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UNI TED STATES PATENT AND TRADEMARK
COFFI CE

BEFORE THE PATENT TRI AL AND APPEAL BOARD

REED SEM CONDUCTOR CORP.
Petitioner,
V.
MONOLI THI C PONER SYSTEMS, | NC.
Pat ent Owner,

Case No. | PR2024-01158
Patent No. 9,041, 377

On Monday, August 18, 2025, commencing at the hour of
9:08 a.m, via Zoom before ne, Jane Gallegos, Certified

Shorthand Reporter in and for the State of California,

renot el y appeared
DR, DOUGLAS HOLBERG

called by the Patent Oaner, who, being by me first duly

sworn, was thereupon examned as a witness in said cause.
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APPEARANCES
FOR THE PATENT OANNER:

FOLEY & LARDNER LLP

BY: M GUEL BOVBACH, ESQ
11988 ElI Canmi no Real

Sui te 400

San Di ego, California 92130
(858) 720-5700

(Appeared renotely)

FOR THE PETI Tl ONER:

MORGAN LEW S

BY: ANDREW GRAY, ESQ
ANDREW DEVKAR, ESQ
ANNALI ESE PARKER, ESQ

1400 Page M|l Road

Palo Alto, California 94304

(650) 843-7575

(Appeared renotely)

ALSO PRESENT:
ROB CHANG, REMOTE TECHNI CI AN
(Appeared renotely)
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I NDE X
Examnm nati on:

By M. Bonbach

EXHI BI TS
Pat ent Omer's Descri ption

EXH BI T 1005 United States Patent Tateishi et
al. - PR 2024-01158

EXH BI'T 1016 Suppl enent al Decl arati on of
Dougl as Hol berg, Ph.D.

EXH BI T 1001 United States Patent Wang et al.
- PR 2024 - 01158
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Monday, August 18, 2025, 9:08 a.m
Reported Renmotely in Los Angeles, California

THE REPORTER  On the record. Today is
August 18, 2025. The time is 9:08 a.m |'mthe court
reporter, Jane Gallegos, CSR 14676.

Before swearing in the witness, nmay | have
counsel s state their appearances for the record, starting
with the noticing attorney.

MR BOVBACH. |'m M guel Bonbach from Foley &
Lardner, representing patent owner Monolithic Power
Syst ens.

MR GRAY: |'m Andrew Gray from Morgan Lew s,
representing the petitioner Reed Sem conductor. ['m
acconpani ed by ny col |l eagues, Andrew Devkar and
Annal i ese Parker.

THE REPORTER: | will now swear in the w tness.

DOUGLAS HOLBERG, PhD,
was called as a wtness and, having been first duly sworn,
was exam ned and testified as fol |l ows:
EXAM NATI ON
BY MR BOVBACH.
Q Good norning, Dr. Hol berg.
A Hey. Good nmorning, Mguel. Good to see you

again.
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Q Sane here.

P

This may be our last visit.
Q Yeah, maybe.

So you' ve been through this process before and --
but if you have any questions or any concerns wth respect
to any question | provide, if | amunclear, or you do not
understand a question, please ask me to clarify. M goa
Is to have a clean record. Do you understand?

A | do.

Q And you were deposed in this nmatter prior;

correct?
A Yes.
Q | s there anything about your deposition or your

prior declaration that you had submtted that you would
like to address before we continue?

A | can't think of anything. No.

Q Ckay. |'mgoing to primarily ask you about three
docunents during -- and I'mgoing to upload themto the
chat box -- and throughout this process, if you need to
refer to any other document in this proceeding, please ask
me to provide it.

A Ckay. | didn't know what you were going to
upl oad. Just FYl for conpleteness, | do have a paper --
pl ai n paper copies of the supplenental -- the two

Tatei shi, the patent, and the -- and the application
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version; my prior declaration; and then the 377 Patent;
but if you're going to download them | don't need to get
to those -- and allow nme to downl oad them right?
Q And during the process, if you'd like to refer to
your paper copies, if it's easier, please do so.
A Ckay.
Q And you don't have any -- do you have any
personal notes or annotations on those docunents?
A No, | do not.
Q Ckay. And then on your conputer, do you have any
other programs open that woul d have notes or other
messagi ng?
A No, | do not.
Q Ckay. And during this process, you understand
that you're not to communicate with your attorneys about
t he substance of your testinony; correct?
A Yes. | understand that.
MR BOVBACH. (Ckay. And I'mgoing to upload into
the chat box what has been premarked Exhibit 1005 1016,
and 1001.
(Exhibits 1005, 1016, 1001 marked for
I dentification.)
BY MR BOVBACH.
Q And | had just downl oaded cl ean copies of these.

I f you could, please download them and open them on your
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1 machi ne.

2 A So | have the 377 patent open, ny suppl enent al

3 open; and the third document was the Tateishi patent.

4 Ckay. So | have those three documents open in ny PDF

5 reader.

6 Q Ckay. And Exhibit 1016 is your declaration that
7 you reviewed and signed; correct?

8 A Yes.

9 Q Are there any issues or errors in the declaration
10 that you'd like to address or otherwise correct at this

11 nonent ?

12 A There was one thing that was kind of a residual
13 that doesn't mean anything anynore. Let ne find out where
14 that is.

15 (kay. Yeah. On page 18, which is paragraph 34,
16 | have a statement in here about the diagram al so ignores
17  propagation del ays through gates, except for the case of
18 the Aqua signal. That's no longer valid. That was an

19 earlier -- earlier draft of this, and it turns out |
20 didn't need to take that into account, so that's the only
21  thing.

22 Q Ckay. \What do you nean, you didn't need to take
23 it into account? Is...

24 A Vell, in some of ny earlier analysis, | thought
25 that it would have been -- it was inportant to take into
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account the propagation del ays associated with the path of
the Aqua signal, but | realized that was not the case.

Q Ckay. Wiy is it not the case?

A Because it doesn't matter.

Q What do you nean, it does not matter? It does
not matter to what?

A The propagation del ays associated with the Agua
signal don't inpact the -- the timng diagramthat |
present ed.

Q Ckay. Let's just junp into the declaration. Can
you junp to paragraph 7, please.

A Yes. |'mthere.

Q In your -- in your opinion, can the contro
signal be multiple different signals?

A The control signal -- as | said in paragraph 7 --
and I'Il read it for the record. "For the follow ng
reasons, it's ny opinion that the term'control signal
shoul d be construed in accordance with its plain and
ordinary nmeaning as a signal configured to control a
circuit conponent."”

Wien you say "signal" in your question -- could
you restate the question so that | can clarify ny
response?

Q Yes. | don't renenber exactly what | asked, but

Il will re-ask.
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I n your opinion, can the control signal be
multiple different signals?

A The control signal can manifest itself in
different |ocations along a path in the circuit. | don't
distinguish -- | nean, it's a control signal everywhere it
affects any of the downstreamcircuitry.

Q Does an input voltage, such as VCC 2, a chinp,
affect its -- the downstreamvoltage of all its
conponent s?

A Sorry. VCC 2 -- what are your --

Q Does an input voltage that powers the chip also
affect its downstream conmponents?

A Certainly, the VCC powers all of the conponents.

In --
So -- yeah. (o ahead.
No. Sorry. | interrupted.

So in that sense, it affects them Yes.

O » O X O

(kay. At what point would you draw the |ine
between what is a control signal and what is a signal that
merely provides power for conponents?

A Vell, power -- theta would not nornally consider
the power supply as a -- as a control signal in the way
that, you know, you'd normally think of a control signal

Q In your opinion -- or, rather, does a -- would

you consider a chip or a processor of sorts to have
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mul tiple control signals, or do you view all of those
control signals as one control signal?

A VWll, | didn't address, you know, sonething |ike
that in ny declaration, so | qualify ny response in that
sense; but there can be -- in a-- in sone generic
hypot hetical processor, there can be multiple control
signal s.

Q Yeah. | guess we should -- instead of |ooking at
t he hypothetical, we should probably just [ook at the
figure because it gives us a good figure of circuit
components. |If we look at Figure 3 of [Exhibit 1005 -- and
pl ease | et me know when you have that open

A Yeah. 1'll let you rotate it.

Ckay. | have it open.

Q If you could |ook at the top-left portion of the
| oop comparator, |ooking at Signal 120, woul d you consi der
that to be a control signal?

A | don't think so. | mean, that is the result of
a conparison between attenuated output voltage and a
reference voltage in the feedback path, so..

Q Ckay. The output of Endgate 114 -- you consider
that to be a control signal?

A Vell, | nean, in the broadest sense of the
construction that |'ve provided, then -- | guess | could

argue that any signal that controls any other device is a
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1 control signal -- backing up to your first question about,
2 is 120 a control signal

3 In the basic construction that |'ve given, which
4 is asignal configured to control a circuit conponent, you
5 know, 120, | guess, could be a control signal, as well as
6 the output of the circuit you're talking about, as well as
7 the output of Endgate 114.

8 Q Ckay. And then the input, top right to

9 Transistor 12 -- do you consider that signal to be a

10 control signal?

11 A In the -- in the context of my construction --

12 restating again, a signal configured to control a circuit
13  conponent that -- that could be a control signal -- and

14 all these are control signals -- would be -- they're al

15 different.

16 Q So woul d you consider the control signal under

17  the construction for -- well, let ne start over.

18 Wul d you consider one -- |let ne start over

19  again.
20 Consi dering the construction provided, 120 is a
21 control signal; but, also, the input to transistor is a
22 control signal as well; right?
23 A The input to a transistor or...?
24 Q Transistor 12,
25 A Yes.
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855.348.4997

MPS EX. 2007



DR. DOUGLAS HOLBERG
August 18, 2025

© 0 N oo o A W N

I T R I I N R e e N N N T i e
o A W N PP O © 00 N oo o1 &M W N+, O

Q Wul d you consider the control signal -- those
two control signals to be the same control signal?

A Whi ch two?

Q Yes. | was -- would you consider the Contro
Signal 120 and the control signal input into Transistor 12
to be the sane control signal under the construction you
provi ded for control signal?

A Yes.

Q Can you pl ease explain why you woul d consi der
themto be the same control signal

A Because what happens at 120, in ternms of the
| ogi cal value resulting fromthe conparator output --

It -- assumng that the other input of 114 is Logic 1,

t hen what happens -- the signal on 120 will set the PW/
latch Qoutput to 1, which will, in turn, cascade through
the cross conductor control and the high side driver to
the input of 12, so the signal -- the signaling event

Is -- the 120 signal causes Transistor 12 to turn on in
the case of its setting the PAMlatch to a 1

Q And as another exanple at the bottomleft, you
see Conparator 106. The signal -- the signal into the
positive termnal off of Goff 100 -- you woul d consi der
that to be a control signal as well; correct?

A It is controlling the state of the conparator,

so, yes, that is a control signal
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Q And then if -- would you consider that contro
signal off of Capacitor 100 to be the same control signa
into Transistor 12 under your construction of control
signal s?

A Yes, because what happens at 122 -- you haven't
mentioned that node, but that is the Q output of the PW/
| atch. The state of what happens at that node cascades
t hrough a nunber of these circuits, logic gates; and in
this case, you' re speaking of this Capacitor 100, the
mnimmoff-time timer. So that controls the status of
the mninumoff-tinme tiner in one node.

So I"mnot sure what the -- | got to renenber
your question -- just knowif it's a "yes" or a "no," but
|"I'l describe the way it works.

Q Yeah, yeah. And you m ght have asked that --
answered it, but I'Il -- I"lIl re-ask it for clarity.

The control signal off of Coff 100 and the
control signal feeding into Transistor 12 at the top right
of Figure 3, under your construction of control signal --
those two can be thought of as the sane control signal;
correct?

A Vell, they are -- they are both controlled by a
common control signal at Node 122.

Q But --

A Because -- but because the input to Transistor 12

First Legal Depositions - Calendar@firstlegal.com
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does not feed over to the -- the mninumoff-tine tiner
circuit where Coff is, then | wouldn't consider -- |
woul dn't consider that signal at the gate of 12
controlling the mnimmoff-time timer at -- at the
noni nverting input of 106.

Q Ckay. Would you consider -- the mninmmoff-time
timer provides an output through 110 through -- or
Gate 112 that feeds back into Endgate 114. Do you see
t hat ?

A | do.

Q And then woul d you consider the signal from C off
as -- rather, let me -- the signal fromC off cascades and
provi des control that would effectuate Transistor 12;
right?

A VWll, so the way this circuit works is once --
when 122 goes low, Transistor 124 turns off. The C off
charges by way of Current Source 102. \Wen the voltage at
driving -- increasing the voltage across Coff in a linear
fashion. Once that voltage is greater -- approximtely
greater than or equal to the Reference Voltage 104, the
output of 106 goes high. That high will go -- because
it's an OR gate, it will go to the output of the OR gate
as a high or Logic 1; and that will present a Logic 1 at
the input of Endgate 114. That makes Endgate 114

transparent to whatever logic level is at Node 120. So if
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Node 120 is a 1, it will set the Q output of the PW |atch
to a1l at Node 122; and that will then turn on the output
Transistor 12 that you identified.

Q So in -- so would the control signal off of
C-off 100 be considered the same control signal going into
Transi stor 12 under your construction?

A | believe so.

Q And then if we can | ook off of the top left of --
where it has Loop Conparator 34, which at its negative
termnal receives Feedback 44, which is sourced -- if you
could see from-- and please correct me if |"'mwong --
V-out 24 at the right. Do you see that?

A | do.

Q Do you consi der Feedback 44 to also be a control
signal ?

A Yeah. It controls the output of conparator --
well, it's not |abeled -- the conparator and the | oop
conparator circuit. Yes.

Q And then woul d you consider that control signa
to be the sanme control signal going into Transistor 12
under your construction of control signal?

A Yes.

Q Looking at Figure 3 of Exhibit 1001 -- rather
1005 -- can you identify two control signals that you

woul d consider to not be the same control signal under
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your construction of control signal.

A G ound woul d not be a control signal.

Q Ckay. Any others?

A Well, at the -- at the beginning, you asked about
VDD or VCC or sonmething; and | can't renmenber what | said;
but, | mean, normally, you wouldn't think of that as a
control signal

Q Ckay. Any others?

A No.

Q Ckay. If you could -- let's go to the next
section. |f you could, turn to paragraph 15, please.

A a2

Q O Exhibit 1016.

A Ckay. I'mthere
Q

Can you provide explanation for your statenment

that -- "Configured to control Switch K through an
i nverter"?
A Vell, the control signal -- you know, we've been

tal ki ng about, you know, all these different contro
signals so far and this -- so this specific control signa
that's cited in the 377, which drives the Switch K -- when

you | ook at the states described in the 377 patent, it's
clear that that signal -- it's clear, first of all,
that -- would be clear to the Switch Kis an N-channel

MOSFET; and then in order to turn it on when the control
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signal is low, you would need an inversion in series wth
it, a.k.a. aninverter. So that's -- that's what that
means.

Q One second.

We're going to turn to the next section of your
declaration, starting at paragraph 24 and 31 -- through
31; and if you could, please turn to paragraph 26; and if
you need any tine to just re-review anything, please |et
me know.

A Vell, let me read paragraph 26 to nyself.

Q Ckay.

A Ckay.

Q And, actually, my question would be with respect
to all of paragraph 24 through 31. So, please -- if you
need to review any of that to answer ny question, please
do.

My under standi ng and readi ng of paragraphs 24
through 31 is that the Zero-Crossing Conparator 64 is not
triggered; is that correct?

A Well, what | said is -- Tateishi states that when
zero-crossing conparator is not triggered, the circuit in
Figure 3 operates much the same way as Figure 1. That's
just what | said. That's what Tateishi says.

Q Ckay. Does your analysis of paragraphs 24

t hrough 31 consider the zero-crossing conparator to not be
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triggered?

A Yes.

Q Wiy did you not consider the state when the
zero-crossing conparator is triggered and outputs a 1?

A Vell, it sinplifies the analysis; but you could
do the analysis with it and still 122, the Control Signal
122, controls even the zero-crossing conparator, so -- but
this was sinple -- it just sinplified the analysis.

Q Did you believe it was unnecessary to consider
the zero-crossing conparator outputting a 1; and if so,
can you please further expand upon that?

