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Abstract— A new architecture is proposed for digital }
multiphase modulators that leads to a natural hardware R A A

efficient realization without compromise in hardware or —
performance. The combined modulator, switching phaseand
output filter are viewed as a digital to analog convertewith
high power output, or a “power D/A”. The duty cyclecommand
bits are separated into high resolution and low resolutin bits, l

where the low resolution bits directly control the numbe of |
converter phases that are on at a given time. Hardware |
efficiency is achieved by using only a single high selution b
block that is time shared among all phases and a simgliow | L

resolution block that uses a single counter to track apmpriate
phasing of the outputs. Relatively little digital logic isrequired

to combine the outputs of the two modules, resulting in an —
efficient design that scales easily with a large numberf phases

without requiring significant additional hardware per phase. | ‘[ 5
The duty cycle command is updated at the fast rate df times fteecet

the single phase switching frequency, whend is the number of
phases. The approach is experimentally verified in 46 phase
system operating at 1.5 MHz per phase with 9 bits (1.3 nef
PWM resolution..

L
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Fig. 1: A multi-phase converter system with thedlator and converter
l. INTRODUCTION phases combined as a power D/A block.

A high performance multiphase modulator (MPM) is ambjectives may be met, such as minimization of civiritg
essential component in multi-phase microproces®wep |osses and sharing of inductor currents.

supplies. A traditional approach to realizing an WIB to In this paper, an MPM architecture is proposed and
generate a modulation ramp signal for each phasetenthe validated to provide an area efficient and versatiterface
ramp signals are shifted in time to equally spheettrn-on petween a digital command and a multi-phase DC-DC
of each phase in a single phase switching perioduber converter. The MPM can control any arbitrary numoter

of approaches have been proposed and validatedtifet® phases ) that are a power of 2, where a phase is an
emulate traditional MPM operation using digital d&are individual converter. The input command is updaaéda
and a digital input command, with trade-offs betweehigh rate oN times the switching frequenci)(allowing fast
hardware efficiency and versatility and performaftel].  control of all phases. A full range afbit duty commands

In this paper, a perspective is proposed that lemeshatural (from 0 to 1) are allowed at the fast update. ®ecii
hardware efficient realization without compromise i described the MPM architecture and implementation
performance. One way to visualize the approachois tollowed by experimental results for a 16-phase MRM
consider the combined modulator, power convertespd Section 1ll. An application of the 16-phase MPM in
and output filter as a digital to analog convertéth high  wide-bandwidth multi-phase digital controller issdgbed in
power output, or a “power D/A". The duty cycle commda [7].

designates how many phases are to be on at atgivernThe

modulator activates the appropriate number of phaset I. ARCHITECTUREOVERVIEW

also has additional degrees of freedom where other, \, i bhase Modulator (MPM) combined with a

multi-phase converter (shown in Fig. 1) provides
high-resolution conversion from a digital input @&high

This work is sponsored by Intel Corporation througa Colorado Power power analog voltage. This type of converter desim be
Electronics Center.
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Fig. 2: A pictorial representation of how the GRigve signals are
phased as a function of time.

visualized as a power D/A. The converter shownign Fis
a multi-phase buck converter, but any type of nliise
converter could be implemented using this MPM. dAvpr
D/A acts much like a thermometer-code D/A, so itgsful to
relate their operation.

A thermometer-code D/A converter hdsphases fon
bits of resolution. The output voltagé,,, is determined by
the sum of all the phases

1 N
ut = o Ck Vg’

1

wherec, = {0,1} is a logic high or low control signal feach
phase. Tha-bit input command directly controls the numbe
of phases that are o (= 1). To keep a constait,; the
number of phases that are on must remain congtainif, all
the phases are identical it does not matter whicises are
on. Generally the input command is hard encodedtite
specific phases for each input command thermonuetged
D/A. Another strategy used in [6] is to phasetshitime the
outputs that are on for a given input command. EBhised in
an audio application in order to reduce the impaft
mismatch between phases.
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The general structure of a Power D/A is the sama a
current summing thermometer-code D/A except that
inductors are used in each of the phases of thePDIA for
high efficiency. The primary difference in contimod a
power D/A converter is that the inductors must wiéched
in order to avoid saturation. In order to keep rthenber of
phases on constant, the phases that are on aexlshitime,
resulting in phase shifted outputs. Phase shiftiag
commonly used in multi-phase converters to redapatiand
output ripple current, improve response time anduce
effects of phase mismatch. The outputs of the Mirdvtlze
phase control signals, which will be referred tottzes gate
drive signals. Figure 2 shows how steady sigeiencing
and phase shifting of the gate drive signals iseished.

