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An Active Clamp Circuit for Voltage Regulation
Module (VRM) Applications

Albert M. Wu and Seth R. Sanderglember, IEEE

Abstract—This paper discusses the design, fabrication, and test portant implementation issues such as integrated circuit layout

ofa CMOS active clamp circuit. The active clampis alinear voltage techniques. Section V contains test results, and Section VI con-
regulator, with a voltage deadband to allow for voltage ripple, that tains conclusions and comments.

is designed to operate in parallel with a switchmode voltage regu-

lator. Its specific function is to sink or source large transient cur-

rents to microprocessor loads, thus allowing operation with very Il. APPLICATION

small output capacitance. Laboratory tests on a prototype IC ex- ) )

hibit stable behavior with negligible overshoot with only 47 mi- A. Active Clamp Function

crofarads of output capacitance with loads of about nine amperes. Fig. 2 shows the interconnection of the active clamp circuit
Output impedances of 2—-3 nf2 are achieved. . . . o

with a typical dc—dc converter. The active clamp circuit works
in parallel with the output of a switching regulator. Under steady
state load conditions, the active clamp circuit does nothing, i.e.,
|. INTRODUCTION it appears as a high impedance terminal. If an abrupt load change

RESENT day microprocessors such as the Intel Pentil2geurs which is sufficient to cause the output voltage of the

; . ; sv¥itching regulator to exceed a certain tolerance band, the ac-
series devices require over 14 amps of supply current_ al S . .
tlr{e clamp circuit will turn on. Typical waveforms of the appli-

voltages in the range of 1-2 V. The load demand can exhikc):ation are shown in Fig. 1. The top waveform shows the load
abrupt changes from light load:Q.5 amps) to full load in a 9. L. P

fraction of a microsecond [1]. Future processor generations é:ruerrent changing from low{1 A) to high (10 A). The middie

roiected to require areater current. up t 100 amos. at su V\raveform is the output voltage of the switching regulator. Be-
proj d 9 » Up PS, PRYe the load changes, the output voltage contains steady-state

voltages as low as 1 V. Furthermore, these future processagrs

are projected to impose load steps wiltYdt on the order of ripple, since the active C"f"mp IS o_ff and in a high impedance
. . . state while the converter is operating normally. Once the load

450 amp/:S when the processor switches between inactive an . ) S
X . . e steps up, the output voltage begins to sag since the switching
active modes, or vice-versa. These trends impose difficult re- } o .
regulator cannot increase its inductor current instantaneously.

quirements upon the switching regulators supplying power \tﬁhenV drops belowsV from its average, the active clamp
the microprocessors. One particularly difficult requirement 'rs out : ’ .
rns on and behaves as a linear regulator. As stigh, will

to maintain the output voltage within a certain tolerance barQIIEHroop below the tolerance band due to the finite regulation of
under large and abrupt load changes.

The goal of this work is to design an integrated circuit ca{he circuit. The output voltage begins to recover as the inductor

. : current (lower waveform) of the switching regulator increases.
pable of supplying the transient currents to these PTOCESSHIRis the active clamp circuit must be able to handle the full

The implementation of this circuit, referred to as an “ACtiV‘foad current, but only for a short period of time. This is typi-

Clamp?” can be thought of as two large single-ended transcocrgﬂly tens of microseconds, determined by the time required for

ductance amplifiers, each connected in a unity-gain fE’e‘jbaﬁ%e switching regulator to take over the load current. Note that a

scheme. The active clamp is designed to be capable of sinklnrc_r]. Y .
or sourcina the full peak currents. demanded by the processur ilar function is needed when the load changes from high to

9 pea S o y P J6W. Since the inductor current cannot decrease instantaneously,
but only for a short period of time. Additionally, first order dy-

: . . : . the output voltage will increase, at which point the active clamp
namic response is desired, in order to avoid overshoot, whi . . : .
. : should turn on and sink current. From this point on, the function
would result in large output voltage excursions above or below R . P N )
. as shown in Fig. 1 will be referred to as the “pull-up” function,

a certain tolerance band.