A Vell, | didn't think it was necessary, but the
fact is, the zero-crossing conparator is only nade active
when the Q output of the ZC latch is high, which is the
same signal that turns on the low-- the | owside
transistor. The ZC latch is controlled by the Control
Signal 122, so the zero-crossing conparator is downstream
under the control of the control signal at Node 122 that
emanat es from Node 122, the output of the PWM I atch.

So -- so the -- whether or not you assune the
zero-crossing conparator is or is not activated is based
on the output voltage. |t doesn't matter. | just did one
of the -- one anal ysis.

Q |s there a state within Figure 3 where PWM [ atch

outputs 1 Q and zero-crossing conparator outputs 1 at the
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same tine?

A Let me |ook. For the ZC -- the zero-crossing
comparator output of 1, it has to be enabled, which is
the -- the switch that's shown at the noninverting input;
and that switch enables the connection to the Node SWwhen
the ZC latch Qoutput is 1, when the lowside driver is
on.

You woul d never have -- at |east during, you
know, nornal operation, you' d never have the |ow side
driver on at the same as the high-side driver; therefore,
you woul dn't expect the ZC latch output to be a 1 at the
same tinme that the PAM I atch output is 1; therefore, you
woul dn't expect that the zero-crossing detector output
would be a 1 at the same tine that the PAWM | atch output is
a l.

Q Ckay. And if you could |ook at paragraph 29
where you have a -- a diagramdescribing PWM Il atch 0,
woul d there be a scenario where PWM | atch outputs a 0 and
zero-crossing conparator outputs a 1?

A Yes.

Q Ckay. And why was that not included in your
anal ysi s?

A Vel |, the purpose of ny analysis is to show the
simlarities between Figure 1 and Figure 3 by show ng how

these various gates becone transparent under certain logic
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states. So it wasn't necessary. | didn't need to.

Q But it's -- is it fair to say under PW [ atch
output 0, that these extra | ogic gates do not becone
transparent?

A Vell, you'll have to clarify that question, |
t hi nk.

Q Yeah. Under -- 1"l -- I"ll re-ask it.

Under the condition that PWM | atch outputs a O,

t he downstream conmponents, such as the zero-crossing
conmparator, could output a 1, and that -- then it would
not becone, as you say, transparent; isn't that correct?

A That woul d be correct. Yes.

Q And then, also, | believe you -- when you --

A You're tal king about OR Gate 1367

Q Ch, I'll re-ask because | actually was not
tal king about OR Gate 136, but maybe ny -- oh, yes. Let
me -- let ne -- let ne start over.

OR Gate -- OR Gate 136 receives zero-crossing
comparators input and -- when that is a l, thereis a
condition where that would be a 1 and PWM [atch woul d be a
0; right?

A |"mnot sure, and |'"mnot trying to be evasive
here, but you're confusing me.

|f the output of the zero-crossing conparator is
a 1l and that inputs to OR Gate 136, that 1 determnes the
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1 output of 136,
2 Q Yeah. |'l| start over because |I think | have too
3 many variables in ny head, and it's too early in the
4 norning.
5 "Il just -- so you testified that there's a
6 condition when 1 -- in this circuit of Figure 3, when 122,
7 which is the output of PMMlatch is O, there is a
8 condition when Zero-Crossing Conparator 64 would al so
9 output a1; right?
10 A Well, that's not the scenario that | illustrated.
11 As | said, | stated in the declaration, nmy assunption --
12 ny prem se was the zero-crossing conmparator is not being
13 activated.
14 Q Ckay.
15 A There's no zero-crossing detected, so that's the
16 premse for this analysis.
17 Q Ckay. And when PWM Latch 122 is 0, the input to
18 Transistor 124 is also 0; and that would turn off
19 Switch 124; right?
20 A Correct.
21 Q And that woul d cause C-off to charge, thereby
22 outputting a 1 on 106; right?
23 A Eventual ly, yes. That's the case.
24 Q And why did you not trace out that case?
25 A Vell, | just didn't. | nean, it's illustrated in
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1 ny timng diagram so it's not like I'mhiding the ball.

2 | just showed the case where it's 0 before the

3  Conparator 106 trips.

4 Q Let ne..

5 A And I'mnot sure it would nake a difference.

6 mean, if you want to consider it to be a 1 -- the output

7 of 112 would be a 1 has no inpact on Endgate 134. Both

8 the SR ZC latch inputs to 0, which neans it would renain

9 in whatever state it was in. So | don't think it would

10 matter.

11 Q (kay. How would the zero-crossing conparator

12 being 1 affect the timng diagramthat you display on

13  paragraph 34?

14 A | didn't consider that case. |'d have to go back
15 and analyze it under that situation.

16 Q Ckay. If you could, turn to paragraph 35,

17  pl ease.

18 A Ckay.

19 Q And as | understand from paragraph 35 through 38,
20  you criticize M. MAlexander's logic table; is that
21 correct?
22 A Vell, 1"l -- 1"lIl say it -- rather than say
23 "criticize," | observed that there appeared to be some
24 inconsistencies or inconpleteness or, perhaps, errors. M
25 exact words were -- what did | say -- "the table provides
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I nconpl ete picture of the logic values, the signals that
he anal yzes"; and then later on | say -- | don't know for
one of the -- like, growth in paragraph 37, Row5 -- this
rowis incorrect, so...

Q (kay. For -- excluding Row 5, is it fair to say
that your criticisns or comentary on paragraphs 35, 36,
and 38 are nore towards inconpl eteness, as opposed to

| naccuracy?

A VWll, | don't recall -- regard to paragraph 35, |
do not recall. | don't -- I don't think that
M. MAl exander gave -- I'mjust -- | don't have it in

front of me, and | certainly don't have a printed copy,
but | don't know what conditions he set up a priori for
his table, but mneis with -- when there's no
zero-crossing detection, and that is inportant for this
particular row and the red -- and the red signal.

Q Ckay. And m ght your answers change if you
consi der a zero crossing?

A Wll, yes. In fact, when there is a zero
crossing, the -- that's the state -- let nme just use the
signal colors now that we're tal king about this diagram
and we've got all these nice signal colors to help us
i dentify what we're tal king about. Wen the orange signal
is low, the high-side driver's off; the |owside driver is

on; and that is the situation where you m ght be
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1 interested in a zero-crossing detection.

2 So the orange signal -- in that case the orange

3 signal wll be low. The brown signal would be high

4  Dbecause it's driving the lowside transistor; and if a

5 zero-crossing detection event occurs, the output of the ZC

6 detector conparator will go to a 1. That will drive the

7 output of 136 to a 1. | believe at that sane tine, yellow

8 s already a 1, so you have 1, 1 at the input of 134 that

9 reset the brown signal to 0; and under that situation

10 you've got both orange and brown that are 0, which

11 presents -- that's an inverting input Endgate, which

12 causes the red signal to go 1. So, yes, the zero

13 crossing -- that's when the red signal is inportant. In

14 fact, it was during a zero-crossing detection.

15 Q (kay. So paragraph 35, the red signal would be a

16 1 when there is an orange signal of 0 and a zero-crossing

17 event; right?

18 A Yes. But note that paragraph 35 that | wote

19 was -- was under the assunption that there's no

20  zero-crossing detection, just to be clear.

21 Q Yeah. |f you could, |ook at paragraph 36 where

22 you provide comentary on Row 3.

23 A Ckay.

24 Q It's a |longer paragraph, so you could take a

25 second to reacquaint yourself; and, also, if you -- if you
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need or want a quick break, please let nme know. | don't
think we'll take beyond the second hour.

A Yeah. No. [I'mfine. Al right. Ask the
question. I'll reviewit in the context of processing the
questi on.

Q (kay. So your criticismof Row 3 -- and as you
describe in paragraph 36, is that it only reflects the

trailing state; is that right?

A Yes.
Q In the trailing state, it does reflect a
condition where that -- where Row 3 woul d be correct,

t hough; right?

A Let me -- [et nme consider that.

Yeah. The 1 -- the leading portion is when green
Is high and -- and the 0 is during the trailing portion,
and so he's in -- in his Row 3 of his truth table, he's
considering only the trailing portion. Yes.

Q (kay. If we could turn to paragraph 37 -- in
paragraph 37, you state that orange and brown cannot be 1
at the same time, so Row 5, you consider to be incorrect.
s that fair?

A Yes.

Q Wien the orange signal is 0, the -- and for
reference, you could | ook at your timng diagram on

page 18. Wen the orange signal is 0, the brown signa
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wll be 1; is that correct?

A Correct.

Q Wien the orange signal goes to 1, how does the
brown signal transition to 07?

A Vell, the -- all right. So there's alittle
nuance here. Mybe you're trying to find -- find a
wedge -- place to drive a wedge. | don't know

But this cross-control circuit is there to deal
with the situation where during -- as a result of a
circuit propagation delays that the -- the orange and
brown signal could be at the sanme value. | didn't
investigate this, but | can imagine it's possible.
Momentarily, based upon the propagation delays of the
circuits -- but, logically, you know, as you present in a
table, you woul d never capture that transient state.
That being said, when the orange -- | think you

asked this. So when the orange goes to a 1, the 1
presents itself as a 1 to the input of OR Gate 136, which
outputs a 1. That 1 also presents itself to the OR Gate
112, which outputs a 1. Those two 1s, the output of 136
and the output of 112 -- then it goes to an Endgate
driving the output of 134 to a 1, which is the reset input
to the ZC latch. At the sane time, the 1 that's output to
112 presents a 1 to the input of Inverter 142, generating

an output of O into the set.
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So you have the proper conditions for -- at the
i nput of SNR of the ZC latch to reset it, which drives the
Q output of the ZC latch, which is the brown signal to a
0. That's how it happens.

Q Wien the orange signal is 0 -- and then the brown
signal wll be a1, and then the orange signal -- when it
transitions to 1, there wll be a propagation del ay
between 112, 1 in the inputs to the ZC latch and the
ZC latch before the brown signal is changed to 0; right?

A That's correct. But you're not going to
represent that in a truth table. That's a transient.

Q Ckay. And woul d you reconsider paragraph 38
iIf -- rather, let me start over

Wul d you reconsi der paragraph 37 and your
criticismof Row 5 had you considered the zero-crossing
conpar at or 647?

A Let me -- let nme look and see. Let's see. W're
tal king about Row 5; right? So orange and brown.

Q Yes, yes, Yyes.

A Vll, let me ask you. What -- what are you -- |
need some clarification on your question. Are you asking
me woul d Row 5 be correct if the zero-crossing conparator
output were 1? |Is that what you're asking nme?

Q Yes. |Is there a condition where it would be

correct if you considered zero-crossing conparator to be
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1? O, rather, | think you already answered that, but --

A So -- yeah. So the orange signal is a 1.
Therefore, that determnes the output of one -- of
OR Gate 136, so it doesn't nmatter where the zero-crossing
conparator outputs a 1 or a 0. It's -- it's -- 136 output
I s determ ned by control signal at 122, so..

Q Ckay.

A It wouldn't nake a difference, | don't think.

Q Ckay. So just to conclude on paragraph 37,
orange and brown can be 1; but that's only under a
transient condition; and it's your opinion that you -- one
woul d not and should not include that in a truth table.
Therefore, Row 5 is incorrect. |s that a fair summation?

A Yes. That is a fair summation

Q |s there anything to that you would like to
suppl ement or ot herw se address?

A |"I'l just restate the -- the situation that
you're alluding to where there's -- when | think what
woul d happen -- let me -- let ne figure out which -- which
case it happens, so -- if the orange signal goes to a 1
froma state of 0 and the brown signal were high fromthe
previous state, then there's going to be a -- the
propagation delay through -- 1 through OR Gate 112,
Endgate 134, and the ZC latch. That would probably be the
dom nant path, although, possibly, it could be 136 and
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134, but | think -- ny guess would be -- it'd be 112, 134,
and the ZC latch that would drive, then, brown to 0. So
during that propagation delay through those three gates,
there woul d be sonme transient overl ap.

Q And then we could turn to paragraph 38, please.

A Ckay.

Q And as | understand your criticismof 38, it
doesn't -- it's that Row 6 didn't al so consider Aqua to be
0; right? O, rather, let me re-ask. That was kind of
conf usi ng.

Paragraph 38, | can -- | understand your
criticismto be that Aqua can be 1 and at other tines 0;
and Row 6 only considers the situation where Aqua is 1.

s that a fair assessnent?

A Let me say it another way. Wth ny word, when

orange is 1, Transistor 124 is on driving the noninverting
I nput Conparator 106 to 0, which results in the Agqua
signal being a 0. So in order for the Aqua signal to be a
1, orange nust first go to 0; and then sometime l[ater, via
the charging of Current Source 102 into Capacitors 100,
t he noninverting input of 106 rises, causing the
conparator to trip, driving the Aqua signal to a 1; but
that can't happen when the orange signal is a 1.

MR. BOVBACH. (Ckay. Wiy don't we go off the

record for a mnute or two, and y'all could take a break,
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and | just want to check ny notes. | think |I'm about
wr apped up.
(Recess.)

MR BOVBACH. Al right. Yeah. | have no
further questions.

Dr. Hol berg, thank you very nuch for your tine.

THE WTNESS: (kay.

MR BOMBACH. And | pass the witness to M. Gay.

MR GRAY: W have no questions.

(Reporter inquires for copy orders.)

MR CGRAY: Yes, nma'am please. Just normal
t ur nar ound.

MR BOMBACH. Yeah. | would Iike a rush copy,
please. | think -- well, I think our deadline is the
25th, so if we could have it ASAP, please.

(\Wher eupon, the proceedi ng was
concl uded at 10:23 a.m)
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GOSF 1/00 (2006.01) control circuit coupled to the on-time generator and the feed-
HO2M 3/158 (2006.01) back control circuit to receive the on-time signal and the
HO2M 1/00 (2006.01) output signal and generating the control signal, and a power
(52) US.CL stage configured to receive an input voltage and the control
CPC ... HO2M 3/158 (2013.01); HO2M 2001/0003 ~ Signal and generate the switching signal
(2013.01) 18 Claims, 8 Drawing Sheets
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PSEUDO CONSTANT ON TIME CONTROL
CIRCUIT AND STEP-DOWN REGULATOR

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of CN application No.
201110181295.3, filed on Jun. 30, 2011, and incorporated
herein by reference.

TECHNICAL FIELD

The present disclosure relates generally to switching cir-
cuits, and more particularly but not exclusively to a pseudo
constant on time control circuit and step-down regulators
using it.

BACKGROUND

PWM (Pulse Width Modulation) control, constant-off-
time control and COT (Constant-on-time) control techniques
are generally used in step-down regulators.

When COT control is used, the compensation network in
the regulator can be eliminated to get a simple structure.
Moreover, the regulator with COT control does not need error
amplifiers to regulate the output voltage and thus has a better
transient response. Because of the above advantages and
other advantages, the COT control technique is widely used in
step-down regulators.

In COT control, the peak current of the regulator remains
constant and the switching frequency varies with the output
power to provide a required output voltage. Thus, for appli-
cations needing fixed switching frequency, the COT control is
no longer applicable.

To solve the problem of variable switching frequency in the
COT control, pseudo constant on time (PCOT) control is used
in step-down regulators.

In step-down regulators, the duty cycle D is given by Equa-
tion (1) as follows:

8}

, wherein T, represents the on time of the regulator, T,
represents the switching period, V,, represents the input volt-
age of the regulator, and V,,, represents the output voltage.

Based on the Equation (1), the switching frequency F,,, of
the step-down regulator can be expressed as Equation (2):

Vot{ i
Vin

@

1
Ton

In PCOT control, the on time T, of the regulator is pro-
portional to the ratio of the output voltage V_,, to the input
voltage V,,,, given by Equation (3) as follows:

3

Vou

To=n v,

where n is a constant factor.

As can be observed from Equations (2) and (3), in PCOT
control, the switching frequency F_,, of the step-down regu-
lator can be expressed as Equation (4):

Page 10 of 16

20

40

45

50

55

60

65

)

o
H
Il
ER

As can be observed from the Equation (4), the switching
frequency F,, is constant as the factor n is constant. That s, in
PCOT control, the switching frequency F,, of the step-down
regulator remains constant and does not vary with the output
power.

In PCOT control, to ensure the on time T, of the regulator
be proportional to V,,/V,, one of the prior art step-down
regulators comprises an output voltage pin VOUT in the chip
to receive the output voltage V_,,. The output voltage pin
VOUT increases the package size of the regulator chip and
also the cost. Besides the output voltage pin VOUT, a fre-
quency setting pin FREQ and/or an external frequency setting
resistor R ;, may also be needed in some prior art step-down
regulator chips, which causes larger package size and higher
cost.

