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Abstract—

An extended true-single-phase-clock (E-TSPC) basalivide-by-2/3 counter design
for low supply voltage and low power consumption aplications is presented. By
using a wired OR scheme; only one transistor is needed to implemeroth the
counting logic and the mode selection control. Thiscan enhance the working
frequency of the counter due to a reduced criticgbath between the E-TSPC flipflops
(FFs). Since the number of transistor stacking beteen the power rails is kept at
merely two, the proposed design is sustainable tow ¥, operations (531 MHz at 0.6

V V,p ) for the power saving purpose. Simulation resultshow that compared with

two classic E-TSPC based designs in 0.18 m procésshnology, as much as 16.4% in
operation speed and 39% in power-delay-product came achieved by the proposed
design.

Index Terms—

Extended true-single-phase-clock flip flops (E-TSPC FF), low power, low
voltage, prescaler.
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I. INTRODUCTION

High speed divide-by << =1 counter (also called prescaler) is a fundamental
module for frequency synthesizers. Its design ixiat because it operates at a higher
frequency and consumes higher power consumptiordivide-by-—#+4# =1 counter
consists of flip-flops (FF) and extra logic, whiatetermines the terminal count.
Conventional high speed FF based divide=i5§/*¥ =1 counter designs use current- mode
logic (CML) latches [1] and suffer from the disadt@ge of large load capacitance. This
not only limits the maximum operating frequency anudrent-drive capabilities, but also
increases the total power consumption. AlternagivélF based divide-by /4 ' 1
designs adopt dynamic logic FFs such as true-sipigése clock (TSPC) [2]-[4]. The
designs can be further enhanced by using extemdeekingle-phase-clock (E-TSPC) FFs
for high speed and low power Applications [5]-[1@-TSPC designs remove the
transistor stacked structure so that all the tstoss are free of the body effect. They are
thus more sustainable for high operating frequespgrations in the face of low voltage
supply. Past optimization efforts on prescaler glesifocused on simplifying the logic part
to reduce the circuit complexity and the criticatlp delay. For example, an E-TSPC
design embedded with one extra pMOS/nMOS transcgto form an integrated function
of FF and AND/OR logic [7]. Moving part of the coatlogic to the first FF to

reduce unnecessary FF toggling yields anotheraeisi prescaler design [8]. These two
classic designs each contains 16 transistors ardytlze mode control logic uses as few
as 4 transistors. To achieve such circuit simpljcttcalls for a ratioed structure in the FF
design. Despite its distinct speed performanceintered static and short circuit power
consumptions are significant. Latest designs ptesem [10] adopt a general TSPC
logic family containing both ratioed and ratioless/erter alternatives. Since the
maximum height of transistor stacking is up tolese designs lose their performance
advantages when working under a low scenario. Ij, [& power gating technique by
inserting an extra pMOS between and the FF is eyeplan two novel divide-by-2/3
counter designs. The unused FF can be shut dowm wioeking in the divide-by-2
mode. Due to the increase in the number of tramsssacking (up to 4), these designs are
not suitable for low operations. Due to the quadrdéependence of power consumption
on supply voltage, lowering is a very effective @& to reduce the power at the
expense of speed performance. In this paper, @adezscircuit design aimed at tackling
the speed and power issues simultaneously usingtabde-of-the-art process technology
(0.18 m) is presented. In particular,we focus om tperations for power savingwithout
sacrificing the speed performance. In this desigtiped E-TSPC FFs are employed due
to its circuit simplicity and speed performance.lyYDane pass transistor is needed to
implement the mode control logic. The proposed gitess capable of working at a
maximum frequency of 531 MHz when the supply vadtaggas low as 0.6 V.
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II. CONVENTIONAL E-TSPC-BASED DIVIDE-BY-2/3

COUNTER DESIGNS

A state-of-the-art divide-by-2/3 counter desigmiigen in Fig.1(a)[7]. It contains
two E-TSPC-based FFs and two logic gates i.eQRmgate and an AND gate. When the
divide control signal DC is “0”"the OR gate (merged into output of FF1 design) is
disabled. The statef (Q1b, Q2b)cycles through 11, 01, and 00. This corresponds to
di-vide-by-3 function. Note that state 10 is a forladdtate. If, somehow, the circuit enters
this state, the next state will go back to a vatate, 11 automatically. When DC is “1”,
the output of FF1 will be disabled and FF2 alondgres the divide-by-2 function. Since
the input to FF1 is not disabled, FF1 toggles asausnd causes redundant power
consumption in the divide-by-2 mode operation.