This paper is organized as follows. Section Il describes in dar-]d the complementary function as the “pull-down” function,
pap 9 ) In addition to the load capability, it is also desired that each

tail the intended application of the circuit. Section Ill describes o . .
- . . . fransconductance amplifier have a high enough bandwidth such

the circuit topology and control issues. Section IV discusses if)- N g N
that the system consisting of the active clamp circuit and the

output capacitors of the switching regulator behave nearly as
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Fig. 2. Interconnection of active clamp circuit with switchmode regulator.

B. Output Capacitor Requirements m

In determining the required output capacitor in a VRM appli- L
cation, two requirements are relevant. One is the output capac
itance needed to satisfy a maximum ripple specification, and <+> ., c, ::+Uo (¢> Tioad
the other is the output capacitance needed to ensure that th \_
output voltage does not exceed a certain tolerance band unde k(vres —vo)
maximum load change conditions. For the output ripple require-
ment, an examination of current state of the art switching reg-
ulators is useful. The Pentium Il and Ill applications requirgig. 3. Simple average circuit model for voltage-mode controlled buck
about 14 amps from a switching regulator operating at abg@pverter.

300 kHz. For the 5 V to 2 V buck application, a filter inductor

of L = 2.0 H will yield a peak—peak current ripple of aboutvarious scenarios that may occur under an abrupt load change
2 amps, atypical design. In order to achieve a peak—peak outyithout the use of the active clamp circuit. The first, and less
ripple of 50 mV, a capacitor of only about }i# is needed if likely, scenario is that the duty cycle of the switching regulator
equivalent series resistance (ESR) is neglected. With aR20 does not saturate. In this case, a very simple analysis based on an
ceramic chip capacitor with ESR typically less than 1Q,ithe  averaged model as shown in Fig. 3 can be made. Solving for the
ESR contribution to the output ripple voltage will only be orputput voltage as a function of time, with a step in load current,
the order of 20 mV peak—peak. It is likely that some designerissults in

would select a larger capacitor when considering ripple, in order I

to further reduce the voltage ripple and to avoid the possibility of Vo(t) = ——= sin(w,t) 1)

a capacitor reliability problem because of the large ripple cur- weClo

rent. Nevertheless, designs in the range fromuB0to 50 uF  \where

are feasible with ceramic chip capacitors, or with solid tantalum 7 cyrrent magnitude in amps;

chip capacitors requiring total capacitance approachingZ00 ¢ output capacitance;

due to higher ESR. w. crossover frequency of the feedback loop.
, ) Assumptions here are that all forms of damping including output
C. Benefit of Active Clamp capacitor ESR are negligible, current feedback is not used, and

To better understand the potential benefit of the active clartie input impedance is stiff. Using equation (1), an estimate of
circuit in the VRM application, analysis must be done on thihe first peak of the voltage transient response can be made.



WU AND SANDERS: ACTIVE CLAMP CIRCUIT 625

10A
Tigaa

9uS

- 10A
iL

Vnominal
6'0531'

Jvesl

Fig. 4. Circuit waveforms under duty cycle saturation.

Using an aggressive cross-over frequency of 100 kHz, a loasl 20u:F may be sufficient when incorporating an active clamp
step of 14 amps, and an output capacitor ofiZOresults in a circuit, whereas output capacitance of at least G60would
peak voltage of 1.1 V. A 1.1 V excursion in the output voltagetherwise be needed. Another trend in microprocessor voltages
is obviously not acceptable, especially given that the nominialthe decrease in the percent change tolerated on the supply. If
voltage is approximately 2 V. With', = 200 uF, an excursion a +2% tolerance band is required in the application described
of 111 mV would be expected. With, = 2000 1.F, one would above, then approximately 162% of output capacitance would
expect only a 11 mV excursion. Again, emphasis must be maleneeded. Again, this is substantially larger than that required to
that the assumption that the duty cycle does not saturate is urivendle the ripple current. In reference [6], a slightly different ap-
alistic. It should be noted that a Maxim test board rated at 15 Apdication is analyzed. In this application, the load is specified at
designed with 200@F of electrolytic capacitance at the outpuR0 A maximum at 3.3 V, with a tolerance £2%. The output ca-
[5]. From the above analysis, it would seem that 2p80s an pacitor bank required to support a full step load transient in this
over-design. application includes 20 00QF of bulk hold-up capacitance in