In Figure 2, a 16 phase system (4-bit input combhad 3 of
the 16 gate drive signals on at a particular iran time.
Note that with a 4-bit input command there are t6sible
output voltages. ¥, = 0 is a desired output, then according
to (1), the output voltage range is &/, 15V4/16. Thus
only 15 gate signals can be on at a given time tff@phase

shifting approach of Fig. 2, aK is used to designate the
phase that cannot be on in each time slot. The wetllots
designate which phases could be on with a diffengoat
command. Figure 3 shows the same phase shiftingepbn
but for a 4 phase system with the conceptual gate d
waveforms shown in time.

Direct application of the above concept to a swiitgh
power converter with am-bit input duty cycle command
requires 2 converter phases, which is impractical for high
resolution duty cycle commands (e.g. 8 to 12 bltsjtead,
fine timing resolution is achieved by extending time off of
each phase by a fractional amount of the desirsolugon
finto its corresponding{ time slot from Fig. 2. This now
allows all 16 phases to be on for a portion of e@cle slot
for high duty commands and extends the outputdalésired
range of 0 Vo, <V, The above description is just one way
of visualizing the well known concept of phase thgf in
multi-phase converters, but leads naturally to edware
efficient realization. As shown in Fig. 2, eachdirslot has

only one phase with aX designation. Thus a single
hardware block can be used and shared to creatkighe
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being added to the end of each MSB output.
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Fig. 4: Hardware architecture of the Multi-PhasedJlator.

resolution extension that is added to the turrobffach phase

and a single counter can be used to track theidocaf theX
and which phases are on for the full time slot.

Figure 3 shows how the high resolution extensigar(ge
hatch highlight) is added to the gate drive of gatcase. The
effective resolution of the gate drive signal isi&qto the
time resolution of the extension waveform. Tbit input
duty cycle command is naturally split intoysg low
resolution most significant bits (MSB) and.sg high
resolution least significant bits (LSB), where nysg + N sg
For anN phase convertemysg = In(N) /In(2). The MSB
component is used as described earlier in Fig. @turol
which gate drives are high for a full MSB perioceizich time
slot, where the MSB clock period ¢ times shorter than a
single phase switching period. Note that the dujglec
command is updated at each rising edge of the M&#k cor
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at N times the single phase switching frequency. The LSB

component determines the percent time ofthslot used at
the turn off of each gate signal. In Fig. 3 thehhigsolution
extension waveform is referred to as the LSB ousiput the
remaining portion of the gate drive signal is reddrto as the
MSB output. The figure shows step commands in MS8 an
LSB at different times. It is seen that the numbleadive
phases (neglecting the LSB portion) is controlledheyMSB
input and the LSB output extension makes an aptepri
step.

Figure 4 shows a block diagram for hardware retitinaf
the waveforms depicted in Fig. 3. In the proposedMM
architecture, the MSB module controls the sequeneind
phasing of gate drive signals. The MSB commandi(thet
command for the MSB module) is updated every MSigicl
cycle (the MSB module driving clock, shown in F8), thus
the phases that are on changes at every rising edte
MSB Clock. The LSB output is generated by the LSB ni@du
and has a repeat period equal to the MSB clockogeri
allowing the output to be shared among all phases.
Referencing Fig. 2, the LSB output is added to theesp that
has theX, known as the trailing zero position. The trailing

zero counter is used in Fig. 4 to track ikdocation. The
hardware components are described and discussad.bel

A. MSB Module

For the MSB module a singtgsg-bit counter, called the
trailing zero counter, is used to keep track oftthding zero
position (theX in Fig. 2). The counter output is also depicted

in Fig. 3. Each phase uses its phase number, tliegrzero
counter output and the MSB command to generatél88
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Fig. 5: Experimental oscilloscope and logic anaty@aveforms for an MSB command step from 4 to hlerthe LSB command remains equal to 0. The
upper plot shows the oscilloscope view that is eajent to the circled area in the lower logic amalyplot.



output signal. Figure 4 shows the MPM hardwarelkogy,
where only a few digital comparators and logic gatee
required for each additional phase.