To overcome this problem, another divide-by-2/3 iteu design presented in [8] is
shown in Fig. 1(b). By pushing the divide controgic from the output of FF1 to its
input, the output of the first stage in FF1 is

frozen whenp = 0. This refrains the following stages from anyitshing activities for
the purpose of power saving. The first stage itdetfiwever, encounters larger power
consumption than its counterpart in design [7].sTisibecause the pull up path is turned
on all the time and the short circuit current iawdn repetitively whenever the clock signal
turns “1”. The critical path delay, formed by theot FFs and the control logic, is the
dominant factor of the prescaler’s maximum opegafrequency. In spite of the circuit
simplicity in designs [7] and [8], the inverter iveten FF1 and FF2, which is es- sential to
the logic of divide-by-3, causes extra delay. Meggcontrol logic with FF designs also
introduces parallel connected transistors leadmglarger parasitic capacitance adverse
to both speed and power consumption. In view eg¢hissues, our approach is keeping
the circuit simplicity so that the delay and thewmpo consumption problems can be
improved at a time.

III. PROPOSED DIVIDE-BY-2/3 COUNTER DESIGN

The logic structure of the proposed design is shmwiig. 2. The two FFs and the
AND gate are common in previous designs. The OR fgaithe divide control is replaced
with a switch. Note that there is a negation bulailene of the AND gate’s input. The
output  of FF1 is thus complemented before bédgto FF2. When the switch is open,
the input from FF1 is disconnected and FF2 aloniglés the clock fre- quency by 2. When
the switch is close, similar to the design in Ff1
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Fig. 1. Previous E-TSPC-based divide-by-2/3 caudésigns. (a) Design [7]. (b) Design
[8].
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Fig. 2. Logic structure of proposed divide-by-2@inter design.
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Fig. 3. MOS schematic of proposed E-TSPC-basddelivy-2/3 counter design with pass
transistor logic circuit technique. )

and FF2 are linked to form a counter with thredinli$ states. Fig. 3 shows the circuit
implementation. According to the simulation resgtgen in [12], E-TSPC design shows
the best spegukrformancen var- ious counter designs including the one gisomventional
transmission gate FFs. Besides the speed advariag8PC FFs are particularly useful
for low voltage operations because of the minimusight in transistor stacking. Other
than the two E-TSPC FFs, only one pMOS transi®gy)(is needed. The pMOS transistor

controlled by the di- vide control signal servedlzes switch. The AND gate plus its input
inverter are achieved by way of wired-AND logic ngino extra transis- tors at all. The
proposed design scheme is far more sophisticasedttie measure of simply adding one
pass transistor may suggest. First of all, unlikg previous designs, the E-TSPC FF
design remains in tact without any logic embeddBwgth speed and power behaviors are
not affected, which indicates a performance edger dve logic em- bedded FF design.
Secondly, the inverter to complement the one oftithe E-TSPC FF outputs for divide-

FF2
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D Ipy-3 operations is removed in the proposed desidm circuit simplification, again,
suggests the im- provements in both speed and pperormances. The working prin-
ciple of the proposed design is elaborated asvslldvhen DC is “1”, the,pMOS transistor
P, is turned off as a switch should behave. A single pMOS transistor, however,

presents a smaller capacitive load to FF1 thamwerier does in design [7]. When DC is
“0”, the output of FF1, Q1b, is tied with the outpwode of the 1st stage inverter of FF2
through the pMOS transistor. In an E-TSPC FF deslgnoutput of the first stage inverter
can be regarded complementary to the input D ®.e.Therefore, a wired-OR logic is in

fact implemented. Either Q2b being “0” or Q1b beiilg pulls the output node of the
inverter high. This means D2b=Q1igeh. By applying Demorgan’s law to the Boolean

eqguation gives rise tD2b =D2= @1b. Q2b which is exactly the desired logic. Since @&lLb