FIG. 1 illustrates a prior art step-down regulator 10. As
shown in FIG. 1, the step-down regulator 10 comprises a
PCOT control circuit 101 and a power stage 102. The PCOT
control circuit 101 comprises a constant-on-time (COT) gen-
erator 1011, a feedback control circuit 1012 and a logic con-
trol circuit 1013.

Referring to FIG. 1, the COT generator 1011 comprises a
comparator COMP, a capacitor C,,-and a switch K. The first
terminals of the capacitor C,,, and the switch K are coupled
to the non-inverting input terminal of the comparator COMP.
The control terminal of the switch K receives a control signal
Q provided by the PCOT control circuit 101. The second
terminals of the switch K and the capacitor C,,, -are coupled
to ground. The comparator COMP receives the output voltage
V... at its inverting input terminal and generates an on-time
signal S,' at its output terminal. The feedback control circuit
1012 receives a feedback signal V, and provides an output
signal to the logic control circuit 1013. The logic control
circuit 1013 receives the on-time signal S,' and provides the
control signal Q as the output of the PCOT control circuit 101.
The power stage 102 receives an input voltage signal V,,, and
the control signal Q, and provides a switching signal SW.

Referring to FIG. 1, the COT generator 1011 receives the
output voltage V,, through the output voltage pin VOUT, and
receives the information of the input voltage V,, through the
frequency setting pin FREQ and the external frequency set-
ting resistor R, Thus, the step-down regulator with the
prior art COT generator 1011 comprises the output voltage
pin VOUT, the frequency setting pin FREQ and the external
frequency setting resistor R 7o~

In the step-down regulator 10 of FIG. 1, the package size
and the cost are both increased because of the output voltage
pin VOUT, the frequency setting pin FREQ and the external
frequency setting resistor R ;.

SUMMARY

In one embodiment, the present disclosure is directed to a
step-down regulator comprising a pseudo constant on time
control circuit. The pseudo constant on time control circuit
comprises an on-time generator configured to receive a
switching signal provided by the step-down regulator and a
control signal provided by the pseudo constant on time con-
trol circuit, wherein based on the switching signal and the
control signal, the on-time generator generates an on-time
signal; a feedback control circuit configured to receive a
feedback signal representative of the output voltage of the
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step-down regulator and generate an output signal in accor-
dance with the feedback signal; and a logic control circuit
coupled to the on-time generator and the feedback control
circuit to receive the on-time signal and the output signal,
wherein based on the on-time signal and the output signal, the
logic control circuit generates the control signal. The step-
down regulator further comprises a power stage configured to
receive an input voltage and the control signal, wherein based
on the input voltage and the control signal, the power stage
generates the switching signal.

In one embodiment, the present disclosure is directed to a
pseudo constant on time control circuit for a step-down regu-
lator, comprising an on-time generator configured to receive
a switching signal provided by the step-down regulator and a
control signal provided by the pseudo constant on time con-
trol circuit, wherein based on the switching signal and the
control signal, the on-time generator generates an on-time
signal; a feedback control circuit configured to receive a
feedback signal representative of the output voltage of the
step-down regulator and generate an output signal in accor-
dance with the feedback signal; and a logic control circuit
coupled to the on-time generator and the feedback control
circuit to receive the on-time signal and the output signal,
wherein based on the on-time signal and the output signal, the
logic control circuit generates the control signal.

In one embodiment, the present disclosure is directed to a
step-down regulator, comprising an on-time generator con-
figured to receive a switching signal provided by the step-
down regulator and a control signal, wherein based on the
switching signal and the control signal, the on-time generator
generates an on-time signal; a minimum off time generator
configured to receive the control signal and generate a mini-
mum off time signal in accordance with the control signal; a
comparator configured to receive a feedback signal represen-
tative of the output voltage of the step-down regulator and a
reference signal, and wherein based on the feedback signal
and the reference signal, the comparator generates a compari-
son signal; an and-gate coupled to the comparator and the
minimum off time generator to receive the comparison signal
and the minimum off time signal, wherein based on the com-
parison signal and the minimum off time signal, the and-gate
generates an output signal; a flip-flop having a set terminal, a
reset terminal and an output terminal, wherein the reset ter-
minal is coupled to the on-time generator to receive the on-
time signal, and the set terminal is coupled to the and-gate to
receive the output signal, wherein based on the on-time signal
and the output signal, the flip-flop generates the control sig-
nal; and a power stage coupled to the output terminal of the
flip-flop to receive the control signal, wherein based on the
control signal, the power stage converts an input voltage into
the switching signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art step-down regulator 10.

FIG. 2 illustrates an on-time generator 2011 in accordance
with one embodiment of the present disclosure.

FIG. 3 illustrates an output voltage sensing circuit Bl in
accordance with one embodiment of the present disclosure.

FIG. 4 illustrates an input voltage sensing circuit Al in
accordance with one embodiment of the present disclosure.

FIG. 5 illustrates an improved linear input voltage sensing
circuit A2 in accordance with one embodiment of the present
disclosure.

FIG. 6 illustrates a current mirror circuit Y1 in accordance
with one embodiment of the present disclosure.
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FIG. 7(1)illustrates an operational amplifying circuit X1 in
accordance with one embodiment of the present disclosure.

FIG.7(2) llustrates an operational amplifying circuit X2 in
accordance with another embodiment of the present disclo-
sure.

FIG. 8 illustrates a linear input voltage sensing circuit A3
comprising the operational amplifying circuit X1 of FIG. 7(1)
and the current mirror circuit Y1 of FIG. 6.

FIG. 9 illustrates a PCOT control circuit 301 in accordance
with one embodiment of the present disclosure.

FIG. 10 illustrates a step-down regulator 30 comprising the
PCOT control circuit 301 of FIG. 9 in accordance with one
embodiment of the present disclosure.

FIG. 11 illustrates a step-down regulator 40 in accordance
with another embodiment of the present disclosure.

FIG. 12 illustrates the waveforms of the step-down regu-
lator shown in FI1G. 11.

FIG. 13 illustrates a step-down regulator 50 in accordance
with still another embodiment of the present disclosure.

DETAILED DESCRIPTION

The present invention is now described. While it is dis-
closed in its preferred form, the specific embodiments of the
invention as disclosed herein and illustrated in the drawings
are not to be considered in a limiting sense. Rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Indeed, it should be
readily apparent in view of the present description that the
invention may be modified in numerous ways. Among other
things, the present invention may be embodied as devices,
methods, software, and so on. Accordingly, the present inven-
tion may take the form of an entirely hardware embodiment,
an entirely software embodiment or an embodiment combin-
ing software and hardware aspects. The following detailed
description is, therefore, not to be taken in a limiting sense.

Throughout the specification, the meaning of“a,” “an,” and
“the” may also include plural references. The meaning of “in”
includes “in” and “on.”

FIG. 2 illustrates an on-time generator 2011 in accordance
with one embodiment of the present disclosure. The on-time
generator 2011 is used in step-down regulators with PCOT
control.

Referring to FIG. 2, the on-time generator 2011 comprises
an input voltage sensing circuit A, an output voltage sensing
circuit B and a comparator COMP. The input voltage sensing
circuit A receives a switching signal SW provided by a step-
down regulator and a control signal Q provided by a PCOT
control circuit, and provides an input voltage sensing signal
S, to the non-inverting input terminal of the comparator
COMP. The output voltage sensing circuit B receives the
switching signal SW, and provides an output voltage sensing
signal S, , to the inverting input terminal of the comparator
COMP. The comparator COMP compares the input voltage
sensing signal S, with the output voltage sensing signal S, ,
to generate an on-time signal S;.

FIG. 3 illustrates an output voltage sensing circuit Bl in
accordance with one embodiment of the present disclosure.
As shown in FIG. 3, the output voltage sensing circuit B1
comprises a resistor R and a capacitor C. The first terminal
of the resistor R receives the switching signal SW, and the
second terminal of the resistor R is coupled to the first
terminal of the capacitor C.. The second terminal of the
capacitor Cis coupled to ground. The second terminal of the
resistor Ry and the first terminal of the capacitor C, are
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configured as the output terminal of the output voltage sens-
ing circuit B1 which provides the output voltage sensing
signal S ,.

The output voltage sensing circuit Bl of FIG. 3 is a first-
order low-pass passive filter configured by a resistor and a
capacitor. Persons of ordinary skill in the art will recognize,
however, that in some other embodiments, the output voltage
sensing circuit may be a first-order active filter, N”-order
passive filter, or N”-order active filter, where N is an integer
greater than 2. Persons of ordinary skill in the art will also
recognize that in some other embodiments, the output voltage
sensing circuit can be other circuits which can provide the
information of the output voltage.

FIG. 4 illustrates an input voltage sensing circuit Al in
accordance with one embodiment of the present disclosure.
As shown in FIG. 4, the input voltage sensing circuit Al
comprises a resistor R, a capacitor C 5 and a switch K.
The first terminal of the resistor R ;,,, receives the switching
signal SW, and the second terminal of the resistor R,y is
coupled to the first terminal of the capacitor C 5. The second
terminal of the capacitor C,, is coupled to ground. The
switch K is coupled to the capacitor C,, in parallel and
controlled by the control signal Q. The second terminal of the
resistor R, and the first terminal of the capacitor C, are
configured as the output terminal of the input voltage sensing
circuit A1 which provides the input voltage sensing signal
S,,.

As can be observed from FIG. 4, if the input voltage sens-
ing circuit comprises a RC charging circuit configured by a
resistor and a capacitor, the input voltage sensing signal gen-
erated by the input voltage sensing circuit is non-linear. For a
linear V_,/V,,, the on-time signal generated by the corre-
sponding on-time generator is also non-linear because of the
non-linear input voltage sensing signal. Thus, the present
disclosure provides an improved linear input voltage sensing
circuit which generates an input voltage sensing signal vary-
ing linearly with the input voltage V. Accordingly, the on-
time generator comprising the linear input voltage sensing
circuit generates a linear on-time signal for a linear V,,/V,,.

FIG. 5 illustrates an improved linear input voltage sensing
circuit A2 in accordance with one embodiment of the present
disclosure. As shown in FIG. 5, the linear input voltage sens-
ing circuit A2 of FIG. 5 further comprises a linear current
compensation circuit A201 compared with the input voltage
sensing circuit A1 of FIG. 4. The linear current compensation
circuit A201 receives the input voltage sensing signal S|, and
provides a linear compensation current S, to the capacitor
Cronto get the input voltage sensing signal S, varying lin-
early with V. The linear current compensation circuit A201
comprises an operational amplifying circuit X and a current
mirror circuit Y. Referring to FIG. 5, the operational ampli-
fying circuit X receives the input voltage sensing signal S,
and generates an operational amplifying output signal S,.
The current mirror circuit Y receives the operational ampli-
fying output signal S; and provides the linear compensation
current S, to the capacitor Cy,y. The linear compensation
current S, works together with the current provided by the
switching signal SW through the resistor R, so that the
linear input voltage sensing circuit A2 provides a linear input
voltage sensing signal for a linear V,,,.

FIG. 6 illustrates a current mirror circuit Y1 in accordance
with one embodiment of the present disclosure. As shown in
FIG. 6, the current mirror circuit Y1 comprises a current
mirror, a resistor R, and a linear voltage regulating com-
ponent W. The current mirror receives a power supply V¢, .
The first terminal of the linear voltage regulating component
W is coupled to the current mirror, and the control terminal of
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the linear voltage regulating component W receives the
operational amplifying output signal S,. The first terminal
(node A) of the resistor R ;s coupled to the second terminal
of'the linear voltage regulating component W, and the second
terminal of the resistor R, is coupled to ground. As shown
in FIG. 6, the current mirror circuit Y1 generates the linear
compensation current S .

Persons of ordinary skill in the art will recognize that the
resistor Ry, 0f FIG. 6 and the resistor R ;5 of FIG. 5 have
the same resistance. Although a metal oxide semiconductor
field effect transistor (MOSFET) is used as the linear voltage
regulating component W in the embodiment of FIG. 6, per-
sons of ordinary skill in the art will recognize that, however,
in some other embodiments, the linear voltage regulating
component W may be a bipolar junction transistor (BJT) or
other components or circuits with similar function.

FIG.7(1) illustrates an operational amplifying circuit X1 in
accordance with one embodiment of the present disclosure.
As shown in FIG. 7(1), the operational amplifying circuit X1
comprises an operational amplifier OPAMP. The non-invert-
ing input terminal of the operational amplifier OPAMP
receives the input voltage sensing signal S, and the inverting
input terminal of the operational amplifier OPAMP is coupled
to the first terminal (node A) of the resistor R, of FIG. 6.
The operational amplifier OPAMP provides the operational
amplifying output signal S, to the current mirror circuitY at
its output terminal.

The operational amplifier used as the operational amplify-
ing circuit in the embodiment of FIG. 7(1) may increase the
size of the linear input voltage sensing circuit also the cost.
Thus, the present disclosure provides an improved opera-
tional amplifying circuit which reduces the circuit size and
cost.

FIG.7(2) llustrates an operational amplifying circuit X2 in
accordance with one embodiment of the present disclosure.
As shown in FIG. 7(2), the operational amplifying circuit X2
comprises a current source Ig and a component W'. The com-
ponent W' has opposite characteristic parameters to that of the
linear voltage regulating component W of FIG. 6. As shown in
FIG. 7(2), the input terminal of the current source I is
coupled to a power supply V.., and the output terminal of
the current source I is coupled to the first terminal of the
component W'. The second terminal of the component W' is
coupled to ground, and the control terminal of the component
W' is coupled to the output terminal of the input voltage
sensing circuit to receive the input voltage sensing signal S ;.
With the operational amplifying circuit X2 of FIG. 7(2) and
the current mirror circuit Y1 of FIG. 6, for a linear V,,,, the
input voltage sensing circuit generates a linear input voltage
sensing signal, and correspondingly, the on-time generator
generates a linear on-time signal for a linear V,,,/V,,,. More-
over, the circuit size and the cost are both reduced with the
operational amplifying circuit X2.

FIG. 8 illustrates a linear input voltage sensing circuit A3
comprising the operational amplifying circuit X1 of FIG. 7(1)
and the current mirror circuit Y1 of FIG. 6. The linear input
voltage sensing circuit A3 comprises a linear current com-
pensation circuit A302 including the operational amplifying
circuit X1 of FIG. 7(1) and the current mirror circuit Y1 of
FIG. 6. As shown in FIG. 8, when the switch K is off, the
capacitor C ., 1s charged, the charging current [ is given
by Equation (5) as follows:

charge
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_ (Vsw = Vi)

Vsi1
Lenarge =

Rron ~ Rron

Vsw (5)

Rron

where V,;, and V,, respectively represents the voltages at
the switching node of the regulator and the output terminal of
the input voltage sensing circuit. As can be observed from
Equation (5), the charging current 1,,,.. of the capacitor
Cron is decided by the resistor R ;5 and the voltage at the
switching node of the regulator. That is, for a linear V,,,, the
charging current I,,,,,. of the capacitor C, is linear, and
therefore the input voltage sensing signal S, | provided by the
linear input voltage sensing circuit is linear. As a result, the
on-time signal provided by the corresponding on-time gen-
erator is also linear for a linear V_,,/V,,.

Similarly, for the input voltage sensing circuit comprising
the operational amplifying circuit X2 of FIG. 7(2) and the
current mirror circuit of FIG. 6, the charging current I, of
the capacitor C,,, is given by the Equation (6) as follows:

(Vsw = V1) . Vi = Vasw + Vasw (6)

Rron

_ Vsw

Lenarge =

Rron Rron

where Vg and V gy respectively represents the gate-
source voltages of the components W and W'. As can
observed from Equation (6), for a linear V,,, the charging
current I, of the capacitor Cy,y is linear, and therefore
the input voltage sensing signal S, provided by the linear
input voltage sensing circuit is linear. As a result, the on-time
signal provided by the corresponding on-time generator is
also linear for a linear V., /V,,.

FIG. 9 illustrates a PCOT control circuit 301 in accordance
with one embodiment of the present disclosure. The PCOT
control circuit 301 is used in step-down regulators and com-
prises the on-time generator in accordance with the embodi-
ments of the present disclosure. According to one embodi-
ment of the present disclosure, the PCOT control circuit 301
is an integrated circuit.