B. LSB Module

equals 2, gate drive 2 has the LSB output, and dorothe
different values of the trailing zero counter. Ordye
high-resolution LSB output is needed is because atiem
how many phases turn off at once only one phadenaile
the LSB output added to it. This allows applicatioratlarge

The LSB module is essentially a standard single phag@mber of phases with relatively litle additiorrardware.
PWM operating atN times a single phase switchingrigure 3 shows the final gate drive waveforms thet

frequency. Thus any standard approach to PWM @iz generated. The phased MSB output is the non-higeky
is suitable as long as its output can be syncheohizith the  portion of the waveform and the LSB output is the
MSB outputs, i.e. the PWM must be in phase withlaae a pighlighted portion of the waveform. The LSB outpsit

frequency equal to the MSB clock. The input to thBLS added to the gate drive signal that equals thénazero
module is called the LSB command. Currently the M4 count.

been successfully tested using a digital delay ddcloop ] )
(DLL) PWM [5] and a standard digital counter-basedvw D. Discussion
The DLL approach realizes a delay line PWM that The proposed MPM approach results in a hardware
auto-synchronizes to the MSB clock, requiring otife efficient solution where relatively little additiahhardware
system low frequency MSB clock ldttimes the single phase is required for an increase in the number of phales MSB
switching frequency. The digital counter based $miut and LSB commands are the only signals that arénddtc
requires a single clock af imes the single phase switching(besides the counter), with the remaining companent
frequency (but is only a"2%&bit counter). Figure 4 shows realized using combinational logic. The entire M@Bdule
how the LSB module is connected in the MPM and Big. uses only a single counter. To generate each pifate
shows the LSB output waveforms. MSB output only 3 comparators and a few logic gates
needed. A couple more logic gates are then usedribine
the LSB and MSB outputs. Because this LSB outpuiasesd
The output of the LSB module is.combined vyit.h thq_auut only one high frequency block is needed. This iarge
of the MSB module to form the final gate drivingsals. hardware reduction compared to the common approch
Only one LSB module is needed for any number of ghas having a high frequency module for each phase.
As stated above the trailing zero counter keep& wwhich Another advantage of the MPM design is the codeiyg
phase just turned off. The phase that is equdiddrailing yersatile. The verilog code has two parametersdaatbe
zero counter is the phase that the LSB output i@l its  changed before synthesis. By adjusting the twamaters
gate signal. Figure 3 shows that when the trairiBg the number of phases that are driven and the iatitiphase
counter is 1, Gate Drive 1 has the LSB output a&ddb the switching frequency can be adjusted to a varietgifsrent
end of the MSB output. When the trailing zero deun yajues. The number of phases can easily be changety

C. Combining the outputs
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Fig. 6: The LSB command steps from 24 to 10 whiieMSB remains 0. The upper plot shows the @stithpe view that is equivalent to the circled amea
the lower logic analyzer plot; it also shows the tvidth of the LSB output is equal to the theaadtvalue.



value that is a power of two. However the code ban
altered, at the expense of chip area, to allovafyr number
of phases (not just a power of 2). The MPM suppanip
switching frequency that the hardware can handle. ve 1

1. EXPERIMENTAL RESULTS e

The proposed MPM was described using Verilog and the e

synthesized code was then implemented on a Vefi@&GA. !
The number of phasds was chosen to be 16. An input i
command of 9 bits is used, with 4 bits for the M®Bdule 3
(because 16 phases are being used) and 5 biteefdrSB nd !
module. A digital delay locked loop [5] (DLL) wasagsfor ind L4
the LSB module. This DLL was designed to lock toM&8B a 3 )
clock running at 25 MHz. Therefore, the phase gviiig ve 1 |
frequency is 1.5 MHz (25 MHz/16) and the gatevelri ve 3
signal has a resolution of 1.25 ns/(25 MHz). ve A\ | Y,
The Xilinx Chipscope logic analyzer function and an ve ;
oscilloscope were used to verify correct operatidrthe ve :
MPM. Figure 5 shows the MSB command stepping ujewh ve ‘
the LSB command remains at zero. The MSB command e |
changes from 4 to 12. The modulator responds to the e i
command change by turning 9 more phases on, tcegiotl e 3
of 12 phases on. The lower picture shows the lagayzer e
plot. The upper picture shows the oscilloscope wiéwhe ve
first three gate drive signals that are circlethia lower plot. ve
Note that the duty cycle command is updatel imes the e
switching frequency and that the MPM responds imatety ve
with the appropriate number of phases when the MSB ve
command is changed. /e
Figure 6 shows the LSB command stepping down while
the MSB command remains zero. The logic analyzet pl MSB Clo
(lower picture Fig. 6) shows that the gate drigmals remain 33 ns[* ™ 15.ns