A more realistic scenario is that the duty cycle nearly alway®njunction with a network of paralleled high frequency (lower
saturates (i.e., reaches its maximum or minimum) under a laiigductance, lower ESR) tantalum and ceramic capacitors. In this
load transient. Waveforms depicting a simple analysis incorpgcenario and that involving the specification of future micropro-
rating saturation are shown in Fig. 4, and described here. Agssors, the active clamp will yield far greater benefits.
sume the converter output is initially at 2 V, supplying zero load Although the use of an active clamp can reduce the amount
current. The load then steps to 14 amps. The converter react®bgutput capacitance needed, the energy needed to hold up the
applying full duty cycle. If the input is stiff at 5 V, the voltageoutput voltage must come from a source. This source is the by-
across the inductor is about 3 V if the output does not sag vgrgss capacitor ol p as shown in Fig. 2. Note that this supply
much. With 3 V on the inductor, it requires about:$ for the may nominally be at a higher voltage than the input or output of
current in the 2:H inductor to ramp up to 14 amps. At the endhe switching regulator, perhaps as high as 12 V. In addition, the
of this 94S transient, the output voltage can begin its recovergmount of voltage sag that can be tolerated during a transient is
hence this is the approximate time point where the voltage batuch higher on this supply. As such, the amount of capacitance
toms out. The total charge removed from the output capacitaeeded oV, p to store the required energy is substantially less
assuming a ramp current waveform, is 86. This analysis is than that needed at the output.
independent of the output capacitor value and assumes a stiff
(i.e., large input capacitance) input voltage and also assumes IIl. CIRCUIT DESCRIPTION
that 100% duty cycle can be applied. Now with a;Z0 output - .
capacitance, t)rlweyvoltage transﬁznt will be about 3.25 \F; pezﬁ(. Circuit Overview
With 200 »F or 20004F, the transient voltage would peak at Fig. 5 shows a functional schematic of the active clamp cir-
325 mV or 32.5 mV, respectively. To achievet®% tolerance cuit. Note that both pull-up and pull-down functions are in-
band on the output voltage, approximately 6@of output ca- cluded. The parts of the schematic enclosed by a dashed box are
pacitance is needed. Note that the analysis assuming duty cyaiplemented in an IG;these include the transconductance am-
saturation results in a larger voltage transient than that assumptigier (G, stage), as well as the circuitry to set the tolerance
no duty cycle saturation, for the same output capacitance. Frand @6V). The arrows in the figure denote the only direc-
this analysis, the Maxim test board with 2006 does indeed tion in which the output current can flow from tife,, stages.
make sense.

The advantage of the active clamp circuit is that the output calin previous work, a discrete implementation of the active clamp was de-

pacitor will only need to be designed to handle the ripple curreftgned, built and tested. This design utilized bipolar transistor IC kit parts, high
)eed commercial operational amplifiers, and discrete passive components to

and not FO c.ontai.n the output voltage d.uring. load tra.nSiemS' I:rs§gllize the active clamp function. For a detailed description of the work, refer
the application discussed here, ceramic chip capacitors as snagH].
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. Fig. 6. Bode plot magnitude of control loop.
Thus, the pull-ug#,, stage can only source current while the g P 9 P

pull-down can only sink current. The pull-down functionisonty
active whenV, is greater thaiV,..; + 6V, while the pull-up L \/\/\
function is only active whef,,; is less tharV,..; — 6V. As a 1

result, both functions can never be active at the same time. TF
allows analysis of the loop dynamics to be made separately fi

each function.

E Low. Pass}
' Filter !

B. Frequency Response and Gain

The transconductance amplifier is designed to have a hic -
enough bandwidth as to not affect the loop dynamics of th Gm - Vout
overall system, i.e., it has only high frequency poles. Fron Vies v P
Fig. 5, the control loop of either function consists of a transcon S %’e"
ductance amplifier driving a capacitor with finite ESR. The v D3
open loop transfer functiof (s) is G, =,

V(out 1
H(s) = L0 :G’"<30 +Tw> 1

V(in)
1
+ s Fig. 7. Low pass filtering scheme for supplying voltage reference to active
Tesr Co clamp circuit.
Teerto )

= Grn, Tesr

Analog Vdd T Power Vdd

where@,,, is the transconductance and,, is the ESR of the 1,8' ” : e
output capacitor”’,. Equation (2) shows that there is a pole Current Current Current
the origin and a zero at1/(r.,-C,). The crossover frequency Mirror Mirror Micor

is G, /C,. To ensure that the gain éf(s) falls below unity, the ' \
zero frequency must be higher thé&h, /C,,. This results in the l_| }"1 Iour

1:8 1:8
Current Current

following inequality, which is necessary for stability:

V- V+ Mirror . Mirror

1/Gm > Tesr. (3) \Tl
. Iset

In the neighborhood of the frequencies of interest, ceramic ct — = =

capacitors have been measured to have ESRequaltoorless “~x—~—_/ N\ — —_ /

approximately 5 rf2. Equation (3) leads to the need of using diff-amp mirror stage

multiple chip capacitors in parallel, to lower the effective ESR.

