck converter suffers from
non-idealities in the switches and the passive components, which lead to power loss in
the converter. Figure 10 shows the implementation of a complete buck converter. The

major contributors to loss can be classified as in [11-13].
2.2.1 Conduction losses

These depend on the RMS value of the inductor current and the resistances in the
power flow paths weighted in proportion to their ON time. The resistance seen during
Ton 1s (Rp+RL) and that during Torr (Tp in DCM) is (Rn+Rr). The relative contributions
of these resistors remain the same in both CCM and DCM and can be approximated as,

VOUT VIN - VOUT
Rb+—— Ry +R
Viv Vin N

Rpe =
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Figure 10. Closed loop buck converter with loss contributors and corresponding
waveforms.
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Only the ripple component in the inductor current flows through Resr and hence
the conduction loss is expressed as the summation of the DC and AC components in Eq.

2.23. The equivalent AC resistance, Ry; = Rpc + Rgsr
Pconp = Pcpe + Pc 4o = IfoapRoc + Iic rmsRac [Eq. 2.23]
2
For CCM operation, IZc pys = % ,where Al is the peak — peak current ripple

Peonpeen = onoRoc + L—Your) Vour
cem 1212VR F2,

Ruc [Eq. 2.24]

To reduce the conduction loss at a given load, the resistance should be minimized
and/or the current ripple should be reduced. Reducing the resistance involves huge
MOSFET switches and wide routing; both of which consumes more area and add larger
parasitic capacitance. To reduce the current ripple, the inductance (L) and/or the
switching frequency (Fsw) would have to be increased. For DCM operation,

2
12 _ 2 2= Iipk Ton +Tp
acrus = Iirms = liave = —=*

T _ILZOAD [Eq. 2.25]
Sw

By equating the average inductor current to load current in Figure 8, the peak

inductor current in DCM, ILpk can be expressed as:

21 T,
— 2 LoAD_SW [Eq. 2.26]

| A—
L,PK TON + TD
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Substituting Eq. 2.22 and Eq. 2.26 in Eq. 2.25,

2 _ 4 1.5 (VIN - VOUT)VOUT 2
IAC,RMS - §ILOAD ZLFSWV[N — 1LoAD

The conduction losses in DCM can therefore be expressed as:

Viv = Vour)Vour
2LFsy Vin

4
Pconppey = I£oapRpc + §1L1'05AD\/ —I£oap | (Rpc + Resg)

- [Eq. 2.27]

If capacitor with negligible ESR (MLCCs) is used at output, the conduction loss
in DCM is proportional to 1.5™ power of ILoap and inversely proportional to the root of

the switching frequency as shown in Eq. 2.28.

Rpe [Eq. 2.28]

P _ 411.5 (VIN - VOUT)VOUT
CONDpcMm — § LOAD ZLFSWVIN

2.2.2 Switching losses

These happens during each switching of the power MOSFETs and is hence
proportional to the switching frequency. The parasitic gate-source and gate-drain
capacitances of Psw and Nsw needs to be charged and discharged by the driving circuitry
through a resistive switch. The energy required is given by ZCiAVi?, where C; denotes

each parasitic capacitance and AV;denotes the voltage change across it during switching.
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Determining the AV; associated with each capacitor from the waveforms in Fig

6,8 and 10; we can write the Gate Drive Power losses as,

PSWGD = [(CGSPSW + CGSNsw)VI%V + CGDp_gw(ZVIN + VD)Z

+ CGDNsw(VIN - VD)Z]FSW

Assuming the diode drop to be much less than Vi,

Pswep= (CGSPSW + Cosysw T 4Ceppgyy T CGDNSW)VI%VFSW [Eq. 2.29]

The inductive load seen by the switches causes overlap between current (ip) and
voltage across the switch (vps) during transition. The current in Psw has to rise to Im
before the Nsw body diode turn OFF and SWour node ramps to Vv in CCM. Similarly,
the voltage across Psw has to increase to Vin+Vp before the body diode can turn ON and
supply the inductor current as shown in the zoomed box in Figure 10. IV overlap loss
also occurs during Nsw turn ON and OFF, but the magnitude is much lower as the
voltage swing is only Vp (due to the non-overlap time in between). Neglecting the
clamping effect due to the parasitic inductances [14], IV overlap loss in CCM can be

written as,

1 1
Psw iy cem™= [ > Vin + Vo) lumtivp,, + > Viv + VD)ILPKtIVpoff

1 1
+ EVDILPKtIVNon + EVDILMtIVNOff Fsw [Eq. 2.29]
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Where trv pon, tiv poff, tv Non and tiv Nofr are the overlap time during Psw ON, Psw
OFF, Nsw ON and Nsw OFF respectively. Assuming all of them to be same (trv) and

knowing that the average inductor current is the load current,
Pswiy cem= Vin + 2Vp)loapty * Fow [Eq. 2.30]

In forced DCM, Nsw turns OFF when the inductor current reaches zero (ZCD
output) and Psw turns ON at zero current. The IV overlap loss is DCM can thus be

obtained by using Irm= 0 in Eq. 2.29 to give,

1
PSWIV'DCMz 5 (Vin + 2Vp) I pktyy * Fsy

Substituting I pk from Eq. 2.26 and Tox from Eq 2.22,

Vour Vin = Vour)
Psw v pem= iy + 2VD)t”’\/ 2LV,n * \IoapFsw [Eq. 2.31]

As seen from Eq. 2.30 and Eq. 2.31, IV overlap loss is proportional to ILoap and
Fsw in CCM and proportional to their square root in DCM.

The dead-time (tpr) introduced to prevent large shoot through current during
switching results in power loss (Pswpr). Similar to the earlier observation, the

dependence of this loss vary in CCM and DCM as shown by Eq. 2.32 and Eq. 2.33.

Psw = Urpk + Im)Vptpr * Fsy

23



Psw prcem™= 2lLoapVotor*Fsw [Eq 2.32]

Vour(Vin—Vour)
Psw pr,pem= VDtDT\/OUT+INOUT *\ILoapFsw [Eq.2.33]

Since the pre-driver stage does not have an inbuilt dead-time, they would have
some shoot through current; but is neglected in this analysis. Thus the overall switching

losses can be written as,

Psw = Pswip + Pswyy + Pswpr

PSWCCM:CGeffVI%VFSW-i_ {(Vin + 2Vp)ty + 2Vptpr} * loap Fsw

Vour Vin — Vour)
PSWDCM:CGeffVI%VFSW + {(Vin+2Vp)tyy + VDtDT}\/ 2LV, VILoapFsw

2.2.3 Quiescent current losses

This is associated with the additional power required by control circuitry. This
would include the reference generators, clock generator, error amplifier, comparators,
protection circuits etc. depending on the implementation and the mode of operation.
Since most of these blocks work from the same supply voltage, the quiescent power loss

can be expressed as (ignoring the component that depends on switching frequency),
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CHAPTER III

CONTROL STRATEGIES

In a DC-DC converter application, it is desired to keep the output voltage fixed in
spite of the variations in circuit elements, input voltage, and load current. This cannot be
expected of a converter with fixed duty cycle; we require a negative feedback. But before
designing a negative feedback control system, it is necessary to understand the variations
of output voltage with respect to these parameters without the feedback viz. the transfer
functions in open loop. From the small signal models derived in chapter II, we could find
the response of the converter in CCM and DCM to perturbations in vy or d, keeping the
other constant. Figure 11 shows the bode plot of the converter response to d variations in
CCM and DCM operation. As shown by Eq. 3.1 and 3.2, assuming Rpc << Rroap, the
CCM response has a double pole at the LC frequency while the DCM converter has a
load dependent single pole response owing to reset of the inductor current every cycle.