As shown in FIG. 9, the PCOT control circuit 301 com-
prises an on-time generator 3011, a feedback control circuit
3012 and a logic control circuit 3013. The on-time generator
3011 receives a switching signal SW provided by a step-down
regulator and a control signal Q provided by the PCOT con-
trol circuit 301, and generates an on-time signal S,. The
feedback control circuit 3012 receives a feedback signal V,
and generates an output signal. The logic control circuit 3013
receives the on-time signal S, and the output signal provided
by the feedback control circuit 3012, and generates the con-
trol signal Q. As shown in FIG. 9, compared with the prior art
PCOT control circuit 101 of FIG. 1, the PCOT control circuit
used in the step-down regulator in accordance with embodi-
ments of the present disclosure receives the switching signal
SW provided by the step-down regulator and the feedback
signal V,, and generates the control signal Q. The PCOT
control circuit can receive the information of the output volt-
age V,_,,, without the output voltage pin VOUT, and can also
receive the information of the input voltage V,, without the
frequency setting pin FREQ and the external frequency set-
ting resistor R, 5. Thus, when the PCOT control circuit is
used in the step-down regulators, the chip size and the cost are
both reduced.

FIG. 10 illustrates a step-down regulator 30 comprising the
PCOT control circuit 301 of FIG. 9. According to one
embodiment of the present disclosure, the step-down regula-
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tor 30 is an integrated circuit. As shown in FIG. 10, the
step-down regulator 30 comprises a PCOT control circuit 301
and a power stage 302. The PCOT control circuit 301 receives
the switching signal SW provided by the step-down regulator
30 and the feedback signal Vi, and provides the control
signal Q. The power stage 302 receives the control signal Q
and the input voltage V,,,, and provides the switching signal
SW. As shown in FIG. 10, compared with the step-down
regulator 10 of FIG. 1, the step-down regulator 30 in accor-
dance with one embodiment of the present disclosure com-
prises an input voltage pin VIN, a feedback signal pin FB, a
switching pin SW and a ground pin GND. The step-down
regulator 30 may not comprise the output voltage pin VOUT,
and may not comprise the frequency setting pin FREQ and the
external frequency setting resistor R ;- Thus, the chip size
and the cost of the step-down regulator in accordance with
embodiments of the present disclosure can be both reduced.

FIG. 11 illustrates a step-down regulator 40 in accordance
with another embodiment of the present disclosure. As shown
in FIG. 11, the step-down regulator 40 comprises an on-time
generator 4011, a flip-flop 4013 and a power stage configured
by switches Q, and Q,. The on-time generator 4011 com-
prises the input voltage sensing circuit A1 of FIG. 4 and the
output voltage sensing circuit B1 of FIG. 3. For convenience
of description, some circuits are omitted in the step-down
regulator 40 of FIG. 11, for example, the feedback control
circuit is not shown in the step-down regulator 40.

As shown in FIG. 11, the on-time generator 4011 receives
the switching signal SW provided by the step-down regulator
40 and the control signal Q provided by the flip-flop 4013, and
provides an on-time signal S, to the reset terminal of the
flip-flop 4013. The control signal Q controls the high-side
switch Q,, and the complementary signal Q' of the control
signal Q controls the low-side switch Q,. The first terminal of
the high-side switch Q, receives the input voltage V,,,, and the
second terminal of high-side switch Q, is coupled to the first
terminal of the low-side switch Q,. The second terminal ofthe
low-side switch Q, is coupled to ground. The second terminal
of the high-side switch Q, and the first terminal of the low-
side switch Q, are configured as the output terminal of the
step-down regulator 40 and output the switching signal SW.

FIG. 12 illustrates the waveforms of the step-down regu-
lator 40 of FIG. 11. As shown in FIG. 11 and FIG. 12, when
Q=1, the high-side switch Q, is turned on, and the switching
signal SW equals to the input voltage V,,. Meanwhile, the
switch K is turned off by the control signal Q, the capacitor
Con is charged. The input voltage sensing signal S, ramps
up, that is, the voltage at the non-inverting input terminal of
the comparator COMP ramps up. When the voltage at the
non-inverting input terminal of the comparator COMP
reaches the output voltage sensing signal S, , provided by the
output voltage sensing circuit, the on-time signal S; becomes
logical high, that is, S;=1. The on-time signal S, resets the
flip-flop 4013 to change the control signal Q into logical low
(Q=0). Thus, the high-side switch Q, is turned off, and the
low-side switch Q, is turned on, the switching signal SW
equals to 0. Meanwhile, the switch K is turned on by the
control signal Q, the capacitor C,,, is discharged, and the
voltage at the non-inverting input terminal of the comparator
COMP decreases rapidly to its initial value.

FIG. 13 illustrates a step-down regulator 50 in accordance
with still another embodiment of the present disclosure. As
shown in FIG. 13, the regulator 50 comprises an on-time
generator 5011, a minimum off-time generator 5012, a flip-
flop 5013, a comparator 5014, an and-gate AND and a power
stage 502. The on-time generator 5011 receives a switching
signal SW provided by the regulator 50 and a control signal Q
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provided by the flip-flop 5013, and provides an on-time signal
S, to the reset terminal of the flip-flop 5013. The minimum
off-time generator 5012 receives the control signal Q and
provides a minimum off-time signal S, to the and-gate AND.
The inverting and non-inverting input terminals of the com-
parator 5014 respectively receives a feedback signal V 4, pro-
vided by the regulator 50 and a reference voltage V,, . The
comparator 5014 provides an output signal to the and-gate
AND at its output terminal. The and-gate AND provides an
output signal to the set terminal of the flip-flop 5013. The
flip-flop 5013 provides the control signal Q to the power stage
502. The power stage 502 receives an input voltage V,, and
provides an output signal as the switching signal SW of the
regulator 50. Compared with the regulator 10 of FIG. 1, the
regulator 50 of FIG. 13 can eliminate the output voltage pin
V oorand also the frequency setting pin FREQ and the exter-
nal frequency setting resistor Rz, Thus, with the PCOT
control circuit in accordance with the embodiment illustrated
in FIG. 13, the chip size and the cost of the regulator can be
both reduced.

While at least one exemplary embodiment and method of
fabrication has been presented in the foregoing detailed
description of the invention, it should be appreciated that a
vast number of variations exist. It should also be appreciated
that the exemplary embodiment or exemplary embodiments
are only examples, and are not intended to limit the scope,
applicability, or configuration of the invention in any way.
Rather, the foregoing detailed description will provide those
skilled in the art with a convenient road map for implementing
an exemplary embodiment of the invention, it being under-
stood that various changes may be made in the function and
arrangement of elements described in an exemplary embodi-
ment without departing from the scope of the invention as set
forth in the appended claims and their legal equivalents.

We claim:

1. A step-down regulator, comprising:

a pseudo constant on time control circuit, wherein the

pseudo constant on time control circuit comprises:
an on-time generator comprising:

an input voltage sensing circuit having a first input
terminal, a second input terminal and an output
terminal, wherein the first input terminal is config-
ured to receive a switching signal provided by the
step-down regulator, the second input terminal is
configured to receive a control signal provided by
the pseudo constant on time control circuit, and
wherein based on the switching signal and the con-
trol signal, the input voltage sensing circuit gener-
ates an input voltage sensing signal at the output
terminal,

an output voltage sensing circuit having an input ter-
minal and an output terminal, wherein the input
terminal is configured to receive the switching sig-
nal, and wherein based on the switching signal, the
output voltage sensing circuit generates an output
voltage sensing signal at the output terminal; and

a comparator having a first input terminal, a second
input terminal and an output terminal, wherein the
first input terminal is coupled to the output terminal
of the input voltage sensing circuit to receive the
input voltage sensing signal, the second input ter-
minal is coupled to the output terminal ofthe output
voltage sensing circuit to receive the output voltage
sensing signal, and wherein based on the input
voltage sensing signal and the output voltage sens-
ing signal, the comparator generates an on-time
signal at the output terminal;
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a feedback control circuit configured to receive a feed-
back signal representative of the output voltage of the
step-down regulator, and to generate an output signal
in accordance with the feedback signal; and

a logic control circuit coupled to the on-time generator
and the feedback control circuit to receive the on-time
signal and the output signal, wherein based on the
on-time signal and the output signal, the logic control
circuit generates the control signal; and

apower stage configured to receive an input voltage and the
control signal, wherein based on the input voltage and
the control signal, the power stage generates the switch-
ing signal.

2. The step-down regulator of claim 1, wherein the input

voltage sensing circuit comprises:

a first resistor having a first terminal and a second terminal,
wherein the first terminal is coupled to the power stage to
receive the switching signal;

a capacitor having a first terminal and a second terminal,
wherein the first terminal is coupled to the second ter-
minal of the first resistor and provides the input voltage
sensing signal, and the second terminal is grounded; and

a switch having a first terminal, a second terminal and a
control terminal, wherein the control terminal is coupled
to the logic control circuit to receive the control signal,
the first terminal is coupled to the first terminal of the
capacitor, and the second terminal is grounded.

3. The step-down regulator of claim 2, wherein the input
voltage sensing circuit further comprises a linear current
compensation circuit having an input terminal and an output
terminal, wherein the input terminal is coupled to the output
terminal of the input voltage sensing circuit to receive the
input voltage sensing signal, and wherein based on the input
voltage sensing signal ,the linear current compensation cir-
cuit provides a linear compensation current to the capacitor so
that the input voltage sensing signal varies linearly with the
input voltage.

4. The step-down regulator of claim 3, wherein the linear
current compensation circuit comprises:

an operational amplifying circuit having an input terminal
and an output terminal, wherein the input terminal is
coupled to the output terminal of the input voltage sens-
ing circuit to receive the input voltage sensing signal;
and

a current mirror circuit having an input terminal and an
output terminal, wherein the input terminal is coupled to
the output terminal of the operational amplifying circuit,
and the output terminal is coupled to the first terminal of
the capacitor to provide the linear compensation current.

5. The step-down regulator of claim 4, wherein the current
mirror circuit comprises:

a current mirror having an input terminal and an output
terminal, wherein the output terminal is coupled to the
first terminal of the capacitor to provide the linear com-
pensation current;

a first linear voltage regulating component having a first
terminal, a second terminal and a control terminal,
wherein the control terminal is coupled to the output
terminal of the operational amplifying circuit, the first
terminal is coupled to the input terminal of the current
mirror; and

a second resistor having a first terminal and a second ter-
minal, wherein the first terminal is coupled to the second
terminal of the first linear voltage regulating component,
and the second terminal is grounded, further wherein the
first resistor and the second resistor have the same resis-
tance.
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6. The step-down regulator of claim 5, wherein the opera-

tional amplifying circuit comprises:

a current source having an input terminal and an output
terminal, wherein the input terminal is configured to
receive a power supply voltage; and

a second linear voltage regulating component having a first
terminal, a second terminal and a control terminal,
wherein the control terminal is coupled to the output
terminal of the input voltage sensing circuit to receive
the input voltage sensing signal, the first terminal is
coupled to the output terminal of the current source and
the control terminal of the first linear voltage regulating
component, and the second terminal is grounded, further
wherein the first and second linear voltage regulating
components have opposite characteristic parameters.

7. The step-down regulator of claim 5, wherein the first

linear voltage regulating component is a MOSFET or a BJT.

8. The step-down regulator of claim 5, wherein the opera-

tional amplifying circuit comprises an operational amplifier
having a first input terminal, a second input terminal and an
output terminal, wherein the first input terminal is coupled to
the output terminal of the input voltage sensing circuit to
receive the input voltage sensing signal, the second input
terminal is coupled to the first terminal of the second resistor,
and the output terminal is coupled to the control terminal of
the first linear voltage regulating component.

9. The step-down regulator of claim 1, wherein the output

voltage sensing circuit comprises a low-pass filter.

10. The step-down regulator of claim 9, wherein the low-

pass filter comprises:

a filtering resistor having a first terminal and a second
terminal, wherein the first terminal is coupled to the
power stage to receive the switching signal; and

a filtering capacitor having a first terminal and a second
terminal, wherein the first terminal is coupled to the
second terminal of the filtering resistor and provides the
output voltage sensing signal, and the second terminal is
grounded.

11. A pseudo constant on time control circuit for a step-

down regulator, comprising:
an on-time generator comprising:
an input voltage sensing circuit having a first input ter-
minal, a second input terminal and an output terminal,
wherein the first input terminal is configured to
receive a switching signal provided by the step-down
regulator, the second input terminal is configured to
receive a control signal provided by the pseudo con-
stant on time control circuit, and wherein based on the
switching signal and the control signal, the input volt-
age sensing circuit generates an input voltage sensing
signal at the output terminal;

an output voltage sensing circuit having an input termi-
nal and an output terminal, wherein the input terminal
is configured to receive the switching signal, and
wherein based on the switching signal, the output
voltage sensing circuit generates an output voltage
sensing signal at the output terminal; and

acomparator having a first input terminal, a second input
terminal and an output terminal, wherein the first
input terminal is coupled to the output terminal of the
input voltage sensing circuit to receive the input volt-
age sensing signal, the second input terminal is
coupled to the output terminal of the output voltage
sensing circuit to receive the output voltage sensing
signal, and wherein based on the input voltage sensing
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signal and the output voltage sensing signal, the com-
parator generates an on-time signal at the output ter-
minal;

a feedback control circuit configured to receive a feedback
signal representative of the output voltage of the step-
down regulator, and to generate an output signal in
accordance with the feedback signal; and

a logic control circuit coupled to the on-time generator and
the feedback control circuit to receive the on-time signal
and the output signal, wherein based on the on-time
signal and the output signal, the logic control circuit
generates the control signal.

12. The pseudo constant on time control circuit of claim 11,

wherein the input voltage sensing circuit comprises:

a first resistor having a first terminal and a second terminal,
wherein the first terminal is configured to receive the
switching signal;

a capacitor having a first terminal and a second terminal,
wherein the first terminal is coupled to the second ter-
minal of the first resistor and provides the input voltage
sensing signal, and the second terminal is grounded; and

a switch having a first terminal, a second terminal and a
control terminal, wherein the control terminal is coupled
to the logic control circuit to receive the control signal,
the first terminal is coupled to the first terminal of the
capacitor, the second terminal is grounded.

13. The pseudo constant on time control circuit of claim 12,
wherein the input voltage sensing circuit further comprises a
linear current compensation circuit having an input terminal
and an output terminal, wherein the input terminal is coupled
to the output terminal of the input voltage sensing circuit to
receive the input voltage sensing signal, and wherein based on
the input voltage sensing signal, the linear current compen-
sation circuit provides a linear compensation current to the
capacitor so that the input voltage sensing signal varies lin-
early with the input voltage.

14. The pseudo constant on time control circuit of claim 13,
wherein the linear current compensation circuit comprises:

an operational amplifying circuit having an input terminal
and an output terminal, wherein the input terminal is
coupled to the output terminal of the input voltage sens-
ing circuit to receive the input voltage sensing signal;
and

a current mirror circuit having an input terminal and an
output terminal, wherein the input terminal is coupled to
the output terminal of the operational amplifying circuit,
and the output terminal is coupled to the first terminal of
the capacitor to provide the linear compensation current.

