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_ Abstract— A low-power high-speed frequency synthesizer  charge pump mismatch or process variatibhis system
in 65nm CMOS is presented. The design features a novel has a first order loop dynamic, eliminating jitter

architecture combining an LC quadrature VCO, two sample- . . .
and-holds, a phase interpolator, digital coarse-tuning and a accqmulatlon. UnIIk.e. MDLLs, thg new f”'.St order
novel quadrature frequency detection technique for fine- architecture can utilizdboth LC oscillaor and inverter

tuning. The system works based on injecting the rising edges ~ basedring oscillator, dependig on applicatiorand jitter
of reference clock. The architecture has first-order dynamics, requirementsin the prototype presented in this papsm

eliminating jitter accumulation. Functionality of the LC VCO has been used forlow phasenoise
frequency synthesizer was validated between 8-9.5GHz, LC

VVCO'’s range of operation. The output clock at 8GHz has an demonstration.
integrated rms jitter of 0.5ps and peak-to-peak periodic jitter ]
of 2.9ps. The reference spurs are —-64.3dB below the carrier 2 ._#0'/);9;3%’559
frequency. The system consumes 2.49mW from a 1V supply § ~ 835-5635‘9 '
at 8GHz. =L el 0 B
Index Terms N Analog-digital integrated circuit, hybrid *CK\} /0 b !
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I. INTRODUCTION %@L,o Hoaokeb ok |
|
On-chip frequency synthesizerare one of the main ‘"‘:""T;G‘%sw BE& 5
bottlenecks towards faster and lowmwer VLSI circuits.
Programmable frequencgynthesizersin forms of delay *. A%

locked loop DLL) and phase locked loogPLL), are
widely used for high fragency onchip clock generation
as well ashigh-speedtransceives. As the frequency of
operation gets higher and jitter and skew budgets get more
limited, requirements for clock phase noise tghter.
Traditional frequencysynthesizershave a multiplying
PLL (MPLL) architecture, whicloftenhas a second order
loop and suffers from jitter accumulation. Besides, in
traditional architecture phasefrequency detectorPFD)
delay mismatch and chagump(CP) mismatch induce

systematic jitterMore recent architectures Incorporate aC|OCk in the range of 400MHz to 1GH®D generate an

first order loop of multiplyingdelay locked loop (MDLL) ; . }

[1], [2], [5]. MDLLOs tend to have better performance:urt_lrt)ﬁés?;ge?al Clgntheberangtreo orfaErI;SmGeI;z. t-l(;her:l[ﬁguf e the
since they are first order and they inject the rising exge fr){e uency by an valuep bgtween38 = lon an) ythe
the referencelock to theline, cleaning any jitter left from q y by any ' 9

the past. However, MDLLs still suffer frofigh power reference clockrequencyand outputlock frequency fall

consumptionlimited speed and mismatch RFDandCP. within ranges mgnﬂoned abovéhe prptotype is fully
: tested with electrical reference cloakdits performance
Moreover, the logic block that generates a select pulse

: L . i$ measuredThis paper is organized as follows. Section 2
which opens an aperturr reference injection, limits : : -y
- . explains the overall system architecture and principles of
jitter performance and the maximum output frequergy [ . . o : .
. operation. Section 8oversthe circuitdetailsof different
[2]. The proposed frequen®ynthesizeresolves many of - :
. . .. 2~ building blocks. In section 4 measurement results are
theseissues Phaseinterpolator based reference injection, . . .
: - preseted,and section 5 is the summary and conclusion of
allows high frequency output and low jitteand the

proposedfirst order frequency detectiois insensitive to the paper.

Fig. 1. Toplevel architecture of the proposed freqay
synthesizer

Performance of frequency synthesizers is highly
dependenton the quality of their reference clockn
addition to electrical reference clodke prototypechip is
capdle of receivinga low jitter optical referenceclock
generatedy high-repetition rate modéocked laser§7].

The proposedrequency synthesizewas implemented
in a 65nm CMOS technologyt operateswith a reference



Il. SYSTEM ARCHITECTURE ANDPRINCIPLES OF
OPERATION

Fig. 1 shows the topevel architecture of the frequency
synthesizer The basic operation of this system can b
broken into three elementshareference clocknjection
restarts the phasat every rising edge of theeference
clock. The coars¢uning forces the outputlock to have
exactly M risingedges in one referenctock period; and
the finetuning tunes the output frequency to be eyactl

fa=M! fg . D
The coarse and fiaining blocks are always
operationaln the loop and correct any error instantly.

CK,=cos(! t) CKg=sin(! t)

clkr Iy

Fig. 2. Injection of the referenceclock rising edge through
sampling angbhaseinterpolation.

The phasenterpolatorbased reference injection
technique is shown in Fi@. A rising edge at, updates
the value ofa and b, samples taken fror€K; and CKq
respectively. The updated values ofa and b are
interpolated withCKq andCK, as

CK,, =a! CK," b! CK, .

@

M is the target multiplication factor.
N isthe actual number of rising edges.
C isthe binary code associated with VCO coarse-tuning

Output
. rising edge

Fig. 3. Digital coars¢uning block flowchart.