Vour(s)
Gva(s) = =775y loiv=o

Vin(1+ sRggg()
Gpa(S)lecem = [Eq. 3.1]
1+s( +RACC)+52LC

RLOAD

2Vin(Vin = Vour) |Rroap
1+ sRrcpC
(ZVIN - VOUT) RCDB ( ESR )

{1 + s(Viy — VOUT)RLOADC} {1 + sL }

2V1N - VOUT \/m

Gva(S)|pem [Eq. 3.2]
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Where Rcpg is the load corresponding to CCM-DCM boundary and is given by
(in ideal converter),

Vour _ 2LVy

= [Eq. 3.3]
Ieps - (Vin = Vour)Tsw

Repp =

The DC gain is dependent on the supply voltage VIN and is very low in CCM.
The CCM response has a Gain peaking at the LC frequency and the phase drops
drastically. The Switch, Inductor and routing resistance in the power flow path provides
damping. The Powerstage in DCM has higher DC Gain but very low bandwidth which
depends on the load. Since MLC Capacitors have very low ESR, 2mQ was used in
simulation. L=1uH, C=10uF, Tsw= 333ns was used. The ESR zero was at high frequency

and hence didn’t provide any phase improvement around the UGB.

Powerstage Frequency Response
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=
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Figure 11. Buck converter AC Response in CCM and DCM.
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3.1. PWM control

The constant frequency PWM is most widely used control strategy for the DC-
DC converter. Figure 12 shows a PWM controlled buck converter. The output voltage is
level shifted using the feedback network and applied to an error amplifier which
compares it with the required reference and generates an error signal. Proper frequency
compensation is applied to this signal so as to achieve a stable control loop. This error
signal is then compared with a ramp signal of the required switching frequency to

generate a pulse width modulated control signal to the power switches.

Psw
GATE DRIVER |
+ = R L
NON- :8 Vout
Dy overLap é
t Resr
ZcD | |
N
EW (s —l— lioap
| |CP
11
| |
W\’ 11 CiN
Rc C _|
Vre Vour

Y Ve AO+ VREF RiN Rs
. RAMP Rra

|__|GENERATOR
Vramp AN

Figure 12. Type IIl PWM voltage mode loop.
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Depending on how the Ramp signal is generated, we have:

(i)
(i)

(ii1)

Voltage Mode Control — Ramp signal independent of output voltage and current
Current Mode Control — Ramp signal generated from the inductor current ramp.
It requires additional circuitry to sense the inductor current which can also be
used for over current protection. It also needs an artificial ramp signal to be
superimposed on the inductor current ramp for stability in higher duty cycle
operation. Since the inductor current is controlled using a loop, the converter has
a single pole response which greatly simplifies the compensation.

V2 Control- Ramp signal is generated from the output waveform [15]. Since the
high frequency information in the output is processed directly without the error
amplifier, the error amplifier design is relaxed and can be optimized independent
of the transient performance requirements of the loop. This control however
requires a high ESR capacitor to generate a ramp signal of sufficient amplitude
and hence cannot be implemented with cheap MLCC. There are modifications

proposed which resemble the current mode control.

To lower the quiescent current, the current sense circuitry is avoided and a

Voltage mode control loop is utilized in this work [16]. The Control loop should

introduce sufficient low frequency gain to achieve good output accuracy. To mitigate the

phase degradation due to the LC double pole, sufficient frequency compensation needs to

be added at higher frequencies. The Unity Gain Bandwidth needs to be kept well below

the switching frequency to avoid the aliasing effects of the sampled system. Type III

compensation as shown in Figure 12 is well suited for high bandwidths with good phase
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margin, especially when low ESR capacitors are used at output [17]. Eq. 3.4 gives the

open loop transfer function of the control circuitry in CCM. Figure 13 shows the Bode

plot for the loop Gain along with that for each block.

GUOL (S) |CCM

GainidE)

Phase (Deg)

(1 4+ sR:C.)(1 + sR;yCiy)

LGPV

s(Cp + C)(Rs + Ryy) (1 +

SRinRsCiy

Trs) (14 R

Cp + C¢

)

1+ sRgcpC
( EsrC) (Eq. 3.4]

(
LG?AAlP

)

1+s(

+ RycC )+ s%LC
Rroap AC) y

CCM Frequency Responze

100
50 Camp.Niwrk UG
= W 2OMHE |
0 - - — — L,
o Lo i Lo
-50 ==
-100H == PowerStage '}
—'—Compensationfi S I T S5+ NS St B R
_150 | | —— ] L i1l T T Lol Laiitnl i aaqinl T
1 10 0o 1K 10K 100K 1M 10M 100M
Frequency (Hz)
300 ad
200
100
0 :Z::;
100 === PowerStage +I1___ _ l—j—?—:';":’;':r..-—; ; e
ol Compensation|| | ;i dmmmammtt T
1 10 100 1K 10K 100K 1M 10M 100M

Frequency (Hz)

Figure 13. Bode plot for Type III compensation in CCM.
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3.1.1 DC accuracy

Assuming very high DC Gain for the error amplifier, the closed loop tries to

maintain the level shifted output voltage (Vrg) equal to the reference (Vrer) at DC.

RFp Rppt+Rs+RIN

Vour * Rrp+RsTRIN Vrgr  oOr Vour = Vrer * Rrp [Eq. 3.5]
The overall loop DC Gain can be expressed as
_ Vin . _ Rpp
Ao, = Apgg * B * T Where feedback factor, {3 FY . [Eq. 3.6]

Ignoring the mismatches, Accuracy is depended on Gain in the loop. That is,
Higher Loop Gain corresponds to better Accuracy. For 1% Accuracy, we need a min.
Loop Gain of 40dB (100 V/V). The mismatch generates additional error which could be
trimmed to a great extent.

As the Supply voltage changes, the error voltage should change so as to change
the duty cycle and maintain output constant. For a AVe change in the error voltage, the
input of the amplifier needs a AVe/Aga change. To improve the Line regulation, a supply
dependent Ramp is proposed [18]. This ensures the same steady state value of error
voltage and thus improves the line regulation as shown in Figure 14. The Output
Impedance and supply dependency of a closed loop converter is inversely proportional to

the loop Gain. Thus by increasing the loop gain, we can improve Line/Load Regulation.
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Figure 14. Error voltage variation with supply in (a) constant ramp and (b) supply

dependent ramp scenario.
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3.1.2 Transient regulation

To improve the transient performance we should have a high enough UGB and
Phase margin for the loop. The highest UGB that could be designed is limited to Fsw/5
due to nyquist criterion (being a sampled data system ). In many power supplies, the
output capacitor determines how effective raising the crossover frequency will be. If the
main performance objective is driven by step load requirements, there is no benefit in

raising the crossover frequency above the output capacitor ESR frequency [19].