Note that the zero frequency remains constant, regardless of Hdgy8. Schematic: Pull-up function of active clamp IC.

many capacitors are in parallel, since the total ESR is inversely

proportional to the total capacitance. Higher capacitance doek!s the loop gain@,, F..:). This evaluates to approximately

however, lower the gain of the integrator, which tends to stabi/ G-

lize the system. Fig. 6 shows a simplified Bode plot of the open

loop system (simplified because high frequency poles are rfe- Voltage Reference Scheme

glected). The solid line is the magnitude Bf jw) taking into Another issue is the method in which the reference voltage

account the zero due to the output capacitor's ESR. is set. The reference voltage level (i.e., the commanded output
The output resistance of the closed-loop system is easily cabltage) can be generated in one of two ways. The first, and

culated as the open-loop output resistartg,() divided by one straightforward approach, is to simply use a voltage reference
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Fig. 9. Approximate transfer curve of output current versus input error voltage for upper and lower clamp combined.

of some kind. The second method, and the one adopted here, is 1K LK
to use an R—C network to low pass filter the output voltage of
the switching regulator. This scheme is depicted in Fig. 7. This
method allows the tolerance bands to be tightened substantially, —l

since the reference voltage is derived directly from the output R

of the dc—dc converter. In fact, with the scheme of Fig. 7, the e

tolerance bands will be mainly limited by the output voltage

ripple. We note that this method has also been developed and Ci
used in the commercial part in [8]. LK LK

lIi"K“

Fig. 10. Series of 1K current mirrors.
IV. INTEGRATED CIRCUIT IMPLEMENTATION

A. General Topology

1:K 1:K
Fig. 8 shows a functional schematic of the transconductance Iin
amplifier usedinthe pull-up function of the active clamp IC. Note _l l |
that current mirrors are used for each current gain stage. The total
transconductanceisthg, ofthe differential inputstage timesthe lme"
current gain product of all the following current mirror stages. In | !
1K 1K

this application, the resulting transconductance is

G = gm8” = 1/(2 mQ) =500 (AmpS/VOIt) (4) Fig. 11. Series of 1K current mirrors with “leak” resistors.
whereg,, is the transconductance of the differential input stage.
The factors? is a result of five stages of 1: 8 current mirrors. stage to exceed... The calculation of the tolerance band re-

A double-to-single ended differential stage is used for tHallts in6V = I.../(8g..) wheresV is one half of the total band
input of the clamp circuit. This topology was chosen due to th the application. These set points are shown in Fig. 9 for the
need for high CMRR [7]. Since the clamp circuit will be opsystem consisting of the pull-up and pull-down functions com-
erating in a high current and consequently high magnetic fidkned. Note that the voltage ripple of the switching converter
environment, the inputs to the IC are especially vulnerable f@ust nominally exist within the tolerance band2sft” during
systematic noise. Differential noise can be controlled by careftfeady state operation to avoid excessive power dissipation in
layout of the printed circuit board. Common mode noise, howhe clamp circuit.
ever, is difficult to eliminate from the inputs. As such, the higher ,
the CMRR of the circuit, the more likely that any problems reB: Frequency Response and Compensation
lated to common mode noise can be avoided. The use of multiple current gain stages is required to avoid