15. The pseudo constant on time control circuit of claim 14,
wherein the current mirror circuit comprises:

a current mirror having an input terminal and an output
terminal, wherein the output terminal is coupled to the
first terminal of the capacitor to provide the linear com-
pensation current;

a first linear voltage regulating component having a first
terminal, a second terminal and a control terminal,
wherein the control terminal is coupled to the output
terminal of the operational amplifying circuit, the first
terminal is coupled to the input terminal of the current
mirror; and

a second resistor having a first terminal and a second ter-
minal, wherein the first terminal is coupled to the second
terminal of the first linear voltage regulating component,
and the second terminal is grounded, further wherein the
first resistor and the second resistor have the same resis-
tance.
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16. The pseudo constant on time control circuit of claim 15,

wherein the operational amplifying circuit comprises:

a current source having an input terminal and an output
terminal wherein the input terminal is configured to
receive a power supply voltage; and 5

a second linear voltage regulating component having a first
terminal, a second terminal and a control terminal,
wherein the control terminal is coupled to the output

a minimum off time generator configured to receive the
control signal, and to generate a minimum off time sig-
nal in accordance with the control signal;

a comparator configured to receive a feedback signal rep-
resentative of the output voltage of the step-down regu-
lator, and to receive a reference signal, and wherein
based on the feedback signal and the reference signal,
the comparator generates a comparison signal;

an and-gate coupled to the comparator and the minimum

terminal of the input voltage sensing circuit to receive

off time generator to receive the comparison signal, and

the input voltage sensing signal, the first terminal is 10 to receive the minimum off time signal, wherein based
coupled to the output terminal of the current source and on the comparison signal and the minimum off time
the control terminal of the first linear voltage regulating signal, the and-gate generates an output signal;
component, and the second terminal is grounded, further a flip-flop having a set terminal, a reset terminal and an
wherein the first and second linear voltage regulating | output terminal, wherein the reset terminal is coupled to
components have opposite characteristic parameters. the on-time generator to receive the on-time signal, and
17. The pseudo constant on time control circuit of claim 11, the set tep’mnal 18 cogpled to the and—gatg to recetve the
wherein the output voltage sensing circuit comprises a low- output signal, wherein based on the on-time signal and
pass filter. thelz outgut signal, the flip-flop generates the control sig-
18. A step-down regulator, comprising: nhal; an
an on-tinﬁe generatgucn* cor;ﬁguré)d o %ec eive a switching 0, power stage coupled to the output tenpina] ofthe flip-flop
signal provided by the step-down regulator, and to to receive the control signal, wherein l?ased on the con-
receive a control signal, wherein based on the switching trol signal, the power stage converts an input voltage into
signal and the control signal, the on-time generator gen- the switching signal.
erates an on-time signal; ® ok k% %

Page 16 of 16 REED EX1001

IPR2024-01158






US008476887B2

.
a2 United States Patent (10) Patent No.: US 8,476,887 B2
Tateishi et al. 45) Date of Patent: Jul. 2, 2013
(54) DC TO DC CONVERTER WITH PSEUDO 5,764,495 A 6/1998 Faulk
CONSTANT SWITCHING FREQUENCY 6,212,079 Bl 4/2001 Balakrishnan etal.
6,956,361 B1* 10/2005 Mozipo etal. ....... 323/283
(75) Inventors: Tetsuo Tateishi, Nagoya Aichi.(JI.’); ;:%g:ég; Eg ' 3@883 Ei;agrg';fag :ltl'al: """"""" 3230283
Shinobu Aoki, Kita-Nagoya Aichi (JP) 7,417,879 B2* 82008 Sawtell . e 363/80
7,443,148 B2* 10/2008 Weng .... .. 323/271
(73) Assignee: Texas Instruments Incorporated, 7,482,793 B2*  1/2009 Stoichita ... .. 323/282
Dallas, TX (US) 7,492,133 B2 j 2/2009 Yos_hikawa .. 323/222
7,576,529 B2*  8/2009 Ishino ... .. 323/284
(*) Notice:  Subject to any disclaimer, the term of this 7652461 B2* 112010 Tateishi ... 3231284
patent is extended or adjusted under 35 OTHER PUBLICATIONS
U.S.C. 154(b) by 960 days.
Texas Instruments Incorporated, Complete DDR, DDR2 and DDR3
(21) Appl. No.: 12/367,384 Memory Power Solution Synchronous Buck Controller . . . ,
TPS51116 data sheet, May 2004-Jun. 2008, www.ti.com, USA.
(22) Filed: Feb. 6,2009 Texas Instruments Incorporated, Dual D-CAP™ Synchronous Step-
Down Controller for Notebook Power Rails, TPS51427 data sheet,
(65) Prior Publication Data Apr.-Sep. 2008, www.ti.com, USA.
US 2009/0140708 A1l Jun. 4, 2009 * cited by examiner
Related U.S. Application Data Primary Examiner — Jessica Han
(63) Continuation-in-part of application No. 11/256,869, (74) Attorney, Agent, or Firm — William B. Kempler; Wade
filed on Oct. 24, 2005, now Pat. No. 7,652,461. J. Brady, I1I; Frederick J. Telecky, Jr.
(60) Provisional application No. 61/077,792, filed on Jul. 2,
2008, provisional application No. 60/632,921, filed on 7 ABSTRACT
Dec. 3, 2004. Various apparatuses, methods and systems for a DC to DC
converter with a pseudo constant switching frequency are
(51) Imt.CL disclosed herein. For example, some embodiments provide a
GOSF 1/40 (2006.01) DC to DC converter having a switch connected to a switching
(52) US.CL node to control a voltage of the switching node, and a switch-
USPC oo 323/284; 323/285 ing controller that is adapted to turn on and off the switch ata
(58) Field of Classification Search substantially constant frequency based at least in part on the
USPC oo 323/222, 225, 282288, 351 voltage of the switching node. The switching controller
See application file for complete search history. includes a modulator connected to a control electrode of the
switch and that is adapted to actuate and deactuate the switch,
(56) References Cited and a first timer that is connected to the switching node and to

U.S. PATENT DOCUMENTS

4,683,529 A * 7/1987 Bucher, II
5,180,964 A * 1/1993 Ewing

363/44
... 323/222

the modulator. The first timer uses the voltage of the switch-
ing node to determine an on-time for the switch.

11 Claims, 4 Drawing Sheets

> o= qroEres 1
36 g2~ ! CROSS HIGH-SIDE |
“e{ CONDUCTION | 1 DRVER 52
CONTROL oo | 1gvin

12

g

1
=\5;-1

aQli=
<
oY

110

Page 1 of 12

: ZERO-CROSSING
112 | _COMPARATOR

Patent Owner Exhibit 100

REED EX1005
IPR2024-01158





US 8,476,887 B2

Sheet 1 of 4

Jul. 2, 2013

U.S. Patent

) Ll
bt N\:Nuolf S——— 1
0l I |
/r I ~0¢ I
..... _ LA ook /\ 90 % boL !
£ 40O \ |
02~ o _ T |
1z _ “ “ “
I — ogl I 10| HIWIL _
“ LT 1 I <Ol JNIL-440 WNWINIA |
ON/\_EV H__ 1 1 E 1 |
|
En vv_ “ D/ﬁ_u/\_/ “ ! m 2vl
| I I |
H:O>AW| ienl Enienini 3 I
~| T _
§|MW>M1 L !
ms “ ISR "
B _
| J "
I A L “
r—tr—-—— A i “
} |
oL
| 1 1
H_v “ “ 1 \__[— 7
] 11 |
I 11 “ éch
| 11
:A_U\,/S I GOA 11 qouIN0D |
WINMG | | NOILONANOD
\vn 3QIS-HOH “ | 55040 .“r/mo wm

REED EX1005
IPR2024-01158

Page 2 of 12





US 8,476,887 B2

U.S. Patent Jul. 2, 2013 Sheet 2 of 4
76
22 y
SW 9
90~_ 86 I__l
84
92"
FIG. 2
56
116 r-———- '!/__—'I
\ | MIN TOFF DELAY |
0 S Q ! AAA R !
" LY
i
76 Jd L]
22 \
SW
| e A
! Ichg GENERATOR |
| |
1 202~ j I
i i
| |
| - |
| |
| |
| |
72>/\ l |
| |
-+ I K J
me—————— ™= e
! : 2007%
—C
| B
80-"1 T T 20
L !
| VswFILTER | FIG. 4
N —
Page 3 of 12

REED EX1005
IPR2024-01158





US 8,476,887 B2

Sheet 3 of 4

Jul. 2, 2013

U.S. Patent

€ 'ODIH 9

ﬂ
T, oNissouo-ouaz | d‘/ ittt e
|
AN _ 41T£7 i " ~0z % "
1 i | |
_ _ ||| e 00} %04 _
||||| . - o
vm,./v_ﬂ HIAIHA |“ I J ort |"|/_ toO|_| I_H\ “
0, 1aasmor ! - bel ! !
./ 1 ]
i ' t H
S "1 N _H I 40| HANIL _
0z “ F i — 11/ _ NE\@ INIL-440 NNAINIA |
N All__ 1 11 T D S 1 |
Nm/H v I ™o - I
T T
So>ﬂ|. _— - |
7T |
_\NIMWMM s !
ms| 1 ——+ _
1 |
| £ i
“ |_||+ “
i 5 b |
|||||| I I
r T |
ot || |
| 11 |
H__v T T { _ |
|
S | i i
0cl
T o | o, W8 | een |
e | HOLVHVIWOD 1 3~
251 S0 AT I oy
LIQSHOH | SSO¥I _ | mm peo "L 4001 |

REED EX1005
IPR2024-01158

Page 4 of 12





U.S. Patent Jul. 2,2013 Sheet 4 of 4 US 8,476,887 B2
270
22 272
sw% A A o/ FILTER OUTPUT
—=Cf1 —=Cf2
Vout;
24 FIG. 5
?)0
304 302 310 312

Vsw
FILTER

SWITCHING
[ | CONTROLLER 399 ;I

(
324

/
396 \-320

FIG. 6

400~

AVERAGE THE VOLTAGE OF A SWITCHING
NODE IN A DC TO DC CONVERTER TO
GENERATE A REPRESENTATION OF AN

INPUT AND/OR OUTPUT VOLTAGE

!

402

SWITCH THE SWITCHING NODE BETWEEN A
FIRST VOLTAGE LEVEL AND A SECOND
VOLTAGE LEVEL BASED AT LEAST IN PART
UPON THE REPRESENTATION OF THE INPUT
AND/OR OUTPUT VOLTAGE SO THAT THE
SWITCHING NODE IS SWITCHED AT A
SUBSTANTIALLY CONSTANT FREQUENCY

FIG. 7

Page 5 of 12

REED EX1005
IPR2024-01158





US 8,476,887 B2

1
DC TO DC CONVERTER WITH PSEUDO
CONSTANT SWITCHING FREQUENCY

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of U.S. patent
application Ser. No. 11/256,869, entitled “High Efficiency
Power Converter Operating Free of an Audible Frequency
Range” and filed on Oct. 24, 2005 (now U.S. Pat. No. 7,652,
461), which claims priority to U.S. Patent Application Ser.
No. 60/632,921, entitled “High Efficiency DC/DC Converter
Operating Out of an Audible Frequency Range” and filed on
Dec. 3, 2004. This application also claims priority to U.S.
Provisional Patent Application No. 61/077,792, entitled
“ON-TIME GENERATION CIRCUIT FOR PSEUDO
FIXED FREQUENCY DC/DC CONVERTER BASED
UPON SWITCHING NODE INFORMATION” and filed on
Jul. 2, 2008. The aforementioned applications are assigned to
an entity common hereto, and the entirety of the aforemen-
tioned applications are each incorporated herein by reference
for all purposes.

BACKGROUND

Many types of electronic systems use DC to DC converters
to provide electrical power, particularly portable battery pow-
ered devices that require a lower or higher voltage than is
directly supplied by the batteries or by other electronic sys-
tems requiring multiple voltage levels internally. DC-DC
converters process an incoming direct current (DC) voltage
and generate an output of a different voltage. DC to DC
converters may also regulate the output voltage so that input
voltage variations and changing load conditions do not sub-
stantially alter the output voltage. A number of different types
of DC to DC converters are known, such as buck converters
and boost converters.

Many of these are switching regulators, which rapidly
switch on and off to transfer packets of energy from an input
to an output. The duty cycle of the switching can be controlled
to adjust the output voltage, and various circuit configurations
are known to provide outputs with higher or lower voltage
than the input. Switching regulators are typically very effi-
cient, but have some characteristics to be controlled or mini-
mized such as output voltage ripple. Because of the switching
nature of these DC to DC converters, the output voltage may
have some ripple despite the use of filters at the output. Stable,
or predictable, switching frequency is preferred to simplify
selection of such output filter components.

Some examples of prior art systems are U.S. Pat. No.
6,212,079; U.S. Pat. No. 7,202,609; and U.S. Pat. No. 5,764,
49s.

SUMMARY

Various apparatuses, methods and systems for a DC to DC
converter with a pseudo constant switching frequency are
disclosed herein. For example, some embodiments provide a
DC to DC converter having a switch connected to a switching
node to control a voltage of the switching node, and a switch-
ing controller that is adapted to turn on and off the switch ata
substantially constant frequency based at least in part on the
voltage of the switching node. The switching controller
includes a modulator connected to a control electrode of the
switch and that is adapted to actuate and deactuate the switch,
and a first timer that is connected to the switching node and to
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the modulator. The first timer uses the voltage of the switch-
ing node to determine an on-time for the switch.

Other embodiments provide methods of converting DC to
DC signals, including averaging a voltage of a switching node
in a DC to DC converter to generate a representation of a
boundary voltage, and switching the switching node between
a first voltage level and a second voltage level based at least in
part upon the representation of the boundary voltage so that
the switching node is switched at a substantially constant
frequency. In some embodiments of the methods, the DC to
DC converter comprises a buck converter, the boundary volt-
age comprises an output voltage and the switching node com-
prises a node between a high side switch and a low side
switch. In other embodiments of the methods, the DC to DC
converter comprises a boost converter, the boundary voltage
comprises an input voltage and the switching node comprises
a node between a first switch to an output node and a second
switch to ground. Various embodiments of the methods also
include charging an energy storage device during an on-time
and discharging the energy storage device during an off-time,
wherein the energy storage device is charged with a current
that is proportional to a difference between an input voltage
level and a voltage level across a high side switch. The meth-
ods also include comparing the representation of the output
voltage with a voltage level of the energy storage device,
wherein the switching node is switched when a result of the
comparing changes state. In various embodiments of the
methods, the charging is terminated when the voltage level of
the energy storage device reaches a termination voltage level
or a combination of the output voltage and a voltage level
across an output inductor. The termination voltage level may
also include the voltage level across a low side switch.

Yet other embodiments provide a DC to DC buck converter
having a high side switch and a low side switch connected in
series between an input voltage and a lower reference voltage,
with a switching node between the high side and low side
switch. The input of a low pass filter is connected to the
switching node. An inductor is connected between the switch-
ing node and an output node. The input of a switching con-
troller is connected to the low pass filter output, and the output
is connected to control inputs on the high and low side
switches. The switching controller is not directly connected
to the output node. The switching controller is adapted to turn
on and off the at least one switch at a substantially constant
frequency based at least in part on the low pass filter output.
The switching controller is adapted to place the DC to DC
buck converter in an on state with the high side switch on and
the low side switch off, and in an off state with the high side
switch off and the low side switch on. An on-time during
which the DC to DC buck converter is in the on state is
proportional to an output voltage of the output node and is
inversely proportional to the input voltage. The switching
controller includes a comparator with a first input connected
to the low pass filter output and a second input connected to a
reference voltage generator. The switching controller input is
connected to the comparator output. The reference voltage
generator includes a capacitor connected between the second
input of the comparator and ground. The reference voltage
generator also includes a bypass transistor connected in par-
allel with the capacitor. The switching controller is adapted to
turn on the bypass transistor during off-time. The reference
voltage generator also includes a reference current source
connected to the second input of the comparator. The current
level from the reference current source is proportional to a
voltage which represents the switch node voltage during an
on-time. The reference voltage generator also includes a pre-
charging transistor connected between the second input of the
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comparator and the switching node. The switching controller
is adapted to turn on the precharging transistor during at least
a portion of the off time to charge the capacitor to a voltage
level of the switching node during the off-time.

This summary provides only a general outline of some
particular embodiments. Many other objects, features, advan-
tages and other embodiments will become more fully appar-
ent from the following detailed description, the appended
claims and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the various embodiments may
be realized by reference to the figures which are described in
remaining portions of the specification. In the figures, like
reference numerals may be used throughout several drawings
to refer to similar components.

FIG. 1 depicts an example of a DC to DC buck converter
with a pseudo constant switching frequency.

FIG. 2 depicts a reference current source that may be used
in the DC to DC buck converter of FIG. 1.

FIG. 3 depicts an example of a DC to DC buck converter
with a pseudo constant switching frequency that takes into
consideration off-time low side switch voltage.

FIG. 4 depicts an example of various portions of another
DC to DC buck converter with a pseudo constant switching
frequency.

FIG. 5 depicts an embodiment of a switch node voltage
filter.

FIG. 6 depicts an example of a DC to DC boost converter
with a pseudo constant switching frequency.

FIG. 7 depicts a flow chart of a method of converting DC to
DC signals.