Fsw 1 }

Fo < min 2
cmax i 5 2m RESRC

[Eq. 3.7]

The lower limit on UGB is set by the LC frequency. As Voltage mode control
drives the LC filter through controlled switching, it is prone to oscillate at the resonant
frequency. To avoid this, we need to have high gain in the loop at this frequency.

For a sudden load step, the excess charge is supplied by the output capacitor till

the loop responds and hence the output drops. For a load step of Al the output would
drop by AV = Al * trf with a response time of tres. Hence, to lower the voltage dip for a

given load step and capacitance, we need to minimize the response time. The response

time of the loop is determined by its bandwidth and the inductor value.

AV x C
tres < T
Fomin > { > ! } [Eq. 3.8]
; max , . 3.
cmin {27‘[ \/LC} 2Tty eg 1
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There has been a lot of study done on the transient response of the control loop
based on the output impedance, loop bandwidth, output filter parameters etc [20-28].
These analyses do not give a complete picture when the load change is associated with a
change in the operating mode of the converter. For e.g. a load change from 1mA to
400mA may be associated with a change from DCM to CCM (when the inductor current
is not allowed to be reversed in the converter). The circuit has different bandwidths at
ImA and 400mA loads and the ramp up of inductor current to the final state would
depend on the supply, output and the inductance to some extend which is not predicted in
the above analysis. To reduce this time and to speed up the inductor current ramp rate, a
lower inductance is chosen at the expense of higher current ripple.

The transient response also depends on the state of the error voltage with respect
to the ramp in PWM mode. The converter considered for this discussion operates in
PWM and has forced DCM at light loads (Asynchronous or Synchronous with reverse
current detection). A PID Controller as shown in Figure 12 is used, which enables the
use of low ESR MLC capacitors at the output. A load change from 400mA to ImA
causes a fast responding control loop to switch OFF the Psw in the supply path for the
future switching cycles. The energy stored in the inductor during 400mA condition
would now be discharged onto the output capacitor raising the output voltage. Since the

inductor ramp down slope is Vout/L, the associated overshoot can be computed as in Eq

3.9.
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[Eq. 3.9]

The overshoot during a high to low load transient is governed by the inductor and
output voltage for a very fast loop. As the inductor current is prevented from reversing,
this extra charge dumped on the output is discharged only by the 1mA load. As a result,
the feedback voltage remains above reference for a long time and this causes the error
voltage to decrease much below the ramp voltage till it saturates. To change the error
voltage and bring the loop back into regulation, the output needs to drop below the
reference as shown by the red plots in Figure 15. The response of the converter to any
transients during this unsettled time would be slow and overdesigning for such a
condition is not practical. To tackle this slow settling during high to low load transient
some have proposed — (i) to let the inductor current reverse for a few cycles [29], (ii)
non-linear gain amplifiers [27] etc.

To make sure the voltage dip during a step change is maintained within limit all
the time using PWM control, this paper proposes clamping the error voltage at the
min/max values of the ramp signal. Figure 15 shows the advantage of clamping the error
voltage with a load transient applied before the loop settles (from a high to low load
transient). The loop becomes open as the error voltage is clamped. As soon as Vour
drops to the required value, the loop kicks in back and regulation in achieved. Almost
70mV reduction in the voltage dip is achieved (blue plots) by keeping the error voltage

clamped at the bottom of the ramp.
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Figure 15. Load transient with (blue) and without (red) error voltage (Ve) clamp.

3.1.3 Output programmability (DVS)

Most of the present day DC-DC converters incorporate DVS (Dynamic Voltage
Scaling) where-in the output of the converter is programmed on the run. This is generally
done using programmability in the — (i) reference voltage (ii) resistive feedback ladder.
We would need an amplifier with large input common mode range if we use reference
programming. Using switches to tap a different node in the resistor ladder to change the
feedback factor often result in unwanted transient behavior before settling. There can also
be a stability concern as the overall loop gain depends on the feedback factor in certain
architectures. This is often taken care of by changing the compensation values along with

output programming.
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Figure 16. Existing (a,b) and proposed (c) feedback signal generator.

This work proposes an IR drop shift of the output to generate the required
feedback signal as shown in Figure 16. Since there is no change in any resistance or
capacitance values, the AC response remains the same with output programming. By
adjusting Irg smoothly (ramp up/down slower than loop bandwidth) we can ensure

smooth output programmability.

Veg = Vour — (Rs + Ryy) * Ipg [Eq. 3.10]

OVEB — 1 — (Rg+ Ryy) * —2B ~ 1

dVouTt 0Vout

The current sources when implemented properly would have little dependence on
Vour. When using type Il compensation with a closed loop amplifier, the Vs node is
actually a virtual node and this prevents any Vps mismatch across output programming.

The implementation surely adds more capacitance at the Vrs node and amplifier design
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should incorporate that. One disadvantage of this methodology would be larger area, as
the current mirrors would need to be sized accordingly for the mismatch. Resistor
implementations have better matching inherently.

The Figure 17 shows the PWM loop response to output programming trigger
(black curve) of 0.9V to 1.2V. As can be seen, the output ramps up/down to the
programmed value in 20us in a synchronous operation. However, forcing DCM operation
slows down the ramp down rate depending on the load current (blue curve). A higher load
current would discharge the output capacitor faster to the new lower value resulting in a
lower settling time. This dependency can be avoided if we let the inductor current reverse

in a synchronous converter.
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Figure 17. Output settling during proposed DVS in CCM (red) and DCM (blue).
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3.1.3 Efficiency

The Efficiency of a buck converter can be computed as,

_ Poyr _ Poyr

Py Pour + Pross

_ VourlLoap
Vourlroap + {Pcpe + Peyc + Pswep + Pswyy + Pswpr + Pro}

n

The equations derived in chapter II could be used to compute the efficiency of the
converter operating in PWM mode. When the converter is operated in CCM, the power
loss can be written as in Eq 3.11. Since the frequency of operation remains constant, the
power loss has a quadratic relationship with the load current. At low load currents the

high fixed losses result in very poor efficiency.

Prosscem = IZoap * Rpc + Ioap * {(Viy + 2Vp)ty + 2Vptpr}Fy

(VIN - VOUT)ZVOZUT
2IPVA P,

Rac + Ce,p/VikFsw+ Vinlg by [EQ- 3:11]

By forcing DCM operation in the given switching frequency at light loads, the
inductor ripple reduces. The dead-time and IV overlap losses are also lower due to zero
current switching (Eq 3.12). The constant losses are still the same since the Fsw and the Ig

remain the same. Thus just by forcing DCM operation in PWM gives better efficiency at
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low-intermediate loads; but cannot improve efficiency below certain load as shown in

Figure 18.