properly phased, even without an MSB output. The ve o M

oscilloscope pictures (upper picture Fig. 6) shiat tthe
LSB pulses have the proper resolution. Beforerduasttion
the LSB command is 24, given the 25 MHz clock fretye
and a 5 bit LSB command, this command relates tolsep
width of 30 ns. After the LSB command transitiomd 0, the e
pulse shrinks to the proper value of 12.5 ns. @y to
notice is that the rising edge of the LSB pulsesdua line up : Sl S
exactly with the rising edge of the clock. Thibecause the Fig. 7: This shows a step in the MSB and LSB comunaThe upper plot
verilog code samples the input command and therrgées shpws the gate drive signals 1-3 all turning off@ate in response to the
. . . input command change. The lower plot shows a ahanthe LSB
the gate drive Slgnal. This delay also affectsMi$B output transition. Again the upper and lower plots areiegjent to the circled
as well. Conveniently the input to output delay is waveforms.
approximately 3ns on both the LSB and MSB outputs.
Figure 7 shows one change of both the MSB and L
command and the resulting transitions on the 16 date
outputs. The MSB and LSB command transition frorad@
24 to 4 and 10, respectively. It is worth notimgittwhen
more than one phase is turned off at once the LSpubis
only added to one gate drive signal, gate drivéenlBig. 7.

ve

lock and 3 (of the 16) gate drive outputs. Framp to
ottom, the traces are: MSB clock, gate drive ig gaive 2
and gate drive 3. Notice that during the transitd three
signals turn off at once and none of them havé& 8& output
attached to the end. The lower oscilloscope wanes@how
the MSB clock and gate drive signals 10-12. Thégeats

Al t int in time th ber of ph il t show the LSB output transition. Gate drive 10 is kst
S0 at any point in ime theé number ot phasessogqual to signal to turn off before the transition and gaieeal11 is the

the MSB command plus _the LSB output. The upper ar}ﬁst signal to turn off after the transition. Tliéference
lower pictures show oscilloscope waveforms. Theg alhatween these two waveforms can be seen by corgptiagn

e_quivaler]I'Ehto the Wave_fl(l)rms circled ifn the l%gimr amount of time each signal stays high after thagiedge of
picture. € upper oscilloscope wavetorms sho the MSB clock. This is indicated by the measurimgws in



the lower picture of Fig. 7. The measurements a@enfirom
the rising edge of the MSB clock to the falling edyf the
gate drive signal. These measurements show thadgae

The approach is experimentally verified in a 16 phas
system operating at 1.5 MHz per phase with 9 ki3 §s) of
PWM resolution. An application of the 16-phase mathr
in a wide-bandwidth digital multi-phase controllés

10 has an LSB output equal to 33.5 ns added toditgate
drive 11 has an LSB output equal to 15.7 ns.
measurements are a bit longer than what was mehsure
Fig. 6. This longer length is a result of the inpuutput
delay; the total length of the gate drive signelaes correct,

1
but the gate drive signal is delayed, in relatiorihe clock, =
about 3ns.

V. CONCLUSION 2
A new architecture is proposed for digital multipaa (3]
modulators that leads to a natural hardware efftcie
realization without compromise in hardware or perfance.
The combined modulator, switching phases and odijpert
are viewed as a digital to analog converter witthtpower [4]
output, or a power D/A. The modulator outputs drased in
order to reduce output ripple and improve respdirse. |5
Hardware efficiency is achieved by using only ayrhigh
resolution LSB module that is time shared amongladises
and a simple MSB module that uses a single cotat@ack (6]
appropriate phasing of the outputs. Relativelyelitfigital
logic is required to combine the outputs of the twaodules,
resulting in an efficient design that scales easith a large [7]

number of phases without requiring significant &iddal
hardware per phase. The duty cycle command is upadte
the fast rate o times the single phase switching frequency,
whereN is the number of phases.

Theskescribed in [7].
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