DESCRIPTION

The drawings and description, in general, disclose various
embodiments of DC to DC converters with pseudo constant
switching frequency. The switching frequency is controlled
by a switching controller in the DC to DC converters based
upon feedback from the switching node, without a direct
connection to the output node. In various embodiments of
integrated circuit DC to DC converters, the switching node is
connected to a pin on the integrated circuit, to which external
filtering components such as inductors, resistors and capaci-
tors may be added. The use of feedback from the switching
node to establish the pseudo constant switching frequency
avoids the need to provide a pin on the integrated circuit for
direct feedback from the output node at the far end of the
external filtering components.

Referring now to FIG. 1, an example of a DC to DC buck
converter 10 will be described. A high side switch 12 and a
low side switch 14 are connected in series between an input
Vin 16 and ground 20, with a switching node 22 between the
high side switch 12 and the low side switch 14. An output Vout
24 is connected to the switching node 22 through an output
filter. For example, the output filter may include an inductor
26 connected between the switching node 22 and the output
Vout 24, and capacitor 32 connected in series between the
output Vout 24 and ground 20. Note that in some integrated
circuit embodiments, the high side switch 12 and the low side
switch 14 are integrated components on the integrated circuit
and the switching node 22 is at an output pin of the integrated
circuit, and the inductor 26 and capacitor 32 are external
components. In these embodiments, the output Vout 24 is not
accessible inside the integrated circuit without providing an
input pin on the integrated circuit for feedback from the
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output Vout 24. Thus, integrated circuit DC to DC converters
that rely on feedback from the output Vout to establish a
pseudo constant switching frequency would require an extra
pin on the integrated circuit.

The DC to DC buck converter 10 of FIG. 1 establishes a
pseudo constant switching frequency for the switching node
22 based on feedback from the switching node 22 rather than
from the output Vout 24. During an on-time, the high side
switch 12 is turned on and the low side switch 14 is turned off,
allowing current to flow from the input Vin 16 to the output
Vout 24 through the inductor 26. During an off-time, the low
side switch 14 is turned on and the high side switch 12 is
turned off. The output filter 26 and 32 averages the voltage at
the switching node 22, creating a DC voltage at the output
Vout 24 that is lower than at the input Vin 16. A loop com-
parator 34 in the DC to DC buck converter 10 begins each
on-time based on a feedback signal 36 from the output Vout
24. The voltage of the feedback signal 36 is divided in an
external voltage divider made up of an upper resistor 40 and
a lower resistor 42. Generally, resistors 40 and 42 in an
integrated circuit DC to DC buck converter 10 are external
components, provided by the user of the integrated circuit to
set the desired voltage level at the output Vout 24. Thus, the
voltage level at the output Vout 24 is generally not available
without an external feedback pin on the integrated circuit.
‘When the divided feedback voltage 44 falls below a reference
voltage 46, the loop comparator 34 starts the on-time. An
on-time timer 50 ends the on-time after a period calculated to
maintain a substantially constant switching frequency, or
pseudo constant frequency.

The DC to DC buck converter 10 may contain various other
components as desired, such as a high-side driver 52 and low
side driver 54 used to drive the high side switch 12 and low
side switch 14, respectively. If an NMOS transistor is used as
the high side switch 12, a minimum off-time timer 56 may be
provided to charge a drive capacitor 60 used to power the
high-side driver 52. In the absence of a minimum off-time
timer 56, the overall off-time is established by loop compara-
tor 34. The drive capacitor 60 is powered during each off-
time, and the minimum off-time timer 56 ensures that the DC
to DC buck converter 10 remains in the off-time sufficiently
long to charge the drive capacitor 60 for the next on-time. A
cross-conduction controller 62 may be provided, ensuring
that the high side switch 12 and low side switch 14 are never
turned on at the same time.

The operation of the on-time timer 50 in establishing a
pseudo constant switching frequency will now be described.
Assuming that the resistance of the high side switch 12 and
the low side switch 14 and the parasitic DC resistance (DCR)
of'the inductor 26 are all low enough to be ignored, the output
capacitance 32 is large enough and the voltage of the output
Vout 24 can be considered to be constant, the following equa-
tions can be derived:

I1=10+Ton*(Vin-Vout)/L (1)

12=I1-Toff*Vout/L

Where

10: inductor current at beginning of an on-time
I1: inductor current at the end of the on-time
12: inductor current at the end of the off-time
Ton: duration of on-time

Toff: duration of off-time

L: inductance of inductor 26

Vin: voltage at the input Vin 16

Vout: voltage at the output Vout 24

2
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During steady state operation, the current 12 through the
inductor 26 at the end of the off-time should equal the current
10 through the inductor 26 at the beginning of the on-time,
giving the following equations:

Ton*(¥in-Vout)=Toff* Vout 3)

Ton+Toff=Ton*Vin/Vout 4)

According to equation (4), it is possible to keep the switch-
ing period (Ton+Toff) constant by changing Ton proportional
to Vout and inversely proportional to Vin. Voltage Vin is also
generally representative of the voltage of the switching node
voltage during the on state. Relationships between various
voltages and states are described and claimed herein, such as
proportionalities between various voltages and state dura-
tions. These relationships may be established without directly
accessing the referenced nodes. For example, the DC to DC
buck converter 10 establishes an on-time Ton that is propor-
tional to Vout without directly accessing the output node, and
that is inversely proportional to Vin without accessing the
input node. Thus, statements of proportionality and other
relationships made in the claims or description herein do not
imply a direct connection to the cited nodes.

Referring again to FIG. 1, the on-time timer 50 generates
an on-time termination signal 70 that ends the on-time. The
on-time is generated using a comparator 72, a capacitor Con
74 and a charging current from a current source 76 which is
proportional to the input voltage of the power stage at input
Vin 16. The capacitor Con 74 is discharged to ground 20
during an off-time. Once an on-time is initiated by the loop
comparator 34, the capacitor Con 74 is charged by the current
from the current source 76. The comparator 72 monitors the
voltage of the capacitor Con 74 and asserts the on-time ter-
mination signal 70 to terminate the on-time when the voltage
of the capacitor Con 74 reaches a reference voltage. If a
feedback path from the output Vout 24 were provided, the
comparator 72 would compare the voltage of the capacitor
Con 74 with the voltage of the output Vout 24 and terminate
the on-time when the voltage of the capacitor Con 74 reaches
the voltage at the output Vout 24. This would cause the on-
time to be a function of the voltage at the input Vin 16 and the
voltage at the output Vout 24, with the on-time proportional to
the input Vin 16 and inversely proportional to the output Vout
24. The switching period or frequency would thus become
constant over a range of Vin and Vout values in steady state,
achieving a pseudo constant switching frequency.

The pseudo constant switching frequency may be achieved
without direct feedback from the output Vout 24 by using
feedback from the switching node 22 and considering the on
resistance of the high side switch 12 and the low side switch
14 and the parasitic resistance of the inductor 26. Using the
switch node voltage even provides more accurate and stable
frequency to load current change compared to conventional
method of using input voltage or output voltage directly.
Equations (1) and (2) are modified as follows:

I11=[0+Ton*(Vin- Vout-Vonl-Vdcrl)/L (5)

2=]1-Toff*(Vout+Von2+Vdcr2)/L

Where

Vonl: average voltage across high side switch 12 during
on-time

Von2: average voltage across low side switch 14 during
off-time

Vderl: average voltage across DCR of inductor 26 during
on-time

(6
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Vder2: average voltage across DCR of inductor 26 during
off-time

During steady state operation, the current 12 through the
inductor 26 at the end of the off-time should equal the current
10 through the inductor 26 at the beginning of the on-time.
Also, the average voltage Vdcr1 across the DCR of inductor
26 during the on-time should be the same as the average
voltage Vdcr2 across the DCR of inductor 26 during the
off-time because the average current during the on-time is
equal to the average current during the off-time through the
inductor 26. The following equations are therefore derived
from equations (5) and (6):

Ton*(Vin-Vonl-Vout- Vdcr)=Toff*(Vout+Vdcr+

Von2) @]

Ton+Toff=Ton*(¥in-Vonl+Von2)/(Vout+Vdcr+Von2)

Where

Vder=Vderl=Vder2

Thus the capacitor Con 74 is charged with a current pro-
portional to (Vin-Vonl+Von2), and the on-time is terminated
when the voltage across the capacitor Con 74 reaches (Vout+
Vder+Von2) to achieve pseudo fixed frequency operation.

The voltage of (Vin-Von1) may be obtained from the volt-
age at the switching node 22 when the high side switch 12 is
on. The voltage of (Vout+Vdcr) may be obtained by averaging
the voltage at the switching node 22 for an entire switching
period Ton+Toff. Note that Vout can be used as a representa-
tive of (Vout+Vdc) if the Vdcr is small enough compared to
Vout. The averaging of the voltage at the switching node 22
for an entire switching period is performed by a Vsw (switch-
ing node voltage) filter 80 connected between the switching
node 22 and the comparator 72. The voltage of (-Von2) may
be obtained from the voltage at the switching node 22 when
the low side switch 14 is on. Thus, all the voltage information
required for pseudo fixed frequency on-time generation may
be obtained from the voltage at the switching node 22. In
many applications, Von2 is low enough compared with Vin
and Vout to be ignored. By ignoring Von2, the following
approximate equation is derived from equation (8):

®

Ton+Toff=Ton*(Vin-Vonl)/(Vout+Vdcr) ©)

Based upon equation (9), a pseudo on-time generation
algorithm is obtained as follows:

Discharge capacitor Con 74 to OV during off-time

Charge capacitor Con 74 during on-time with a current

proportional to (Vin—Von1)

Terminate on-time when the voltage on capacitor Con 74

becomes (Vout+Vdcr)

The DC to DC buck converter 10 of FIG. 1 implements this
pseudo on-time generation algorithm. During an off-time, a
discharging transistor 82 is turned on to discharge the capaci-
tor Con 74 to ground 20. During the on-time, the capacitor
Con 74 is charged with a current proportional to (Vin—Vonl)
from the current source 76. The on-time is terminated by the
comparator 72 when the voltage on the capacitor Con 74
reaches (Vout+Vdcr) as generated by the Vsw filter 80. The
Vsw filter 80 is a low pass filter that may be implemented in
any desired manner, such as the two resistor, two capacitor
example shown in FIG. 1, or with more or less resistors or
capacitors, or any other desired implementation including
even active filters. The time constant of the Vsw filter 80 is
selected to be large enough against the switching period of the
DC to DC buck converter 10 to achieve a stable voltage for the
comparator 72.

One example of a current source 76 that produces an output
84 proportional to (Vin-Vonl) is illustrated in FIG. 2.
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Because the voltage at the switching node 22 becomes (Vin—
Vonl) during the on-state, the amplifier 86 connected as a
voltage follower produces an output current that is propor-
tional to the voltage at the switching node 22. A voltage
divider including an upper resistor 90 and lower resistor 92
may be used to sample the voltage at the switching node 22
before buffering in the voltage follower amplifier 86. The
current from the amplifier 86 is mirrored by a current mirror
94. The voltage divider 90 and 92, voltage follower amplifier
86 and current mirror 94 all operate in a linear fashion, so the
current output 84 of the current source 76 is proportional to
the voltage of the switching node 22. It is possible to connect
the resistor 90 to Vin instead of the switch node when (Vonl)
is small enough compared to (Vin).

Referring again to FIG. 1, the operation of the DC to DC
buck converter 10 will be described in more detail. An on-
time may be initiated by the loop comparator 34 after a
minimum off-time as set by the minimum off-time timer 56.
(Note that the DC to DC buck converter 10 is not limited to
any particular embodiment of a minimum off-time timer 56,
and that the minimum off-time timer 56 illustrated in FIG. 1
is just one example.) The minimum off-time may be detected
when a capacitor Coff 100 is charged by a reference current
source 102 to match a reference voltage 104. After the mini-
mum off-time, a comparator 106 asserts the output 110 of the
minimum off-time timer 56 which passes through an OR gate
112 to an AND gate 114 at the Set input of an SR latch 116.
The output 120 of the loop comparator 34 is combined with
the output 110 of the minimum off-time timer 56 in the AND
gate 114 at the input of the SR latch 116. Thus, after the
minimum off-time timer 56 has measured the minimum off-
time and when the loop comparator 34 detects that the voltage
at the output Vout 24 has fallen below a reference voltage 46,
the Set input of the SR latch 116 is asserted to begin an
on-time. The output 122 of the SR latch 116 is thus asserted,
turning on the high side switch 12 and turning off the low side
switch 14. The output 122 of the SR latch 116 also drives a
discharging transistor 124 in the minimum off-time timer 56,
discharging the capacitor Coff 100 to ground 20 when the
on-time begins. The output 122 also drives the discharging
transistor 82 in the on-time timer 50 through an inverter 126,
so that during an off-time, the capacitor Con 74 is discharged
to ground 20 and during an on-time, the discharging transistor
82 is turned off allowing the capacitor Con 74 to be charged
by the current source 76.

During the on-time, the voltage at the switching node 22 is
pulled up to a positive value of (Vin-Vonl) to drive current
through the inductor 26 to the output Vout 24. The capacitor
Con 74 in the on-time timer 50 is charged by the current
source 76 with a current proportional to (Vin—-Von1l). When
the voltage on the capacitor Con 74 reaches (Vout+Vdcr), the
average voltage of the switching node 22 across an entire
switching period as generated by the Vsw filter 80, a pulse is
produced on the on-time termination signal 70 from the on-
time timer 50. The on-time termination signal 70 is connected
to the Reset input of the SR latch 116, turning off the output
122 of the SR latch 116. This turns off the high side switch 12.
This also turns off the discharging transistor 124 in the mini-
mum off-time timer 56, allowing the capacitor Coff 100 to be
charged by the reference current source 102. This also turns
on the discharging transistor 82 in the on-time timer 50,
discharging the capacitor Con 74 to ground 20 and ending the
pulse on the on-time termination signal 70, allowing the next
on-time to be started by the loop comparator 34 and minimum
off-time timer 56 as described above. Note, however, that the
low side switch 14 is not immediately turned on at the end of
the on-time.
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For certain low voltage applications, Von2 is not small
enough with respect to Vout to be ignored, but is small enough
with respect to Vin to be ignored. Given this assumption, the
following approximate equation may be derived from equa-
tion (8):

Ton+Toff=Ton*(Vin-Vonl)/(Vout+Vder+Von2) (10)

Based upon equation (10), a pseudo on-time generation
algorithm is obtained as follows:

Discharge capacitor Con 74 to 0V during off-time

Charge capacitor Con 74 during on-time with a current

proportional to (Vin-Vonl)

Terminate on-time when the voltage on capacitor Con 74

becomes (Vout+Vder+Von2)

The DC to DC buck converter 10 of FIG. 3 implements this
pseudo on-time generation algorithm. The DC to DC buck
converter 10 of FIG. 3 operates in much the same manner as
that of FIG. 1. When the off-state is initiated by the on-time
timer 50, the discharging transistor 82 is turned on and the
capacitor Con 74 is discharged to ground 20. However, after
the minimum off-time, which is generated by the minimum
off-time timer 56, the discharging transistor 82 is turned off
and a precharging transistor 150 is turned on to precharge the
capacitor Con 74 to (-Von2).

In an embodiment corresponding to the DC to DC buck
converter 10 of FIG. 3 in which zero crossing is not detected.
In this embodiment, the timing of the DC to DC buck con-
verter 10 is adapted so that the inductor current is not allowed
to reach zero so that no zero crossing is detected. In this
embodiment, the capacitor Con 74 is left at a precharged level
of (-Von2). Again, the DC to DC buck converter 10 of FIG. 3
operates in much the same manner as that of FIG. 1. When the
off-state is initiated by the on-time timer 50, the discharging
transistor 82 is turned on and the capacitor Con 74 is dis-
charged to ground 20. After the minimum off-time, which is
generated by the minimum off-time timer 56, the discharging
transistor 82 is turned off and a precharging transistor 150 is
turned on to precharge the capacitor Con 74 to (-Von2). The
current through the inductor 26 decreases but does not reach
zero in this embodiment, so no zero-crossing is detected. The
capacitor Con 74 thus reaches about (-Von2) during the off
time. Once the loop comparator 34 initiates the on-time, the
precharging transistor 150 is turned off and the high side
switch 12 is turned on. Because the switching node 22
becomes (Vin-Vonl) during the on-time, the current source
76 in the on-time timer 50 becomes proportional to (Vin-
Vonl). The voltage of the switching node 22 is filtered by the
Vsw filter 80 to settle at a voltage of (Vout+Vdcr). The com-
parator 72 in the on-time timer 50 generates a pulse on the
on-time termination signal 70 and terminates the on-time
when the voltage on the capacitor Con 74 reaches (Vout+
Vdcr). However, because the capacitor Con 74 started the
on-time at about (-Von2), the entire voltage change on
capacitor Con 74 before it reaches (Vout+Vdcr) is (Vout+
Vder+Von2). In this embodiment, the on-time is therefore
proportional to (Vout+Vdcr+Von2) and inversely propor-
tional to (Vin-Vonl).