applied to the input of, he inverter needed to demgent Q1b the signal can be eliminated.
Before elaborating on the functional correctnesghi$ wired OR logic, the working
principle of the E-TSPC FF design is briefly reewed. An E-TSPC FF consists of two
pseudo pMOS inverters fol- lowed by a D-latch. Whkatk signal equals to 1, the outputs
of the two inverters are pre-discharged to zerothen mean time, the pMOS and nMOS
transistors of the D-latch (the third inverter) &@h turned off so that the output value
holds via the parasitic capacitance. When clockaigck turns to 0, the first two inverters
enter the evaluation phase and the D-latch becenpseudo nMOS inverter to admit the
evaluation result from the preceding inverter. @&abkhows the state transition table and
the excitation logic of (Q1lb, Q2b) when working time divide-by-3 mode. The wired-
ORfunction is implemented by connecting the outpotle of FF1(Q1b) and the output
node of the lar stage inverter in FF2 trhough a fM@nsistor. Any signal inconsistence
between these two nodes must be resolved by wingiaf OR. In other words, singnal “1”
must override singnal “0”. In Table I, there exisio cases of such signal inconsistence.
Cast 1 occurs when both Q1b and Q2b are equaltoWhen ck=1, node D2b is both
driven low by al pull down nMOS transistor N2 andlled high by Q1b through pMOS
transistor Pp-. Note that Q1b is actually a weak “1” retaining ievel via parasitic

capacitance.

TABLE
STATE TRANSITION INDIDE-BY-3
OPERATIONS
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invalid state  §: two inconsistent signals tied in wired OR logic
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Fig. 4. Simulation waveforms for wired OR logicdivide-by-3 operations.
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Although signal “0” seems to override signal “1Rjg will not affect the correct
value, i.e., “1”, to be latched in the evaluatidmpe.First, even though Q1b is vulnerable
to the discharge by transistor N2, the dischargeattais alleviated by the threshold
voltage drop across pMOS transistBg. . In particular, for lowV,, operations, the

threshold voltage, enlarged further by the bodgctffcan well exceed one half of tiig,

. This can be shown in Fig. 4 that the level degtiad Q1b of is mild. Second, when the
FF enters the evaluation phase, the pull down iseorsN2 is cut off while transistor P1 is
turned on and charges D2b through transiBlr. Refer to the D2b waveform shown in

Fig. 4, the voltage level is raised up to 210 mVyoAlthough enlarging transistor P1 can
boost the level of D2b, it will degrade the speedfgrmance as well due to a larger
capacitive load. Via proper transistor size twegkim the following stages, this level is
good enough for a correct “1” to be latched at @hen ck turns “1” again. A close exam
at the waveform of node reveals that, in spite sigaal level over one half of thg, , it

is not high enough to drive the output node to @areous state “0”. The second case of
signal inconsistence occurs when both Q1b and@uald¢o “0”. In the hold phase (when
ck=1), node is always pulled low by transistor N2the evaluation phase, transistor N2
is turned off and node D2b is pulled high via trattg P2. Although node keeps a
contradictory signal “07, it is actually a weak “@hd will not affect the rising of node
D2b. In particular, transistor P2 charges Qlb thhodaransistorP,, as well, which

coincides with the next state of Q1b. In Fig. 4,c@® see a steep 0 to 1 transition of Q1lb
due to this effect. This enhances the prescalevikiwg frequency. Also indicated in Fig.
4 are the widths of the transistors. A minimum afedength, which is 0.18 m, is adopted
in all transistor designs. Although deliberate siator sizing is required to ensure the
functionalities of wired-OR and E-TSPC, both FFarghidentical sizes to reduce the
design complexity.

IV. SIMULATION RESULTS AND PERFORMANCE COMPARISONS

Post-layout simulations in HSPICE are conducteac¢dmpare the performances
between the proposed design and the two dividef8yc8unter designs shown in Fig. 1,
which are considered two of the best prior artac&ithe same type of E-TSPC FF is used
in all three designs, any performance discrepanoyldvcome from the logic structure.
However, designs in [10] and [11] are excluded hsirt stacked logic structures
significantly degrade their speed performance wherking in the territory of lowl, .

The target technology is TSMC 0.18 m 1P/6M CMOScpss. Transistor sizing is subject
to the optimization of power-delay-product and tdapability of functioning properly at
0.6 VV,, . A typical-size inverter, i.e1.5u/0.5u is used as the output load of node Q2b.