RDC

s A | (Vin = Vour)Vour
P, = Tigap * 3
CONDpcm Loab ~ g 2LFsy, Vin

Vour Vin — Vour)Fsw
+ oap{(Vin+2Vp)ty + Vptpr}
2LV,

+ Co, Vit Fsw + Vinlg g [Eq. 3.12]
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Figure 18. Efficiency as a function of load in CCM and forced DCM at given Fsw.
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3.2 PFM control

A basic PFM controller checks for the output going lower than a pre-determined
reference to turn ON the Psw and charge the output; it then turns it OFF once the output
has crossed a higher threshold. As the rate of discharge of the output capacitor is
depended on the load current, the switching frequency varies with load and hence the
name “Pulse-Frequency Modulation”. The comparator delay also plays a major role in
determining the Ripple voltage and frequency of operation in this kind of a control. The
inductor current built up during the ON phase, discharge to the output even after the
switches are turned OFF, increasing the output ripple. This necessitates a very fast
comparator in-order to achieve control over the voltage ripple [30].

This thesis uses a Constant-On time (whenever output drops below a set
reference) to charge the output back to the required value and thus makes the frequency
of operation a linear function of the load and independent of the comparator delay [31].

Figure 19 shows the working principle.

40



9140

- VT OUTY
912.0
=
E 9100
=
908.0
19
- T{LPLUSY) 250.0 | 255.4593ma,
- T(ATIPLUS™ 2000 i
Z150.0
E1000
~ 500 ' .
ol e e e ey
-50.0
608.0
- VTVFRY
- YT("/YREF_0PE" 6060
<
E
=2
601.0
539.0
20
YTCOMPOUT"
- I YT{UDRV_INY 15
=
=
25
-25

— — —— — — ——
3725 378 3775 380 38.25 385 3875
time (us)

Figure 19. Constant On-Time PFM control waveforms at light loads.

Reference voltage (VREF 0P6) and feedback signal (VFB) are the inputs to the
comparator. The PFM comparator output (COMPOUT) goes low when the feedback
voltage drops below the reference voltage, Psw is turned ON for a predetermined amount
of time (Ton) and the inductor current ramps up. The difference between the inductor
current (LO/PLUS) and the load current (I7/PLUS) flows through the output capacitor
and increases the output (Vour) and the feedback signal. The maximum output voltage
ripple occurs at the minimum load current condition when all of the charge from the

supply is dumped on the output capacitor during Ton to raise the output voltage.

_AQ  TonWiy = Vour)Vin
AVourmax === 2VoyrLC

[Eq. 3.13]
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As the load current requirement increases, a portion of this charge is supplied to
the load and the output voltage ripple reduces. Above a certain load, the charge supplied
and thus the voltage rise becomes insufficient for the comparator to resolve as shown in

Figure 20.
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Figure 20. Constant On-Time PFM control waveform at maximum functional load.

At higher load currents, a small comparator delay results in a substantial dip in
the output voltage before the inductor current can ramp up. Figure 20 shows a 2mV dip
for 137ns delay in the comparator. The charge supplied during Ton should be able to
compensate for this. If not, the On-time generator would not receive a falling edge at the
comparator output and the control mechanism would fail. Additional control would have

to be used to detect this and modify the control. Few works suggest an (i) adaptable ON-
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time [32] (ii) more constant On-time pulses [18] etc. Building a fixed frequency constant
on time control with frequency compensation [33-35] seems to be a developing research
topic.

The maximum load a given On-time can support is a function of the comparator
delay and the charge dumped into the output capacitor during this ON-time. Ignoring
ESR of the output capacitor, the condition to be satisfied can be represented as in Eq
3.14. In reality the voltage could rise even after Ton, as long as I > Iroap, but that is

assumed to be the margin to compensate for comparator offset and delay.

1
4V = 2 1iTon = lioao(Ton + Tacomp)} * € > 0 [Eq. 3.14]
(VIN - VOUT)

oL Tén — ILoap (TON + Tdcomp) >0

, _ (VIN - VOUT)
LOAD maxPFM 2L(T0N + Tdcomp)

T2y [Eq.3.15]

As shown by Eq 3.13 and Eq 3.15, the voltage ripple and the max load support of
this scheme is dependent on (Vin-Vour), Ton and L. To keep the maximum load
support/voltage ripple of the scheme a constant, we would need the ON-time to track the
changes in supply and output voltage settings [36]. This work proposes a circuit

implementation which tracks both supply and output as shown conceptually in Figure 21.
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Figure 21. On-Time generation with Vin/Vour tracking.

A Current proportional to (Vin-Vour) is pumped onto a capacitor to create a
voltage ramp when the PFM comparator outputs a LOW. This is compared with a
reference (VRr) to determine Ton as in Eq. 3.16. Exact cancellation of ripple and load

support variation is still not achieved.

_ VrRprogCon

IonTon Ve o T
—©~  — VR ON —

[Eq. 3.16]

CON VIN - VOUT
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3.3 Dual mode

The constant frequency PWM is most widely used control strategy for the DC-
DC switching converter. The switching frequency of these converters are kept high to
tolerate smaller filter components (L & C) with acceptable ripple and also to support a
high enough loop bandwidth for given transient regulation (Fsw < Fsw/5). At light loads
(low output power) this mode of control has poor efficiency in a synchronous converter
owing to the dominant switching losses and reversal of the inductor current and
associated discharge of the output capacitor to ground. The methods adopted to reduce
the switching losses (CV?Fsw) include — (i) programming the driver size [37,38], (ii)
altering the gate drive voltage [39,40], (ii1) reducing the switching frequency [41], (iv)
optimizing the dead time [42] or a combination of all [43] in accordance with the sensed
loading condition. To prevent the unnecessary discharge of output capacitor to ground in
a synchronous converter, a Zero current detector (ZCD) block is often used to switch off
the Nsw when inductor current drops to zero; thereby forcing a DCM operation [44, 45].
Even with the above techniques implemented, the efficiency at very light loads is limited
by the quiescent current used by the control blocks. To improve the efficiency in this
regime, the current consuming blocks in the control circuitry have to be powered down.
To improve the battery life of present day hand held electronic devices, it is necessary to
reduce the losses within the power converters. As many of these devices are in the
standby/sleep mode during most of the time, improvement of efficiency at these light

loads is also very important.
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A Dual mode Buck Converter which operates in constant frequency PWM mode
at high loads (providing low ripple and good regulation) and a variable frequency
Constant On-Time PFM mode at light loads (tolerating higher ripple) is the solution
proposed. The efficiency improvement obtained by this technique is represented in
Figure 22. The main challenge addressed in this thesis is the transient regulation during a

sudden load step when the converter has to wake up from a low quiescent current mode

where most blocks are powered down.
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Figure 22. Efficiency improvement across load using a dual mode converter.
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CHAPTER 1V

MODE SWITCHING LOGIC

Since the use of dual mode has existed for long, there have been techniques used
to switch between the modes to optimize efficiency curve. But the ones that have very
good efficiency at ultra-light loads suffer during a large load transient and the ones that
meet stringent over/undershoot specifications often burn more power resulting in
reduced efficiency at very light loads. As explained earlier, this mode switching should

be dependent on the load current.