The current sourcé,.; is used to set the tolerance band oiihtroducing one or more low frequency nondominant poles into
the clamp circuit. The differential stage always has a quiethie system. Since the final transistor of either clamp functions
cent current flowing through it. The first current mirror stagenust be sized to handle large currents, it will present a large
will turn on only if a positive error signal exists across the difeapacitance to the previous stage. As discussed in [3], several
ferential stage, that is i¥,,,,, = VT — V— > 0. The fol- gain stages should be used in cascade, each with the same gain.
lowing four current mirror stages will only turn on when thd=ig. 10 shows a series of K current mirrors. The approxi-
error signal is large enough to cause a current in the first mirnorate resistancef{;,) of each node id/g,,, whereg,, is the
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V((%d(analog) Vdd(powerl) P(’?MOS Compensation Bias Vdd(power2)
9 M1 M13 M4
%R,eﬂ MTR1 MTR3
/T

Et: M1 M2 %Rrefz Vout
’:I\l/[m ([ MB2 [EAEE—I\;)BZI ’:‘ ’_l_‘ t’ E; g’;H—_I_‘

V’i - NMOS Compensation Bias

V-

Device | Size(um) | Device Size(um) Device | Size(um)
M1 | 2550/1.2 | M8 | 2160/.6 | MB1 | 108/1.2
M2 | 2550/1.2 | M9 | 2214/.6 | MB2 | 1080/1.2
M3 | 1740/1.2 | M10 | 17712/.6 | MB3 | 144/6
M4 | 1740/1.2 | M1l | 2970/6 | MB4 | 576/.6
M5 108/.6 M12 23760/.6 | MTR1 268/.9
M6 864/.6 M13 23400/.6 | MTR2 | 432/.9
M7 270/.6 Mi14 | 187200/.6 | MTR3 | 6758/.9

Fig. 12. Complete schematic of CMOS active clamp circuit with table of sizes (pull-up function).

transconductance of the diode connected transistor(gate cdhe bias for the triode devices is provided off chip for adjust-
nected to drain). The approximate equivalent capacitafigg ( ment in the testing process and are not shown in Fig. 11. Fig. 12
of each node i$K + 1)C,;, whereK is the current mirror ratio shows the complete schematic of the upper clamp along with
andC,; is the gate to source capacitance of the diode connectdthe transistor sizes. The lower clamp schematic and sizes are

transistor. Thus, the pole associated with each node is shown in Fig. 13.
g The pole contributed by the output of the differential input
= (rad/s) stage is at a high enough frequency as to be negligible. This is

P = 7~
(K + 1)Cos a result of the way in which the tolerance bands are set. Since

Note that the pole;, is simply at a frequenck +1 times lower the clamp is not actually active until the drain current of M6 ex-
than the transition frequengfy of the device. ceedsl,., it is guaranteed that M5 will be on when the clamp

Since each node contributes a pole at the same frequerggfivates. The leads to the equivalent resistance at the differen-
and that frequency is onlj + 1 times lower thanf,, the se- tial pair output node to b&/ g,,,, \5, which results in only a high
ries of current mirrors will not contribute any relevant poles téiequency pole. Also note that a “leak” resistor is not required on
the system so long ag, is high enough. However, singg, theinputto the second current mirror stage, since MB4 achieves
is proportional to the square root of the drain currégt g,,, this role. The combination o, s>, MB3 and MB4 are the de-
approaches zero as the input transistor approaches the cutisfes that implement the current soutGe; in Fig. 8.
region of operation. This presents a problem to the speed of the
clamp circuit, since the turn-off process may contain a larglr Layout Issues
delay and lead to instability. This problem is solved by using a Due to the high current nature of the application, the layout of
“leak” resistor in parallel with the diode connected transistor dfie active clamp IC is critical. Guard rings were used extensively
the simple current mirror stages, as shown in Fig. 11. This effaébroughout the design to increase isolation. The chip was fabri-
tively pins the inputimpedance to a maximum value, determinedted in an 0.m CMOS triple metal layer process. This process
by the resistance of the leak resistor. The leak resistors are aidlizes a ” type substrate and a p-type epitaxial layer. As such,
tually implemented by MOSFET devices in the triode regionsolation between NMOS devices may not be as high as that of
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Vdd(analog) : Vdd(powerl) PMOS Compensation Bias Vdd(power2)
9 M1 M13 Mi4
%Rrefl A MTR1 MTR3

Vout

B me ] (%Rrefz |
EW% gﬁ e a?é% Ui

NMOS Compensation Bias

Device | Size(um) | Device | Size(um) | Device | Size(um)
M1 2550/1.2 M9 2214/.6 MB1 108/1.2
M2 2550/1.2 M10 17712/.6 MB2 1080/1.2
M3 1740/1.2 M11 2970/.6 MB3 144/.6
M4 1740/1.2 | M1i12 23760/.6 | MB4 576/.6
M5 108/.6 M13 | 117000/.6 | MTR1 | 268/.9
M6 864/.6 Mi4 | 93600/.6 | MTR2 | 432/.9
M7 270/.6 M15 7470/.6 | MTR3 | 6758/.9
M8 2160/.6 M16 59760/.6 | MTR4 | 1872/.9

Fig. 13. Complete schematic of CMOS active clamp circuit with table of sizes (pull-down function).