Designs [7] and [8] are remapped to the same psaeetinology and optimized using the
same criteria. Refer to the transistor sizes shawkig. 3, the two E-TSPC FFs are
identical to reduce the efforts of size tweakingeTwo pseudo pMOS inverters in the E-
TSPC FF design are sized to sure a logic “0” candzognized when both pull-up and
pull-down transistors are turned on. However, tize of the pull-down transistor N2 is
deliberately set smaller to reduce the adversebfsddeffect to the stored charge in the
first FF. The pull up transistor P2 at the firsdge of FF2 is alsoin Section 1ll. The third
(or output) stage in an E-TSPC FF is actually ehland equal sized P- and N-type MOS
transistors are employed. The setup time, hold,tid;v0-Q and C-to-Q delays of our E-
TSPC FF are -49.7, 792.6, 801.3, and 925.6 psectisply. The sizing of the pass
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transistorPy is not as critical as its pivot location suggestse layout of the proposed

prescaler design is shown in Fig. 5. Table Il summes the design features of these
divide-by-2/3 counter designs at 0.6 V supply vipdtaThe two numbers separated by a
slash in the “transistor count” indicate the numbértransistors needed for the entire
circuit versus that needed for the extra logic giatde layout area of the proposed design
is 21.3% and 28.6% smaller compared to design hd| design [8], respectively. The
maximum operation speed is 16.4% and 11.7% fastedivide-by-3 operations. The
numbers are 11.8% and 13% in divide-by-2 operatidhss noted that, in spite of
operating at a higher frequency, the proposed desigisumes even less power than the
other two designs. Due to the circuit simplicitye frequency jitter of the proposed design
is also smaller than the other two designs. Alttotige numbers compiled in Table Il is
under the condition cf,,= 0.6 V, the proposed design exhibits a consisadaantages in

speed and power through out other voltage settii@isce we focus on low,

operations, the voltage range of simulations isvbenh 0.6 and 0.9 V in contrast to the
nominal 1.8 V used in 0.18- m technology. Table dHow the results of maximum
working frequency versus supply voltage. The spmhdantage of the proposed design is
maintained in all voltage settings. The clock rede be up to 2.98 GHz whé®p, reaches

0.9 V. Fig. 6 shows the simulation results of powelay-product (PDP), a compound
performance of power and speed, versus supplygalfBhe PDP value is measured at the
point of the maximum working frequency for eachtagke setting and can be regarded as
normalized power consumption or the energy consiampper clock cycle. The PDP
curves of the proposed design are well below thafséhe other two designs in both
operation modes. Compared to design [7], the maxinRIDP saving is up to 39%. The
PDP values fon;pequal to 0.6 V are also listed in Table Il. Figsfows the PDP

performance of these designs at different proceds@mperature corners. The voltage is
fixed at the lowest,, 0.6 V and the temperature varies from 0 C (FF egrn25 C

(SF,FS,TT corners) to 100 C (SS corner). The sitrmiias to show the design robustness
against PT variations. The performance edge optbposed design is maintained in all
corners. Besides corner simulations, Monte Cartwkations were also conducted and the
proposed design does not exhibit any significamfgpmance variations when compared
with the other two designs. Due to space limitatithhe simulation plot is not shown in
this paper. Fig. 8
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by-2. (b) Divide-by-3.

depicts the post-layout simulation waveforms of fr®posed design for 0.6V
operations. hewaveforms are taken at nodeQ2b loadkkda typical size inverter. The
waveforms show an intact signal “0”
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Fig. 8. Simulation waveforms of the proposed desig
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TABLE I
FEATURE COMPARISON OF VARIOUS DIVIDE-BY-2/3 COUNER DESIGNS
2/3 Counter Design [7] | Design [8] | Proposed
# of Transistor-Count 16/4 16/4 13/1
Layout Area (um?) 91.51 100.85 71.98

Max. Freq. (MHz) +2/ +3| 475/451 | 470/470 | 531/525
Average Power (W) | 6.38/5.92 | 5.74/5.24 | 4.35/4.61
Power-Delay-Product (fJ) 1]33'4133/ 12.21/11.15/ 8.19/8.78

Jitter (ps) 13.7 10.01 7.02

TABLE Il
MAXIMUM OPERATING FREQUENCY VERSUS SUPPLY VOLTBE (GHZ)
Counter designs 0.6V 0.7V 0.8V 0.9V

Design [7] 045 1.14 1.93 2.73

Design [8] 0.47 1.17 1.98 2.79

Proposed 0.52 1.24 2.10 2.98

and the minimum level of signal “1” is 0.46 V, whics large enough to turn off the pull up
pMOS transistor in an E-TSPC FF.

V. CONCLUSION AND DISCUSSION

In conclusion, a novel low voltage, low powekvide-by-2/3counter design suitable for high
speed DLL applications is presented. The pro- padesign successfully simplifies the
control logic and one pMOS8ansistoralone serves the purposes of both mode select and
counter ex- citation logic. The circuit simplicigads to a shorter critical path and reduced
power consumption. Post layout simulation resutts/ed its advantages in power, speed,
and layout area against previous designs.
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