In another embodiment corresponding to the DC to DC
buck converter 10 of FIG. 3 a zero crossing is detected. As
with the DC to DC buck converter 10 of FIG. 1, the current
through the inductor 26 decreases and becomes zero, and the
voltage at the switching node 22 rises above ground 20. The
zero-crossing comparator 64 detects this zero crossing and
turns off the low side switch 14 through the zero crossing SR
latch 132. At the same time, the precharging transistor 150 is
turned off and the discharge switch 82 is turned on and main-
tains the voltage across the capacitor 100 at zero. Because the
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switching node 22 becomes (Vin—-Von1) during the on-time,
the current source 76 in the on-time timer 50 becomes pro-
portional to (Vin-Vonl). The voltage of the switching node
22 is filtered by the Vsw filter 80 to settle at a voltage of
(Vout+Vdcr). The comparator 72 in the on-time timer 50
generates a pulse on the on-time termination signal 70 and
terminates the on-time when the voltage on the capacitor Con
74 reaches (Vout+Vdcr). In this embodiment, the on-time is
proportional to (Vout+Vdcr) and inversely proportional to
(Vin-Vonl). In this case, the Von2 is zero because the current
through the inductor 26 becomes zero, so (Vout+Vdcr) is
actually equal to (Vout+Vdcr+Von2).

In one particular embodiment, referring to portions of FIG.
3, precharging transistor 150 may be included in a DC to DC
converter as an error compensator to compensate for (-Von2)
in the equations set forth herein, without including the Vsw
filter 80. This improves the switching frequency stability
while minimizing the die area of the DC to DC converter by
omitting the Vsw filter 80 in the buck converter of FIG. 3.
Similarly, a precharging transistor 150 may be used in a boost
converter without filtering the feedback from the switching
node.

Various elements of another embodiment of a DC to DC
buck converter 10 are illustrated in FIG. 4, including portions
of the on-time timer 50. Specifically, this embodiment
includes a resistor 200 connected in series with the capacitor
Con 74 to compensate for circuit delays such as in compara-
tors, drivers, external MOSFETS, etc, thereby reducing fre-
quency dependency on the input Vin 16. The input voltage to
the amplifier 86 in the current source 76 is connected to the
charging input to the comparator 72 and to the switching node
22 through a resistor 202, rather than driving the amplifier 86
by a voltage divider from the switching node 22 as in FIG. 2.
The current source 76 may be embodied in other various
configurations as desired to provide an output current that is
proportional to (Vin—Vonl).

The term “switching controller” is used herein to refer to
the various portions of the DC to DC buck converter 10 and
other DC to DC converters that control the switching of the
switching node (e.g., 22). The functions of the switching
controller may be distributed across various circuitry of the
DC to DC buck converter 10. For example, a switching con-
troller may include portions of the on-time timer 50, high-side
driver 52, low side driver 54, cross-conduction controller 62,
zero-crossing comparator 64 and associated logic such as the
SR latch 116 and zero crossing SR latch 132. For example, it
may also include a minimum off-time timer if the switch has
a high-side NMOS transistor, requiring that a capacitor be
charged during the minimum off-time to drive the high-side
NMOS transistor. Additionally, the term “modulator” gener-
ally refers to modulation or switching circuitry. For example,
modulator can include loop comparator 34, drivers 52 and 54,
latch 116, cross conduction control 62, and any intermediate
logic or components.

It is important to note that the equations and proportionali-
ties set forth and claimed herein are ideal and do not explicitly
take into consideration other effects such as ripple in the
output voltage, current or propagation delay of each circuit.
However, the disclosed and claimed equations and propor-
tionalities apply to actual circuits that include these effects. In
other words, the existence of output ripple does not prevent a
circuit from conforming to the disclosed and claimed equa-
tions and proportionalities, and propagation delay can be
cancelled by proper delay compensation circuitry.

Turning now to FIG. 5, another embodiment of a switch
node voltage filter 270 is illustrated that may be used in place
of the Vsw filter 80. In this embodiment, the switch node
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voltage filter 270 references Vout 24 instead of ground 20 to
filter the voltage level of the switching node 22. The switch
node voltage filter 270 is a low pass filter that passes low
frequency components of the voltage level of the switching
node 22 at the filter output 272, which is connected to the
non-inverting input of the comparator 72. As with the Vsw
filter 80, the switch node voltage filter 270 may comprise any
desired components to form a low pass filter.

The application of a pseudo constant switching frequency
is not limited to the DC to DC buck converter 10 described
above, but may be adapted to other types of DC to DC con-
verters. For example, as illustrated in FIG. 6, a DC to DC
boost converter 300 may adapted to switch at a pseudo con-
stant frequency. In this embodiment, an inductor 302 is con-
nected between an input Vin 304 and a switching node 306. A
diode 310 is connected between the switching node 306 and
an output Vout 312. A capacitor 314 is connected between the
output Vout 312 and ground 320. A switch 322 such as a
MOSFET is connected between the switching node 306 and
ground 320. A Vsw filter 324 is connected to the switching
node 306, and a switching controller 326 is connected to a
control input on the switch 322 and to the Vsw filter 324.
During an on-time, the switch 322 is turned on, and during an
off-time, the switch 322 is off and the diode 310 conducts and
deliver current to the output Vout 312.

Assuming that the on resistance of the switch 322, diode
310, and the parasitic resistance DCR of the inductor 302 are
all low enough to be ignored, and the output capacitance is
large enough and the voltage of the output Vout 312 can be
considered as a constant, the equations below may be derived:

I1=I0+Ton*Vin/L (n

I2=]1-Toff*(Vout-¥in)/L

Where

10: inductor current at a beginning of an on-time

11: inductor current at the end of the on-time

12: inductor current at the end of the off-time

Ton: on-time

Toff: off-time

During steady state operation, the current 12 through the
inductor 302 at the end of the off-time should equal the
current 10 through the inductor 302 at the start of an on-time,
leading to the following equation:

(12)

Ton*Vin=Toff*(Vout-¥in) (13)

Ton+Toff=Toff* Vout/Vin (14)

According to the equation (14), it is possible to keep the
switching period (Ton+Toff) as a constant by changing Toff
proportional to Vin 304 and inversely proportional to Vout
312. Note that Vout is representative of the voltage of the
switching node voltage during the off state. In actuality, the on
resistance of the switch 322, diode 310, and the parasitic
resistance DCR of the inductor 302 are not negligible and
equations (13) and (14) are modified as follows:

I1=10+Ton*(Vin-Vonl-Vderl )/L1 (15)

I2=]1-Toff*(Vout-¥in+Von2+Vder2)/L1

Where

Vonl: average voltage across the switch 322 during on-
time

Von2: average voltage across the diode 310 during off-time

Vderl: average voltage across DCR of inductor 302 during
on-time

Vdcr2: average voltage across DCR of' inductor 302 during
oft-time

(16)
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During steady state operation, the current 12 through the
inductor 302 at the end of the off-time should equal the
current 10 through the inductor 302 at the start of an on-time.
Also, the average voltage Vdcrl across the DCR of inductor
302 during the on-time should be the same as the average
voltage Vdcr2 across the DCR of inductor 302 during the
off-time because the average current during the on-time is
equal to the average current during the off-time through the
inductor 26. The following equations are therefore derived
from equations (15) and (16):

Ton*(¥in-Vonl-Vder)=Toff* (Vout- Vin+Vdcr+Von2) (17)

Ton+Toff=Toff*(Vout+Von2—-¥Vonl)/(Vin- Vdcr-
Vonl)

Where

Vder=Vderl=Vder2

Thus, the timing capacitor in the off-time timer of the
switching controller 326 is charged with a current propor-
tional to (Vout+Von2-Vonl), and the on-time is terminated
when the voltage across the timing capacitor becomes (Vin—
Vder-Vonl) to achieve pseudo fixed frequency operation.

The voltage of (Vout+Von2) can be obtained from the
voltage at the switching node 306 during the off-time. The
voltage of (Vin—Vdcr) can be obtained by averaging the volt-
age at the switching node 306. Note that Vin can be used as a
representative (Vin—Vdcr) if the Vder is small enough com-
pared to Vin. The voltage of (Vonl) can be obtained from the
voltage at the switching node 306 when the switch 322 is on.
Vonl is usually small compared to (Vout+Von2) and may be
ignored with small error. It is therefore possible to achieve
pseudo constant switching frequency boost converter by set-
ting the off-time as follows:

Discharge off-time timing capacitor to the voltage (Vonl)

of the switching node 306 during the on-time

Atthe start of the off-time, charge the timing capacitor with
a current proportional to the voltage of the switching
node 306, or (Vout+Von2)

Terminate the off-time when the voltage of the timing
capacitor reaches the averaged voltage of the switching
node 306, or (Vin—-Vdcr)

The off-time can thus be controlled proportional to (Vin—
Vder-Vonl) and inversely proportional to (Vout+Von2). The
voltage information required for pseudo fixed frequency off-
time generation in the DC to DC boost converter 300 can be
obtained from the voltage at the switching node 306. It is
possible to discharge off-time timing capacitor to GND if
(Vonl) is small enough compared to (Vin-Vdcr).

Referring now to FIG. 7, amethod for converting DC to DC
signals will be summarized. The voltage of a switching node
in a DC to DC converter is averaged to generate a represen-
tation of an output voltage for a buck converter or an input
voltage for a boost converter. (Block 400) This output or input
voltage is also referred to herein as a boundary voltage. The
switching node is switched between a first voltage level and a
second voltage level based at least in part upon the represen-
tation of the voltage so that the switching node is switched at
a substantially constant frequency. (Block 402) Various
embodiments of the method may also include charging an
energy storage device such as a capacitor during an on-time
and discharging the energy storage device during an off-time,
wherein the energy storage device is charged with a current
that is proportional to a difference between an input voltage
level and a voltage level across a high side switch. The method
may also include comparing the representation of the output
voltage with a voltage level of the energy storage device,
wherein the switching node is switched when a result of the

(18)
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comparing changes state. No connection to the input and
output voltage nodes is needed to achieve a pseudo constant
switching frequency, saving space in an integrated circuit.
Most error factors which affect on the switching frequency in
the DC to DC converter can be compensated for so that an
almost constant switching frequency may be achieved, inde-
pendent of load current, input or output voltage. The pseudo
constant switching frequency may be applicable in various
types of DC to DC converters.

While illustrative embodiments have been described in
detail herein, it is to be understood that the concepts disclosed
herein may be otherwise variously embodied and employed.

What is claimed is:

1. A DC to DC converter comprising:

a switch connected to a switching node to control a voltage
of the switching node; and

a switching controller that is adapted to turn on and off the
switch at a substantially constant frequency based at
least in part on the voltage of the switching node,
wherein the switching controller includes:

a modulator connected to a control electrode of the switch
and that is adapted to actuate and deactuate the switch;
and

a first timer that is connected to the switching node and to
the modulator, wherein the first timer uses the voltage of
the switching node to determine an on-time for the
switch, wherein the first timer further comprises:

a comparator;

a low pass filter connected between the switching node and
a first input of the comparator; and

a reference voltage generator that is connected to the
modulator and a second input of the comparator.

2.The DC to DC converter of claim 1, wherein the low pass
filter further comprises:

a plurality of resistors coupled in series with one another
and coupled between the switching node and the com-
parator; and

a plurality of capacitors, wherein each capacitor is coupled
between at least one of the resistors and a reference
voltage.

3. The DC to DC converter of claim 1, wherein the con-

verter further comprises:

a second switch that is connected between the switching
node and a ground and that is connected to a second
control electrode of the modulator, wherein the second
switch is adapted to be actuated and deactuated by the
modulator; and

an inductor that is connected between the switching node
and an output node, wherein the switching controller is
adapted to place the DC to DC converter in an on state
with the switch on, and in an off state with the switch off,
wherein the on-time during which the DC to DC con-
verter is in the on state is proportional to an output
voltage of the low pass filter and is inversely propor-
tional to a voltage of the switching node voltage during
the on state.

4. The DC to DC converter of claim 1, wherein the refer-

ence voltage generator further comprises:

a capacitor having a first terminal connected to the second
input of the comparator and a second terminal connected
to a reference voltage;

a bypass transistor that is connected in parallel with the
capacitor, wherein the switching controller is adapted to
turn on the bypass transistor during at least a portion of
the off-time; and

areference current source connected to the first terminal of
the capacitor.
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5. The DC to DC converter of claim 4, wherein a current
level from the reference current source is proportional to a
difference between the input voltage and a voltage across the
high side switch during an on-time.

6. The DC to DC converter of claim 4, wherein the refer-
ence voltage generator further comprises a precharging tran-
sistor connected between the second input of the comparator
and the switching node, wherein the switching controller is
adapted to turn on the precharging transistor during at least a
portion of the off time to charge the capacitor to a voltage
level of the switching node during the off-time.

7. The DC to DC converter of claim 1, wherein the first
timer further comprises:

a timing capacitor adapted to control a switching fre-

quency;

a current source connected to the timing capacitor, the
current source being adapted to charge the timing
capacitor with a current proportional to the voltage of the
switching node when the first switch is on; and

a second switch connected to the timing capacitor and
being adapted to discharge the timing capacitor to the
voltage of the switching node when the first switch is off,
wherein the switching controller is adapted to turn off
the first switch when the timing capacitor is charged to
an average voltage of the switching node at least in
continuous conduction mode.

8. The DC to DC converter of claim 7, wherein the current

source further comprises:

a voltage divider that is coupled to the switching node;

a voltage follower that is coupled to the voltage divider;
and

a current mirror that is coupled to the voltage follower.

9. The DC to DC converter of claim 1, wherein the DC to
DC converter comprises a boost converter, the DC to DC
converter further comprising a low pass filter connected
between the switching node and the switching controller

Page 12 of 12
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input, wherein at least one switch comprises a first switch and
a second switch, the first switch being connected between the
switching node and an output node, the second switch being
connected between the switching node and a ground, further
comprising an inductor connected between an input voltage
and the switching node.

10. The DC to DC converter of claim 9, wherein the switch-
ing controller is adapted to turn on and off the at least one
switch, and wherein an off-time during which the at least one
switch is off is proportional to an output voltage of said low
pass filter and is inversely proportional to a voltage of the
switching node voltage during the off state.

11. The DC to DC converter of claim 1, wherein the DC to
DC converter comprises a boost converter, the DC to DC
converter further comprising an inductor connected between
the switching node and an input voltage node, wherein the at
least one switch comprises a first switch and a second switch,
the first switch being connected between the switching node
and a ground, the second switch being connected between the
switching node and an output voltage node, and wherein the
switching controller comprises:

a timing capacitor adapted to control a switching fre-

quency;

a current source connected to the timing capacitor, the
current source being adapted to charge the timing
capacitor with a current proportional to the voltage of the
switching node when the first switch is off; and

a third switch connected to the timing capacitor and being
adapted to discharge the timing capacitor to the voltage
of the switching node when the first switch is on,
wherein the switching controller is adapted to turn on the
first switch when the timing capacitor is charged to an
average voltage of the switching node at least in con-
tinuous conduction mode.
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I. INTRODUCTION

1. I, Douglas Holberg, have been engaged by Petitioner Reed
Semiconductor Corp. to opine on the patentability of U.S. Patent No. 9,041,377 (the
’377 Patent), titled PSEUDO CONSTANT ON TIME CONTROL CIRCUIT AND
STEPDOWN REGULATOR. In this declaration, I provide my opinions relating to
Patent Owner’s Response to the Petition for Inter Partes Review of the *377 Patent
(“Response™), the opinions of Patent Owner’s expert Mr. Joseph McAlexander, and
the Board’s Institution Decision.