PMOS devices since the NMOS devices all have the same bukone unit cell of a 1: 8 NMOS mirror stage and the unit cell’s
Since additionaljunctionisolationwas notpossible forthe NMO&quivalent schematic. The drain of the input transisddr,j is
devices, care wastakentoleave additional space between all tepproximately 8 times smaller than that of the output transistor
sistorsinthe IC. Fig. 14 shows a die photograph of the clamp c{t*/,,..;) as expected. This middle area is filled withtype diffu-

cuit. Only one IC was fabricated, but it contains all the necessasipn, except for one area as indicated by the white box between
blocks to realize either the upper or lower clamp function. As thike two drain areas. This is needed to isolate the two drains. The
photo shows, both the large output PMOS (M13,14 in Fig. 18plid black area indicates the polysilicon gate of the devices.
and NMOS (M15,16in Fig. 13) final mirror stages are present drhe small crossed-hatched box connecting the polysilicon gate
the same chip. For the pull-up clamp function, the large NMO&hd the drain of/;,, indicate an ohmic contact to form the input
mirror is not used. For the pull-down clamp function, all stageonnection of the current mirror. The common source of the two
are used, but the large PMOS mirror is connected to have classnsistors resides both above and below the active region of the
to unity current gain. This is necessary to achieve similar curregdgvice. The lowest strip in the layout indicates a long well con-
gainsbetweenthetwo clampfunctions, since the pull-downclartget. This is necessary to help prevent latch-up due to the high
function has an additional mirror stage. current nature of the application.

The output stage mirrors of the clamp circuit need to drive The layout of the unit cell was made in such a way as to
currents approaching 10 amps. Itis thus imperative to minimigzcilitate the construction of large arrays of cells. Fig. 16
the parasitic resistance at the terminals of the stages [4]. A displays such an array. The drains of the inplt(;,) and
sistance of only 0.2%52 on the output and supply inputs of theoutput (D .y;) transistors form small islands spaced evenly
stage would create a total drop of 5 V for an output current tiroughout the array. The source and well contacts basically
10 amps. This is obviously not acceptable as it will limit théorm long fingers through the array. Some areas within the
maximum current drive of the circuit. The sheet resistance dfains of the output transistors were designed with only dif-
the metal layers ranges from approximately 4Q fal (metal 3) fusion creating the electrical path. This allowed metal 1 to be
to 80 m}/0 (metall,2). Fig. 15 shows a representative layoused to connect adjacent fingers of the source area.
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Fig. 14. Die photo of active clamp circuit.

Fig. 15. Layout (top view) of NMOS 1: 8 current mirror unit cell.
A cross section of the cell is shown in Fig. 17. The line where