4.1 Existing solutions

For a transition from PWM to PFM, most of the existing solutions use the zero
current detector output [46, 47]. As long as the PWM loop is stable at light loads and can
keep the transient overshoot (during high to low load transient) within limits, this is a
fine strategy. This technique however cannot initiate a mode transition if it is required at
a load higher than the DCM value. If the choice of Inductor and the DCM boundary is
made so as to keep the frequency constant and ripple small at those loads, this strategy
would hold good. Few others [18, 48-50] use a current sensor to detect a low load
condition. This current sensor can also be reused for over current protection. The
accuracy and power consumption of such a sensor is a concern especially at very high

switching frequencies.
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The transition from PFM to PWM has been the bottleneck. [46, 47] uses an
additional comparator to detect a voltage dip to switch to PWM. If the PWM blocks
were powered down, this scheme assumes that the PFM comparators are fast enough to
regulate the output at higher load currents as well, implying more quiescent current. [18]
provide a burst of Constant On-time pulses once the inductor current dies down to zero
and switches to PWM based on the number of pulses required or on an additional lower
reference comparator output. In [48] a loading potential detector is used to sense the
current and switch between the modes. There are other current sensors reported to sense
the inductor/switch current as an indicator of the load current [50-53]. These however
can detect a load change only after the loop has corrected for it. Since the detection is
slower, the control used at light loads should be able to work even at higher loads to
maintain regulation. The quiescent current of this detector affects the light load
efficiency. An Iq of 4uA 1is reported in [54], but it requires external pin to select the

mode.

4.2 Proposed strategy

Figure 23 shows the architecture of the proposed dual mode buck converter. The
feedback and reference are connected to both the Error Amplifier (through a switch) and
the PFM comparator. During PWM operation, the Vrg node acts like a virtual ground;
this prevents the comparator from toggling due to the switching ripple and other high

frequency components in the output. During PFM operation, the error amplifier is
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disconnected and Vs tracks Vour with a DC level shift. The outputs from the PWM and
PFM blocks are muxed based on ‘SEL PWM’ from the ‘Mode Sel Logic’ block; and
supplied to the driver for switching the power stage. During the PFM mode, the PWM

blocks are powered down using the ‘PD PWM’ signal.

Psw
GATE DRIVER

PFM COMPOUT + =
MODE NON- a w
PWM | SELECTION OVERLAP E

+

—
) LOGIC PWM
A Nsw

o PR ;’.-;L"L:M ----- [ I G
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ON TIME
GEMERATOR
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RAMP GEN.

PFM COMPOUT
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Figure 23. Proposed dual mode buck converter.

Continuous assertion of the ZCD output is checked for a few cycles (16 cycles) to
ensure a light load condition and to transition from PWM to PFM. This is similar to
earlier works. To transition from PFM to PWM, the technique proposed in this paper
uses the zero current detectors and the inherent limited load support feature of the

constant on-time scheme. By avoiding a separate current sensing block/comparator and
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by powering down the PWM blocks, the quiescent current at light loads are kept to a
minimum improving the efficiency further. The blocks operational during PFM are (i)
PFM Comparator (ii) Tracking On-time generator (iii) Few bias generators and (iv) Zero
current comparator. The Zero current detector is switched ON during the start of Nsw
power switch ON time and turned OFF once the detection is done. Since this ON time is
very short in comparison with the switching frequency at light loads, the average current
consumption of this block becomes negligible.

As the load current increases above the limit, the On-time provided would be
insufficient to bring the output back into regulation and the output voltage would drop
indefinitely. Instead of using another comparator to detect this voltage drop (which
would add to the power consumption and incur additional delay), the ‘Low to High’ edge
at zero current detector output is used to check if the primary PFM comparator still
outputs a LOW (indicating output lower than required). Ideally the fastest detection
point is when inductor current has reduced below the load current (after which output
cannot increase); nonetheless, the present approach works fine considering the delay in
the comparators. To bring the output back into regulation as soon as possible without
further drop, the current in the PFM comparator is increased (to reduce its delay) and its
output directly fed to the driver using the H2P signal as shown in Figure 23. Meanwhile,
the PWM blocks are powered up.

Once the PWM blocks ‘UP’ signal is received (after a programmed number of
PWM clock pulses), the control shifts to PWM soon after the next PFM comparator

HIGH (output above the required value). SEL. PWM signal goes HIGH and it connects
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the Ve node to the error amplifier and Cc into the feedback path. During power up, the
error amplifier is connected in a unity feedback configuration forcing Vg to be equal to
Vrer [46]. The positioning of the Ramp pedestal value is done in such a way that this
error value is close to the required duty cycle (or at the mid value of the ramp). These
small but effective modifications help reduce the voltage dip/overshoot during the mode
transitions.

Since the transitions back and forth are based on different control signals, there
should be some hysteresis built into this mode transition as shown in Figure 24 such that

the converter does not keep switching between the mode at any constant load.
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Figure 24. Mode transition signal (SEL_PWM) hysteresis during load change.
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CHAPTER V

DESIGN PROCEDURE

To validate the proposed improvements a buck converter was designed to meet
the specifications shown in Table 1. Since only 1.8V devices were readily available for
tapeout, the supply voltage was kept to a max of 2V. The lower extreme for supply was
chosen to be 1.4V to provide enough range to show the improvement in supply rejection.
The output was made programmable between 0.9V and 1.2V to test the new feedback
architecture and its benefits.

The output filter values were restricted at 1uH and 10uF to lower the area. Multi-
Layered Ceramic Capacitance was planned to be used because of the cost/area reduction
and the very low ESR. The required switching frequency was determined based on the
given LC values and transient specifications unlike the regular method of determining
LC values from the given switching frequency. The transient voltage dip/overshoot
durng a load transient was set to be no more than 50mV. The low output filter
capacitance and the tight transient spec neccesitates very high bandwiths for the loop and
hence a higher switching frequency. Another challenge is the high efficiency across a
load range from 1mA to 500mA. The converter was supposed to transition between the

modes automatically with a very low quiscent current.
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Table 1. Specifications for the buck converter design.

PARAMETER SYMBOL CONDITIONS MIN TYP MAX UNITS
Input Supply ViN 1.4 2 v
Voltage
Output Voltage | Vour 0.9/1.2 \Y
Output Ripple Vriepee | MAX. in standby 2 15 mV
Voltage (peak to TYP in PWM.
peak)

Quiescent Current |Iq Vin=1.8V,lour= OmA 20 uA
(PFM mode)

Load Regulation Iour=10mA to 400mA -0.2 0.2 %
at Vin=1.8V

Line Regulation Vin=1.4V to 2.0V -0.2 02 %
at lour=200mA

Transient Iour=1mA to 400mA and -50 50 |mV

Regulation back in lus

Load current Iour PWM mode 500 mA
PFM mode 100 | mA

Inductor ESR LEesr L=1uH 0.05 Q

Capacitor ESR | Cgsr C=10uF 0.0151Q

Switching fs 3 MHz

Frequency

Efficiency Vour=1.2V %
Vin=1.8V,IOUT=500mA 85
Vin=1.8V,Iour=200mA 90
Vin=1.8V,lour=1mA (PFM ) 85

Startup Current 100 | mA
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5.1 Voltage ripple

For the given Vin, Vourt, L and C values, assuming negligible capacitor ESR, we
could calculate the switching frequency required in PWM to keep the ripple under
specification as shown in Eq 5.1. This is derived from Eq. 2.7 and 2.8. The required
value comes around 650KHz. In PFM mode, the max value of Ton at 1.8V/0.9V is
determined by the voltage ripple specification as shown in Eq 5.2 to be 408ns. The On-

time would track Vv and Vour to keep the ripple constant.