II. QUALIFICATIONS AND BACKGROUND

2. I have provided my qualifications, prior testimony, and background
information in my curriculum vitae (Ex. 1004) and in paragraphs 2-12 of my earlier
declaration (Ex. 1003).

3. I am being compensated by Petitioner at my standard hourly consulting
rate for my time spent on this matter. My compensation is not contingent on the
outcome of the IPR or on the substance of my opinions. I have no financial interest
in Petitioner.

III. MATERIALS REVIEWED AND CONSIDERED IN FORMING MY

OPINIONS
4. In forming my opinions, I have reviewed and considered the following
materials:

e Petition for Inter Partes Review (Paper 1);
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e Patent Owner’s Preliminary Response (Paper 5);
¢ Institution Decision (Paper 6);

e Petitioner’s Exhibits 1001-1018; and

e Patent Owner’s Exhibits 2001-2006.

5. My opinions are also based on my years of education, consulting
experience, research, and teaching experience. My analysis is ongoing, and I will
continue to review any new materials as they become available. This supplemental
declaration represents only those opinions I have formed to date. I reserve the right
to revise, supplement, and/or amend my opinions stated herein based on new

information and based on my continuing analysis of relevant materials.

IV. LEGAL PRINCIPLES

6. For my opinions in this declaration, I understand that it requires
applying various legal principles. As I am not an attorney, I have been informed
about various legal principles that govern my analysis. [ have used my
understanding of those principles in forming my opinions. My understanding is set

forth in paragraphs 15-40 of my earlier declaration (Ex. 1003).

Petitioner's Ex. 1016 - Page 4
Reed Semiconductor Corp. v. Monolithic Power Systems, Inc.
IPR2024-01158 - U.S. Patent No. 9,041,377





Supplemental Declaration of Douglas Holberg, Ph.D.
[PR2024-01158

V.  OPINIONS IN SUPPORT OF PETITIONER’S REPLY TO PATENT
OWNER’S RESPONSE

A.  The term “control signal” should be construed in accordance with
its plain and ordinary meaning as a “signal configured to control
a circuit component”

7. For the following reasons, it is my opinion that the term “control signal”
should be construed in accordance with its plain and ordinary meaning as a ““signal
configured to control a circuit component,” as Petitioner proposes.

8. The claim language supports Petitioner’s proposed construction.
Independent claim 1 of the *377 Patent recites in part:'

e Limitation 1[B2]: “an input voltage sensing circuit having a first input
terminal, a second input terminal and an output terminal, wherein the
first input terminal is configured to receive a switching signal provided
by the step-down regulator, the second input terminal is configured to
receive a control signal provided by the pseudo constant on time
control circuit, and wherein based on the switching signal and the
control signal, the input voltage sensing circuit generates an input

voltage sensing signal at the output terminal;”

e Limitation 1[D]: “a logic control circuit coupled to the on-time
generator and the feedback control circuit to receive the on-time signal

and the output signal, wherein based on the on-time signal and the

! Independent claims 11 and 18 recite similar limitations. See Pet. at Claim App’x
(limitations 11[B1], 11[D], 18[A], 18[E], 18[F]).
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output signal, the logic control circuit generates the control signal;”

and

e Limitation 1[E]: “a power stage configured to receive an input voltage
and the control signal, wherein based on the input voltage and the

control signal, the power stage generates the switching signal.”

Ex. 1001 (emphasis added). In these limitations, the control signal is configured to
control the “input voltage sensing circuit” and “power stage” because their
respective outputs are “based on” the control signal.

0. The specification further supports Petitioner’s proposed construction.
For example, in its description of Figure 4 (below), the specification teaches that
“I[t]he switch K is coupled to the capacitor Cron in parallel and controlled by the

control signal Q.” Ex. 1001 at 5:21-23 (emphasis added).

~ Al
RTON

sw =5 I\N\, © Sq4
FIG. 4 oo

oo

10. As another example, in its description of Figure 11 (below), the

specification teaches that “[/t/he control signal Q controls the high-side switch Q1,
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and the complementary signal Q’ of the control signal Q controls the low-side switch

Q..” Ex. 1001 at 8:32-34 (emphasis added).

Vin

11.  Thus, the specification teaches that the control signal described in the
’377 Patent 1s configured to “control” various components of the disclosed circuits,
consistent with Petitioner’s proposed construction.

12.  Extrinsic evidence further supports Petitioner’s proposed construction.
For example, the Wiley Electrical and Electronics Engineering Dictionary (2004)
defines the term “control signal” as “[a] signal utilized to control a device or
process.” Ex. 1018.

13. Throughout my years of experience, I and other persons of ordinary
skill in the art have used and encountered the term “control signal” regularly and I

and other persons of ordinary skill in the art understand the plain and ordinary
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meaning of “control signal” to be a “signal configured to control a circuit
component.”

14.  Accordingly, it is my opinion that the term “control signal” should be
construed in accordance with its plain and ordinary meaning as: a “signal configured
to control a circuit component.”

B.  The “control signal” of the ’377 Patent is configured to control
switch “K” through an inverter

15. For the following reasons, it is my opinion that the “control signal”
disclosed in the ’377 Patent is configured to control switch “K” through an inverter.

16. Under Petitioner’s proposed construction, the claimed control signal
may be impacted by other functionality of the circuit in performing its primary
function of controlling the high-side and low-side switches. The control signal may
pass through intervening logic gates and/or may change logical values along its path
(i.e., from 0 to 1, from 1 to 0). But if the control function is present, and meets the
other requirements recited in the claims, then that signal constitutes a “control
signal.”

17.  The 377 Patent teaches that when the control signal “Q” = 0, switch
“K” is turned on:

Thus, the high-side switch Q is turned off, and the low-
side switch Q is turned on, the switching signal SW equals

to 0. Meanwhile, the switch K is turned on by the control
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signal Q, the capacitor Cron is discharged, and the Voltage

at the non-inverting input terminal of.
Ex. 1001 at 8:55-59.

18.  The ’377 Patent further teaches that when the control signal Q = 1,
switch “K” is turned off:

FIG. 12 illustrates the waveforms of the step-down
regulator 40 of FIG. 11. As shown in FIG. 11 and FIG. 12,
when Q=1, the high-side Switch QI is turned on, and the
switching signal SW equals to the input voltage Vin.
Meanwhile, the switch K is turned off by the control signal
Q, the capacitor Cron is charged. The input voltage
sensing signal S11. ramps up, that is, the voltage at the
non-inverting input terminal of the comparator COMP

ramps up.
Ex. 1001 at 8:42-49.

19. Switch “K” in the 377 Patent is what is known as an N-channel
MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor), and not a P-
channel MOSFET, because to achieve the pseudo-constant on-time disclosed in the
’377 Patent, the control signal drives switch “K” through an inverter, which is a type
of logic gate that inverts the logical value of a signal. Switch “K” cannot be a P-

channel MOSFET because it does not fully discharge the capacitor Cron.
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20. Additionally, switch “K” is an N-channel transistor because it can
achieve an arbitrarily low ON voltage simply by adjusting the transistor geometry.
A person of ordinary skill in the art (a “POSITA”) would not have chosen a P-
channel transistor over an N-channel transistor based on the specifications required
in the 377 Patent. A P-channel implementation of switch K would introduce an
offset voltage (P-channel threshold voltage) that varies over process and
temperature, which would result in a variable Ton.

21.  Given the choice between implementing the switch with an N-channel
or P-channel transistor, an N-channel transistor is the only one that will operate in a
way that is consistent with the universal understanding of a switch and according to
the equations presented in the *377 Patent.

22.  Therefore, to turn an N-channel transistor off when Q=1, there must be
an inverter between the output Q of element 4013 and the gate of the N-channel
transistor implementing switch K as shown below. Therefore, the “control signal”

turns the switch “K” on and off through an inverter.

10
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____\ Q2

Ex. 1001 at Fig. 11 (annotation added).
23.  Accordingly, it is my opinion that the “control signal” disclosed in the
’377 Patent is configured to control switch “K” through an inverter.

C. Tateishi’s Figures 1 and 3 both disclose the claimed “control
signal”

24.  For the following reasons, it is my opinion that the “Tateishi” prior art
reference (Ex. 1007) discloses the claimed control signal in both Figures 1 and 3.
25. Tateishi’s Figures 1 and 3 operate in substantially the same manner.

Tateishi’s Figures 1 and 3 are shown below:

11
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26. Tateishi teaches that when the zero-crossing comparator 64 is not
triggered, the circuit of Figure 3 operates much the same way as Figure 1. Tateishi
uses the same notations in Figures 1 and 3 for key elements such as the current
sources 76 and 102, the discharge transistors 82 and 124, PWM latch 116, and PWM
Latch Q output 122. Additionally, paragraphs 58-59 of Tateishi teach:

The DC to DC buck converter 10 of FIG. 3 operates in

much the same manner as that of FIG.1.

Ex. 1007 at 9 58.

In an embodiment corresponding to the DC to DC buck
converter 10 of FIG. 3 in which zero crossing is not
detected. In this embodiment, the timing of the DC to DC
buck converter 10 is adapted so that the inductor current is
not allowed to reach zero so that no zero crossing is
detected. In this embodiment, the capacitor Con 74 is left
at a precharged level of (-Von2). Again, the DC to DC
buck converter 10 of FIG. 3 operates in much the same

manner as that of FIG. 1.

Ex. 1007 at 9 59.
27. Tateishi’s Figure 3 is annotated below for the state where the zero-

crossing comparator output is 0 and the PWM LATCH Q output—control signal

122—is 1.
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Ex. 1007 at Fig. 3 (annotations added).

28. In annotated Figure 3 above, I have illustrated where a particular input
to a gate passes through to the output when the other input is in an enable state. For
example, with a two-input OR gate with one input at logic 0, the other input will
pass through. A logic 1 at the other input will pass through as a logic 1 at the output,
and a logic 0 at the other input will pass through with a logic 0 at the output. I have
annotated the drawing with red lines indicating which lines pass through in the
current state. In this state, when Tateishi’s control signal 122 equals 1, and no zero-

crossing is detected (i.e., the output of element 64 is 0), Figure 3 operates like Figure

l.
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29. Tateishi’s Figure 3 is annotated below for the state where the zero-
crossing comparator 64 output is 0 and the control signal 122 equals 0. In this state,
when Tateishi’s control signal 122 equals 0, and no zero-crossing is detected (i.e.,

the output of element 64 is 0), Figure 3 also operates like Figure 1.
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Ex. 1007 at Fig. 3 (annotations added).

30. Inboth Figures 1 and 3, Tateishi’s control signal 122 drives, or controls,
the components to which it is transmitted. In Figure 1, this happens in the absence
of each of the intervening logic gates I analyze above in Figure 3. In Figure 3, this
happens even when: (a) the logical value of the control signal changes as it passes
through the intervening logic gates or (b) remains unchanged. Thus, Tateishi’s

Figures 1 and 3 both disclose the claimed “control signal” because signal 122 is
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configured to control the claimed “input voltage sensing circuit” and “power stage”
(which Tateishi discloses for the reasons explained in my previous declaration; Ex.
1003 at 99 84-88, 97-99).

31.  Accordingly, it is my opinion that Tateishi discloses the claimed control
signal in both Figures 1 and 3.

D. Mr. McAlexander’s truth table analysis is incomplete

32.  On page 40 of his declaration (Ex. 2005), Mr. McAlexander presents a
“truth table” purporting to show the logic states of different signals disclosed in
Tateishi. For the following reasons, it is my opinion that Mr. McAlexander’s truth
table analysis is incomplete.

33.  An annotated version of Tateishi’s Figure 3 is reproduced below from
Mr. McAlexander’s declaration. Ex. 2005 at 4 83. Mr. McAlexander provides a truth
table (below) that he asserts “illustrates that the green signal [below] is not only
logically dependent upon orange signal 122, but it is also dependent upon the
minimum off-time output 110 (aqua) and the output 130 of the ZC latch 132 (brown).
Consequently, one cannot define the state of the green signal output based solely on
the state of the orange signal 122, thus the orange signal cannot be the control

signal.” Ex. 2005 at 9 84.
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0 e 0* 1 | 0 0
0 0 1 0* | | |
0 | 0 0 0 1 |
1 0 0 0 0 0* 1
1 | 0 0 0 0* |
1 0 0 0 0 1* 1
Logic Table

Ex. 2005 at 9 83.
34. This table provides an incomplete picture of the logical values of the

signals that Mr. McAlexander analyzes. To illustrate this, I have prepared the timing
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diagram shown below, which shows a more complete picture of the logical values
of the signals that Mr. McAlexander analyzes. For this timing diagram, I assumed
that there is no zero-crossing detection—i.e., the signal 140 (the output of the zero-
crossing comparator 64)—is 0. The diagram also ignores propagation delays
through gates except for the case of the Aqua signal where it was necessary to
illustrate its waveform. Ignoring propagation delays elsewhere has no impact on
how the circuit performs. The Red signal is shown unchanging when it may have a
very short pulse when Orange transitions to 0. It is inconsequential and will last
only as long as it takes a signal to propagate through OR gate 112, inverter 142, and

the ZC Latch 132 in Tateishi’s Figure 3.

Orange 0
Brown 1
Red 0
Blue 1 0
Green i 1 0
MIN OFF-TIME
Aqua
0 1
Yellow 0 1
V104

+Input of 106
Gate of 150 0 1
Green or Gate of 150 b ]
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35. Consider Row 2 of Mr. McAlexander’s Logic Table: 0010111. There
is no time in the above timing diagram where this state exists. Red is never 1 for
more than a transitional pulse (when there is no zero-crossing detection).

36. Consider Row 3 of Mr. McAlexander’s Logic Table: 0100011. Row 3
of the Logic Table fails to consider the function of the transistor 150 in Figure 3.
Specifically, the above timing diagram indicates that when the orange control signal
is 0, the green signal exhibits two distinct states: a 1 during the leading portion and
a 0 during the trailing portion. However, Row 3 of Mr. McAlexander’s Logic Table
reflects only the trailing state, making the logic table incomplete. Figure 3 of
Tateishi supports additional features, including two discharge paths for discharging
Con 74: one through transistor 82 during the leading portion and the other through
transistor 150 during the trailing portion. As shown in the above timing diagram,
when the green signal transitions to 0, the gate of transistor 150 goes to 1, turning
on transistor 150. This connects Con 74 to the SW node, which is at 0 due to the
low-side switch 14 being on, allowing Con 74 to be continuously discharged during
the trailing portion of the PWM off time. In summary, when the orange control
signal is 0, Con 74 is discharged sequentially through transistors 82 and 150. The
functionality shown in Figure 3 is consistent with that shown in Figure 1 of Tateishi.

37. Consider Row 5 of Mr. McAlexander’s Logic Table: 1100001. This

row is incorrect. Orange and Brown cannot both be 1 at the same time.
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38. Consider Row 6 of Mr. McAlexander’s Logic Table: 1000011. This is
incomplete because with Orange at 1, transistor 124 is on, capacitor Copr is
discharged, and the output of comparator 106 (Aqua) is a 0. Aqua is not always 1
as the table suggests.

39. Accordingly, it is my opinion that Mr. McAlexander’s truth table
analysis is incomplete.

E. Current source 76 is the same element in each of Tateishi’s
Figures 2, 3, and 4

40. It is my opinion that current source 76 is the same element in each of
Tateishi’s Figures 2, 3, and 4. Tateishi’s Figure 3 illustrates current source 76 using
the generic symbol for an ideal current source. Figures 2 and 4 each show the
detailed circuitry inside of current source 76. POSITAs would have understood that

current source 76 refers to the same element in each of Tateishi’s Figures 2, 3, and

4,
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VI. CONCLUSION

I declare that all statements made herein of my knowledge are true, and that
all statements made are believed to be true. I further declare that all statements made
herein were made with the knowledge that willful false statements and the like are
punishable by fine or imprisonment or both, under Section 1001 of Title 18 of the
United States Code.

In signing this declaration, I understand that the declaration will be filed as
evidence in a contested case before the Patent Trial and Appeal Board of the United
States Patent and Trademark Office. I acknowledge that [ may be subject to cross
examination in the case and that cross examination will take place within the United
States. If cross examination is required of me, I will appear for cross examination

within the United States during the time allotted for cross examination.

@%4)/

Signed on July 14, 2025 By: Douglas Holberg, Ph.D.
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