the cross-section is taken is indicated in the upper part of t
figure. The two drain areas are indicated, along with the vario
contacts. Any area not explicitly labeled, contains field oxidt
The gate oxide is not shown. The two metal 1 sections that ar
distance above the diffusion are the ones used for the connec
between adjacent source fingers. Metal 2 is used for the input
the mirror. Since metal 2 is also part of the contact structu
for the output drain connection, holes are needed in the sh
of metal 2 to maintain isolation. As such, metal 2 appears
a nearly continuous sheet of metal, with evenly spaced ho
throughout. A top view of the metal layers is shown in Fig. 1¢
Metal 3 is used to connect all the drains of the output transistors
together and to bring the current off chip. Since metal 3 is tfg. 16. Layout (top view) of multiple NMOS 1:8 current mirror unit cell.
top most metal layer, it is one continuous sheet over the array
with no holes whatsoever. The PMOS “cell” and construction @nly one IC to implement either of the clamp functions. This ap-
nearly identical to that of the NMOS with the obvious differencgroach failed, possibly due to deficiencies in the QFP package.
in the type of material used. The lead frame of the package, along with the bond wires, may
From Fig. 12, the largest device on the circuitis the last PMO8rm parasitic magnetic coupling paths between the high current
output transistor (M14), which is nearly 1/5 of a meter in widtrRutput stages and the sensitive voltage input pins. Another pos-
To avoid potential latch-up type behavior, this mirror stage wa#le explanation is substrate coupling between stages. In fact,
broken up into 4 smaller identical pieces, each of which is sukith only one IC, it was demonstrated that open loop operation
rounded by guard rings. The same was done for the final NM@gsulted in oscillations which implies the existence of parasitic
stage. The final chip size was approximately 1.6 mi3.3 mm. feedback paths. In order to achieve proper operation, two ICs
The IC was mounted into a plastic QFP 44 pin package. Cofere used to implement one of the clamp functions. This is not
ductive epoxy was used to mount the IC inside the electricalgcessarily a failing point, since for the projected currents of
grounded gold cavity, to help prevent latch-up. Finally, for the0 amps or more, it would be highly unlikely that only one IC
high currentinput/output paths of the design, multiple bond wirgould be used. It would be likely that many of the larger current
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and pins were used to reduce the series impedance. mirror stages would be build on a separate IC, using a higher
voltage power process. This would be effective for cost reasons
V. TEST RESULTS in order to use a higher supply voltage, which also reduces the
) capacitance needed on the supply as discussed in Section II-C.
A. Overview

In the experimental work discussed here, the first IC has the dif-

As discussed in Section IV-C, an IC was fabricated in derential stage and the first three mirror stages. The second IC
0.5 #m 3 metal layer CMOS process. A printed circuit boartias the last two or three stages, depending on which function is
was made to test the chip. Initial attempts were made to useing implemented.
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Fig. 17. Cross section (side view) of NMOS 1: 8 current mirror unit cell.

As determined in laboratory experiments, additional compebeard setup. Note thdt, »r andCr,pr are the values for the
sation was needed in the active clamp test board. This is shdew-pass filter resistor and capacitor, respectively. €orten
as theRz, andC, components in Fig. 19. Th&,—C, network 4.7 uF ceramic chip capacitors were used in parallel to achieve
in the output voltage sense path adds an additional pole to thiow effective ESR of approximately 0.5¢in This results in
feedback loop. The analysis made in Section 11I-B neglected allzero frequency of approximately 42 Mrad/s. With the target
higher frequency poles and zeros. Without additional compef#+, of 500 A/V, the cross-over frequency 6fy; /C,, would be
sation, the loop gain of the system in the frequency range afout 10.6 Mrad/s. In practicé&;,, is closer to 370 A/V which
these high frequency poles and zeros may be close to unity.giees a cross-over frequency of 7.9 Mrad/s. The valuég,and
create a single pole role-off in the loop-gain magnitude abovg result in a compensation pole frequency of approximately
the frequency of the ESR zero(duertq,., C,), R andC, are 10 Mrad/s.Vpp(power2) is set at a higher voltage, 4.25 V,
added. The same compensation network is used in the referethem Vp p (analog), 3.3 V, orVp p(powerl), 3.3V, in order to
loop, as is used in the output voltage feedback loop. This is domehieve higher current drive. The process used for the fabrication
to match the common-mode signals between the two loops. is actually a 3.3 V process, so using 4.25 V for the supply may

cause long term reliability problems. This is a minor point since

B. Test Board Setup a higher voltage process can be used. The 3.3 V process was used

A functional schematic of the test board is shown in Fig. Jpecause it was readily available at the time of fabrication.
for testing the pull-up function. A function generator is used
to apply a very low duty cycle pulse to the input of the gat- Results
driver chip. This chip then turns on the power MOSFET, thus Both pull-up and pull-down clamp functions were tested at
simulating the processor going from light load to high loadiarious load currents. To measure the transconductance accu-
The test board for the pull-down clamp function is very similarately, two different load currents were used and the resulting
except that the load circuit goes to a separate supply rather thiaaveforms were superimposed on each other. &Fhe could
ground. Thus, when the switch turns on, current is sourced iriteen be calculated. Fig. 21 shows the output voltage for the
the output node simulating the processor going from high loadll-up clamp function under two different load steps, 0.3 A
to light load. Since the low-pass filtering scheme, as describadd 6.3 A. The difference in voltag&\V’, after the transient,
in Section llI-C, is used for setting the reference voltage, isapproximately 16 mV. This gives@;} (pull-up function) of
dc—dc converter would usually be used to set the nominal outd® mV/6 amps= 2.66 mS2. Fig. 22 shows the analogous wave-
voltage. For simplicity in test, a high impedance voltage supplgrms but for the pull-down clamp function. Here tiel is
is usedinstead. Table | lists various relevant parameters in the sggbroximately 18 mV. This give é?;} (pull-down function)
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Fig. 19. Additional compensation elements on test board.