E o Vin = Vour)Vour _ (2-10.9)0.9 [Eq 5.1]
SW_min 8V;yLCAV,, 8x2x1u=*10ux*0.015 q .

24V, VourLC 2 %0.015*0.9 * 1u * 10u
Ton,max _\/ — = \/ [Eq. 5.2]

Viv = Vour)Vin (1.8-10.9)1.8

5.2 Quiescent current

Quiescent current is defined as the total current taken by the control circuitry at
no output load (and hence, it ignores any Power switching). To have a very low
quiescent current, we need to achieve regulation with minimum number of blocks. The
PFM mode uses just a comparator and the On-time generator and helps in achieving this
goal at low load currents. Other blocks in the converter that might need to be operational
are the reference generators, current and voltage bias circuitry and ZCD. Since the ZCD

is switched only during Nsw ON, the current consumption of this block is reduced to just
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the bias values at no-load. Thus we could allocate current to various blocks as shown in
Table 2. In this work, an external voltage reference is used and the extra current is used

for the PFM control blocks to reduce the delay of the comparators.

Table 2. Current budgeting for Iq

Block Current

Reference generator | SuA

Bias/FB Circuitry 2uA

PFM Comparator 4uA

On-Time Generator | 6uA

ZCD standby 3uA

Total (Iq) 20uA

5.3 Accuracy and stability of PWM loop

As mentioned earlier, the accuracy of output depends on the accuracy of the
reference and the loop gain of the converter. The inherent offsets in the control path are
assumed to be trimmed by varying the reference. For 0.1% accuracy, we need a loop gain
of over 60dB at low frequencies. The following section analyses the transfer function of
the loop to achieve a stable control with this DC gain.

The buck converter transfer function from change in compensated error voltage,

Ve to Vout in CCM is given by (Assuming negligeble Rgsr):
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V S V
;)/UT( ) _ (V IN ) . - [Eq. 5.3]
E(s) RAMP/ | t+ g (ﬁ) + s2LC
The Gain is limited to Vin/Vramp and it has a double pole at — . To improve

Zn\/ﬁ

the DC Gain and obtain good phase margin a lead-lag (Type III) compensator was used

as shown in Figure 25.

CiN _| I—\/\/V‘— Iy

fz1 fz2 fp2 \'\L'

Figure 25. Type III compensation architecture and corresponding transfer function.

Z Z
VE(s) = Zgg(s) * Ipg(s) + Vger(s) * <1 + ZTEEZD + Vour(s) * 21:58
Where (ignoring Cp),
Zen(s) = (1 + sR¢Ce) Z0(5) = (Rs + Ryp) * (1 + s(Rs||Rin)Cin)

SCC (1 + SRINCIN)

Assuming Irg to be open for AC and Vrer to be an AC short;

Zpg(s)

Ve(s) = Vour(s) * m
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Ve(s) (1 + sR¢Ce) * (1 + sRyyCin)
Vour(s)  s(Rs+ Rin)C¢ * (1 + s(Rs||Rn)Cin)

[Eq. 5.4]

Ao is the open loop gain of the differential amplifier. The Plateau Gain, Ap is

fixed at Rc/(RstRm).
_ 1
fa1 = 2R C,
_ 1
fZZ B ZTERINCIN
1

fpz B 21 (Rs||R;n)Cin

The first pole zero pair is used to set the high DC/Low frequency gain. The
second zero (fz2) is used to provide the phase improvement around the UGB, assuming
the amplifier has higher openloop bandwidth. The phase improvement also depends on
the positioning of the second pole (fp2). At higher frequencies , the gain would roll-of
due to the limited bandwidth of the amplifier (UGBAa or) and hence we do not need a
separate ‘Cp’ as shown in Figure 25.

Since the basic converter had a gain of 10, the openloop gain of the amplifier,
A0>100 for the overall loop to have 60dB gain. From Eq 3.18, the required openloop
UGB was calculated to be 320KHz (inc. margin) to meet the given spec for load
transient and to have some gain around the LC frequency (50KHz). This necessitates a
switching frequency of 3MHz. The second zero was placed just outside the UGB so that

bandwidth variation due to the RC tolerances are controlled. This would limit the
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maximum attainable phase margin to be less than 45degree. The same analysis was done
with a buck ac model for DCM. At lighter loads, when the converter is in DCM, the
double pole splits into two separate poles and one of them moves into lower frequency
with decrease in load. The first zero was placed much before the LC frequency (10KHz)
to regain all the phase dropped due to the integrator in CCM mode and also to provide
some phase margin in DCM light load condition. PWM switch model was used to study
the AC response of the power stage in both the modes. The R/C values obtained from the
analysis are listed in Table 3. Figure 26 shows the overall loop response for CCM and
DCM (1mA) condition. Since the characteristics are different and the response is slower
in DCM than that predicted by the CCM bandwidth, the voltage dip/overshoot would be

higher for a similar load step involving DCM load as shown in Figure 27.

Table 3. PWM loop compensation RC values

Rs 5KQ Rc 320KQ
R | 75KQ Cc 50pF

Ci S5pF Vin/Vrame | 10 VIV
Ao | >200 V/V | UGBaA oL | IMHz
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5.4 Load support

Architecturally, the PWM loop can support any load; but the higher conduction
losses and current handling restrictions of the metal routing and inductance limit the
maximum load current where good performance is guaranteed. Depending on the
switching frequency obtained, the max load above which the converter would operate in
very low ripple constant frequency PWM mode (CCM) could be derived from the CCM-
DCM boundary current equation (Eq 2.7). For 3MHz operation, this translates to PWM
operation above 80mA.

To have enough hysteresis in the mode transition, the PFM load support should
be maintained higher than 80mA. Using 100mA as the min. load support in PFM mode,
and assuming Tdcomp << Ton, the minimum On-time required can be calculated (from Eq
3.15) as shown in Eq 5.5. The value came out to be 220ns. For higher Tdcomp, we should
increase Tonmin accordingly. From Eq 5.5 and 5.2, and from detailed simulations, a

default Ton value of 300ns was used for 1.8V/0.9V.

2ILOADPFML

T o~ Eq. 5.5
ON ,min (VIN _ VOUT) [ q ]

To support the maximum current of 500mA in PWM mode, the Power switch

transistors and routing were sized according to EM and efficiency specifications.
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5.5 Efficiency - power switch sizing

Power Switch sizing is one of the major steps involved in optimizing the
efficiency of the converter. As mentioned earlier, the major contributor to loss at high
load currents is the conduction loss across the resistive elements in the energy flow path.
Hence the efficiency requirement at max load puts restriction on the minimum switch
size. The only way to decrease the switch resistance is by making the switch bigger
(larger W/L) which results in higher gate capacitance and thus reduced efficiency at low
load currents. 85% efficiency at 500mA translates to a loss of approximately 75SmW and
hence a maximum resistance of 240m£ (assuming 80% of this loss is due to conduction).
This resistance includes the inductor ESR and all the board and die routing parasitics.