Another component of loss is due to the current through the
Metal 1 output transistor of the first mirror, MB6 in Figs. 12 and 13.
This current is due to ripple voltage appearing on the inputs
of each of the transconductance amplifiers. Let the output cur-
7 /] rent of the first mirror stage bg . Assuming the output voltage
ripple has a peak to peak value of 40 mV in an application, and
the transconductance of the differential stage is approximately
), (1/2.5 mM)/8> = 12.2 mA/V, I; then varies between 0 and
B 2.0 mA for each of the clamp functions. Since only one mirror
stage of either clamp function is active at a given time, the total
average current is approximately 1.0 mA. This leads to 3.3 mW
of dissipation in the first mirror of both functions. The total av-
- erage power dissipation is thus 8.3 mW.
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VI. CONCLUSION

An active clamp circuit designed to provide transient cur-

Fig. 18. Top view of metal layers in array of unit cells. rents for microprocessor loads has been designed, fabricated and

tested. Laboratory experiments demonstrate stable and nearly
of 18 mV/6 amps= 3 mfl. These two figures also show thaffirst order response to step load changes with as little gsH47
for light loads, the transient response contains zero overshamtoutput capacitance. The maximum current attained is approx-
For higher load currents, some overshoot exists, but is limiteditoately 9 A. This is mainly limited by the final output transistors
approximately 10 mV. The highest current achieved in the egntering the triode region. A low-pass filtering reference scheme
periments is approximately 9 A. This is mainly limited by thés used to set the command voltage for the clamp circuit. This
output transistors entering the triode region. method allows the tightening of the tolerance bands, which are

The power dissipation of the circuit consists of two parts. It ifmited by the output voltage ripple of the dc—dc converter.

assumed here that the transient power dissipation is negligiblé-undamentally, the active clamp device allows the use of
since the frequency at which the microprocessor switches laesmall ceramic type output capacitor in a modern micropro-
tween wake and sleep modes is typically very low. This leavesssor power supply, without simultaneously requiring that
the static dissipation in the differential input stage and the cihe associated switching regulator be designed for extremely
rent through the first mirror. For this particular experiment, thiast transient response. Designs of pure switchmode voltage
currentl,.. 1 is measured to be approximately ZA. Due to regulation modules (VRM's) rely on small filter inductances
the current mirror formed by MB1-MB2, the static current iand high switching frequencies to achieve sufficiently fast load
10 1.5 which results in 0.77 mA for each of the two clamgransient response.
function half circuits. This results in 5 mW of static power dis- We note that other researchers in academia [9], [10] and in-
sipation in the differential to single-ended input stages since thestry [8] have developed active clamp circuits similar to that
analog supply rail is at 3.3 V. described in the present work. However, only the part in [8] is
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Fig. 20. Functional schematic of test board.

TABLE |
TEST BOARD PARAMETERS
C, 10x4.7uF =47uF
Regr 5m$/10 = .5mf
Cs ~ 1nF
R, 100Q
CLpFr 4. 7uF
Ripr 6.8k$2
Vout (Rominal) 1.5V
Vop(analog) 3.3V
Vpp(powerl) 3.3V
Vop(power2) 4.25V

Fig. 22. Photo of output voltage under load transient (pull-down function).
Top: Function generator signal, Middle: Output voltage with,, = 0.3 A,
Bottom: Output voltage witl;,,4 = 6.3 A.

CH1 17
CHE  TEwie

BFL 28, Gul  S88na an integrated circuit implemenation, as in the present work. The
T part as described in [8] evidently has poorer speed of response
| since it is rec_ommendeq that the part bg used WIFh PP f

output capacitance for similar load transient magnitudes.
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