To optimize efficiency, we have to optimize switch size at an intermediate load
current value to have equal switching and conduction losses. Here we have chosen the

load current to be 200mA.

5.6  Feedback programming

The design incorporated two output voltage settings (0.9V and 1.2V). The
Reference voltage was chosen to be 600mV as these references ICs were readily available
in market. The sum of Rs and Rin as derived from the earlier section totaled to 75KQ. For

an output of 900mV,

0.3
Ipp * (Rs + Riy) = 09 — 0.6 =03V~ Ipp = = 4ud
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To program the output to 1.2V, we would require an additional drop of 300mV
across the resistor. This was done by adding one more branch of 4uA. The current sources
were implemented using cascode current mirrors as shown in Figure 28. The slow ramp-
up/down was achieved by ramping up/down the NCAS; voltage through a controlled
current. This smooth output transition is achieved at the expense of silicon area in the

form of additional NCAS generators and capacitors.

vDD_ANA

1CAS2
SEL_1p2V
I J II_I ncas1 | NCAS2 Il ..
||_. I
SELB_1p2V
—
II'_‘ npas | e [ .. B
A S N S Nl
VSS_ANA "=
VEB=1Ifhl*(Bs+Rin) | SEL_1p3V=10
Ire PROGRAMPMING VEB = (Ifb1+Ifb2)* Rs+Rin) | SEL_1p2V=1

Figure 28. Feedback programming implementation.
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5.7  Error amplifier implementation

Figure 29 shows a simple circuit implementation for the clamped Error
Amplifier. It is a two stage amplifier. First stage contributes all of the gain. The error
voltage has a maximum voltage of min. (Vr2, L*(RouttRped)) when Vour drops
drastically below the set value; and is clamped at [;*Rped when Vour overshoots. The
CM node is also the pedestal for the supply dependent ramp generator to ensure that the

error voltage doesn’t go below the ramp signal at any circumstances.

Ve

|

|

: e s Vernaz = [2*(Rour+Rped)
l P VI5_ANA Vernin = [2"Rped
|

|

|

-
-

Figure 29. Proposed error amplifier schematic with compensation.

Overall Gain, Ao = (gmo/gds2)*gmg*Rout. To ensure a constant voltage at CM

even during transients, [ >> (Vrs-VEg)/Rec.
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5.8 Supply dependent ramp generator

Figure 30 shows the ramp generator implementation. AMP1 generates a current
‘I’ proportional to the supply which is then used to determine the ramp peak voltage. The
Ramp pedestal is fixed by the error amplifier at CM node. During the start of every
cycle, Cramp gets charged through the supply dependent current ‘yI” and Vrawmp rises.
Once Vrawmp reaches Vpeak, the capacitor is reset and Vramp drops to the Veum value. By
using a supply dependent current to charge the capacitor, switching frequency is
maintained constant even with varying Viv and Vrawmp.

y
Fsw = —— Eq.5.6
XCRpgak [ |

L VDD _ANA

: 'Z;/IPII E : _i VERAME
ot | Pt L,
3w - PM}%&I} ¢ T,

I=R2*VIN/ R(R1+R3)

I VPEAK = CM+ x[ *RPEAK
o | . | AVEAMP = VPEAK - CM

Fsw =+l / C*"AVRAMP

I_
W
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i
ill

&
L

A

Figure 30. Supply dependent ramp voltage generator.
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5.9 Comparators

A differential stage followed by a common source stage was used to compare
signals as shown in Figure 31. A total of 40uA current was used for the fast PWM
comparator, while the low power PFM comparator operated at 4uA. The delay
programmability during transients was implemented by adding/removing MPX into the
circuit using STANDBY PFM signal as shown in Figure 31. The configuration shown is
for the low power PFM mode. When faster comparison is required (as is the case during
a load transition), the switches toggle and turn OFF MPX. Since MPY has to source all
the current (Ib), node VB goes lower, pushing more current through MPT and MP3

reducing the delay.
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Figure 31. Comparator architecture.



5.10 On-time generator

The schematic implementation of the On-Time generator can be found in Figure
32. Transistor MP1 was sized to generate a voltage Vg = Vour — Vtp. Transistor MP2
was matched to MP1 but with higher current capacity (using more multipliers)
depending on the default Ion requirement. This ensures Vs ~ Vour. Thus we have a
current, Ion = (Vv — Vour)/Reroc flowing through MP2. When the PFM_COMPOUT
signal goes low, this current is steered into the capacitor Con. When the Voltage Von
rises till Vg, the comparator toggles and resets the Flip-Flop. The Comparator could be
replaced by simple Common source stage or an inverter at the expense of On-time

variation.
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Figure 32. Tracking On-Time implementation.
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5.11 Zero current detector

Zero Current Detector (ZCD) is used to switch OFF the Nsw when the inductor
current reverses. This prevents unnecessary wastage of power and forces the converter

into DCM.

Figure 33. Zero current detector principle and waveform.

During the Nsw ON time, Vgywouytr = —iL * Ry + Vsg, where Ry includes the Nsw
ON resistance and the layout metal routing resistance and Vss denotes the ground
potential within the chip. Hence to detect a zero inductor current, we just need to look for
Vswour increasing above Vss. Usually an intentional offset in put in the comparator as
shown in Figure 33 so as to prevent the delay in comparator and control chain from
causing a negative inductor current. The two inputs to the comparator are routed directly

from the pads to have an accurate comparison.
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Because of the common mode constraints (negative values of Vswour), many
works suggest DC shifting the signal and comparing [55]. In the present architecture, we
use a common gate differential stage to sense and compare the signals. The comparator is
initialized when Psw is ON. ‘Rinitial’ generates an offset in the comparator and keeps the
output low during initialization. To prevent the comparator first stage from seeing

sudden transients in SWOUT, it is isolated till Nsw turns ON as shown in Figure 34.
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Figure 34. Zero current detector schematic
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The intentional dc offset is provided using ‘Roffset’. The equilibrium point is

when,

Vngias — VSSsw = Vnpias — klg * Roffset — Vswour

Vswour — VSSsw = —klp * Roffset

. Roffset
L yrippe = klg * R, [Eq.5.7]

By using NMOS switches as in Nsw to generate Roffset, we can maintain a fairly
constant DC trip point across PVT. Since Ry also includes large metal routing resistance,
exact tracking would be impossible. ‘k’ represents the ratio of W/L between MNB and
MNI1/MN2. Since the ramp down rate of inductor current depends on the output voltage,
ILwippe should be varied using Roffset with Output voltage programming.

The first stage output is fed to a common source second stage with current source
load for additional gain. Its Output is fed to the Schmitt trigger to give better noise
immunity. To prevent Nsw from turning ON till next Psw ON, the output of the Schmitt
trigger is latched and fed to NDRV generator. Once the decision is made, the first stage
current is cut-off to save power, especially during the PFM mode of operation. The PON
time is generally sufficient to wake up the comparator and be initialized to perform

correct comparison.
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5.12 Softstart

To prevent sudden inrush current during startup, the Gate of the Psw is tri-stated
and connected to a bias voltage. This high bias voltage limits the current in the power
switch. By generating the bias voltage using a current source and identical diode
connected PMOS transistor, the startup current could be controlled as shown in Figure
35. Once the output is charged to the required value, the SFST signal is deactivated using
the PFM comparator output in the MODE SEL LOGIC block. This mechanism can
charge the output to the required value smoothly as long as the load is lower than the

softstart current (K*Ig).
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Figure 35. Soft-Start implementation.
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CHAPTER VI

MEASUREMENT RESULTS

A buck converter was implemented using the above control mechanism in
IBM180nm process. It was packaged in a 36 pin QFN as shown in Figure 36. Multiple
bondpads were used for the switching supply and ground connections to reduce the
parasitic inductance and resistance so as to minimize the supply/ground bounce during
switching. The switching and quite part of the chip were placed and routed far apart to

reduce coupling. Figure 37 show the major connection required on the board.
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Figure 36. Bonding diagram for 36 pin QFN.
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External components were purchased and a PCB was designed and manufactured

for testing the chip. There were options provided in the PCB for debug through test

switches. Figure 38 shows the design of the PCB following the guidelines in [56-58].

Two LDOs were soldered on-board to provide the switching and quite supply for the

buck converter incase the DC voltage source was very noisy. Options exist to bypass the

LDO and provide supply directly from the DC source. The bias current and reference

voltage was provided using external IC on board to lower the offset. A series of switches

powered by the quite supply was used to program the digital test options on the chip.

Load transient test were conducted by connecting a programmable resistance at the

output and switching it using external trigger. There was also an option to test the load

transients using a current mirror load.
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Figure 38. Complete PCB schematic.

Figure 39 shows the test results for the first (Jun 2014) tape-out. Problems in
regulation were seen at higher load currents (above 400mA) and efficiency was much
lower. This was debugged to be because of the huge parasitic resistance in the layout due
to fewer contacts. By taking the reading from the sense pins and correcting for the
package and PCB parasitics, the results could be improved further. The chip however
adheres to the trend in the efficiency curve as predicted in the thesis. The efficiency is

improved during light load condition.
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Figure 39. Measurement plots from the oscilloscope.
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Figure 39. Continued

In Figure 39(a) the pink curve denotes the SHDN signal and the blue
curve represents the converter in soft-start mode. The output can be seen ramping up to
the desired value in the yellow curve. Figure 39(b) shows the load transient curve
obtained by switching the resistive load. The pink curve denotes the transient trigger, the
blue represents the converter’s mode of operation (SEL PWM) and the green curve
represents the supply voltage inside the chip. The output (yellow) drops during a low to
high load transient and the fast control mechanism switch the current in the PFM
comparator and regulate the output till the PWM blocks kick in (as shown in the
magnified box) and the converter moves into PWM. During a high to low load transient,
the output overshoots and once it is in regulation, the converter switches from PWM to
the PFM mode. Figure 39(c) and (d) shows the transient response with the mode forced

externally.
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Figure 39 (e) — (h) shows the Dynamic voltage scaling at different loads. At light
loads, an increase in output was seen to cause an intermediate mode change; but the
output ramp-up was smooth. The ramp-down of output voltage was depended on the load
current as no additional current sink was incorporated. At 1mA (g) the output
programming from 1.2V to 0.9V took 4ms; while the output settled in less than 20us at
200mA load.

Table 2 summarizes the test results. As can be seen, the transient and efficiency
value are out of specifications. Modifications done in the schematic would be reflected in
the Dec tape-out. The switch layout was optimized for improving the efficiency at high
loads and proper sequencing was done to take care of the transient dip and overshoot. To
measure the quiescent current, the load was disconnected and the supply was directly fed
through the DC voltage source with an ammeter connected in series. Sufficient

decoupling capacitors need to be connected at the input for this test.
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Table 4. Test Summary (Jun Tape-out)

PARAMETER SYMBOL [CONDITIONS MIN | TYP | MAX [ UNITS
Input Supply Voltage Vin 1.5 1.8 2 Vv
Output Voltage Vour 0.9/1.2 Vv
Output Ripple VRippLE 15 mV
Transient Regulation Iout=1mA to 400mA and | -8(4) 4(4) %
back in lus
Load current Tour PWM mode 400(500)] mA
PFM mode 60(100) | mA
Inductor ESR Lesr L=1puH 0.02 Q
Capacitor ESR Cesr C=10pF <1 mQ
Switching Frequency fs 3 MHz
Efficiency n Vour=0.9V %
60
VINZI .8V,IOUT:4OOH1A (86)
(PWM mode)
75
VINZI .8V,IOUT: 1 OOmA (94)
(PWM mode)
80
Vin=1.8V,IOUT=1mA (88)
(PFM mode)
Startup Current? Ist Vin=1.8V 150 mA
Quiscent Current Iq Vin=1.8V,lour= OmA 18 uA
(PFM mode)

() schematic simulation results
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CHAPTER VII

CONCLUSION AND FUTURE WORK

A simple and effective strategy was proposed to maintain high efficiency at very
light loads with a small voltage ripple and fast load transient. The technique was shown
to be successful for a range of input and output voltages. The Input was varied from 1.3V
to 2.0V and the output was made programmable between 0.9V and 1.2V. The faster
detection and PWM loop initialization helps in reducing the voltage dip/overshoot. The
load transient was seen to be +/- 40mV in the schematic simulations .The output ramp-
up/down with programmability was made smooth with a new architecture. This new
implementation could also remove the need for compensation change that would have
been required with output programmability in a resister ladder feedback when used with
an open loop error amplifier. Table 5 shows the comparison of the proposed converter
with that reported in litreture.

All of them uses various modifications of the basic PFM and PWM scheme to
improve the efficiency throughout the load range. We were able to meet the maximum
efficiency at a current as low as 1mA in simulations. The Chip fabricated in the
December with the corrections made in the schematic is expected to meet the

specifications as reported.
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Table 5. Comparison with reported literature

This Work [48] [49] [54] [43]
Technology IBM TSMC TSMC 0.25um TSMC
0.18um 0.25um 0.35um 0.35um
VIN 1.4-2.0 3.0-4.5 3.0-5.0 2.8-5.5 33
VOuT 0.9-1.2 1.8 1.8 1.0-1.8 1.65
L/C luH/10uF luH/4.7uF | 10uH/10uF | 10uH/47uF | 4.7uH/4.
TuF
Fsw 3MHz SMHz IMHz 1.5MHz IMHz
Vripple 15mV 50mV 35mV 25mV 35mV
Control PWM/PFM Dual- PWM/PFM | PWM/PFM PWM/
Freq Hop (Ext. Mod sel) | DSM
/PFM
Efficiency 86% 55% 82% 80% 90%
@ 1mA @ 5SmA @ 1mA @ 1mA @ 1mA
Transient -/+40 mV +/- 60mV N/A 25mV 66mV
1 to 400mA | 1 to 500 mA 0.1 to 100mA 30 to
120mA
1Q 18uA N/A 122uA 4uA N/A
Area 1.5mm? 1.38 mm? 3.57mm? | 2mm? (active) | 3.2mm?
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