As shown in Fig. 2phase ofCK,, is now reset at,
regardless othe phase ofCK; and CKq. This technique

e

has been previously used tine burstmode CDRin [5].
The flow chartin Fig 3 demonstrateghe operation of
coarsetuning block. The coarsetuning is a low power
digital systemwith two countes andtwo comparatos. It
counts the number of rising edgefsoutput clockin each
referenceclock period and compares it tahe target
multiplication factor. The output of the comparator

changes the capacitance of quadrature oscillatorOs LC tank

accordingly, adjusting itsfrequency of operation. Since
the phasenterpolator injects the rising edge of the
reference, the output can have the same number of rising
edgesfor a range of input frequeies A new quadrature
frequencydetection échnique isusedfor fine-tuning and
it is shown in Fig. 4 The principle of fineguning is based
on the beat frequency anchgse difference of samples
taken fromCK, and CKq. These ampleshave a beat
frequency of

Foeat = |f Mf o | , ©)
providing a reliable measure for deviation of the signal
from frequency of interest. The sampledrsils fromCK,
and CK, always have a phase difference affi. When
M1 {4 > fe, samples taken fron€K, (CKg g lag
samples taken fronCK, (CK, g). On the other hand, when
M !

out —

foeat = fox ! Mfrer

If fex " Mfier , CKos lags CKi s
I If fox # Mfier , CK) s lags CKo s

RS #H(

Fig. 4. Principleand implementationf fine-tuning technique

In this designD flip-flops are used to determine the
phase relationship betwe@K, sandCK, s By extracting
the phase informain of CK, s and CK, s bangbang
UP/DN pulses associated with each casegareratedo
increase and decrease the finaing control voltage of
LC quadrature/CO. The system behaves as a first order
systemsince frequency coections are proportional to
deviationof output frequency fronM times frequency of
the reference clockSchmitt triggers are used to prevent
metastability andunwanted pulse when frequency of



oscillator iscloseto M times frequency of the reference rising edgs from highrepetition ra¢ modelocked laser
clock. Note that, unlikeconventionaPFDs where UPDN A tunable feedback circuit resets the voltage before the
signals turn on at the same tinile quadrature frequency next pulse arrives. An echip tunable RC delay controls
detection UP/DN signals are independentTherefore, the dutycycle of the reference wavefori8ince only the
qguadrature frequency detection hakwer power rising edge of the reference is injected to the output clock
consumption and is less prone to UP/DN current the duty-cycle and jitter of the falling edgdo not play a
mismatch. The speed of finduning is limited by the  role in the quality of the output clock

sampleandhold (S/H) bandwidth F—————————— = |
‘ o— ‘
\ CML/CMOS ‘
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[Il. CIRCUIT DESCRIPTION ANDBUILDING BLOCKS | Eectrical Reaame | ke
- - —

Fig. 5 shows thetransistorlevel implementation of the ‘ ‘
main building blocks.Fig. 5 (a) shows the quadrature | |
oscillator usedn the system with 4 coardaning bits and \ \
fine-tuning control voltage. Fig. 5 (b) shows the s !
differential phase interpolator architectut@lock samples } I I }
a; .W.ell as qluadrgture (\;va\;eforms. are ?hgfgergn(ti;;ll to | 4 L Omtica Reference |
minimize su noise an ase mismatciiég. 5 (c e -
shows the rggsxf[dave S/H irr?plementation The S/H is Fig. 6. Electricalioptical reference generator
designed to have maximum bandwidth and lineahityn-
linearity of S/H induces jitter at the output of the phase IV. TESTING ANDMEASUREMENTRESULTS
interpolator Source degeneration igsedto reducenon

linearity and minimizeoutput systematic jitter. The proposed frequency synthesizreas fabricatedn

65nm CMOS techology. Fig. 7 showsreattime transient

&{ j’&){ j’“ response of the system at 8GHz while locking to a
— — . 400MHz reference clock. Operation of the phase
— — interpolator at the rising edge of the referealoek can be
| "!;fw;’ Do & e =« el jﬁ fim seen at 3 different times. Frequency of the quadrature
gy oy ooy T} VCO changes until lock is acquired. The frequency
N N Tfkj leb synthesizehasan operating range of85GHzlimited by
? LC vCOOs frequency range
@ (b)
out-F ] OUT+ — —
7 ~ =0 ) s E——p  t=22ns
Q"p—"; l—r' ,j|9: ‘I’P—": l—r' ,j|—|: ‘ Horizontal grid is 50ps. Reference at 400MHz and output clock at 8GHz.
‘,_‘I o |_° ,_I I |_‘, Fig. 7. Realtime lock acquisition measured for a referenlek
a 7 & b I b+ of 400MHz and output clock of 8GHz.
Vbias l l
j j Jitter perfomance and reference spureasurements of
© the system arshown in Fig. 8(a) and (b) The output

clock has an integrated rms jitter of 0.5ps and periodic
peakto-peak jitter of 2ps. Reference spsilare measured
to be 64.3dB lower than main frequency.

Fig. 9 shows the power consumption and energy
efficiency of the frequency synthesizer while operating at
different frequencies. Energy efficiency of the frequency
synthesizer is 0.312mW/GHz at 8GHz, which drops to

Fig. 5. Transistoflevel schematic of ma building blocks. (a)
LC quadrature VCO (b)masterslave samplandhold (c)
differential phaseénterpolator.

Fig. 6 shows electrical/optical reference generatbr.
MUX chooses between the two signalhe electrical

reference generator, which is used during the tisst, 0.305mW/GHz at 9.5GHz. As the frequency oBution

simply a CML/CMOS circuit retrieving the signal froam . L ; L
. . increases, power consumption increases linearly primarily
off-chip source. The optical reference generates sharp



due to the power consumption of digital elements. The VII. CONCLUSION
power consumption measurement includes LC quadrature
oscillator, samplandholds, phase interpolator, coarse
tuning, finetuning and otput CML-to-CMOS converter.

|

The presentedirst-order frequencgynthesizepperates
in the range of ®.5GHz and consumes 2.49mW while
operating at 8GHz with a multiplication factor of 20 and
exhibits 05ps rms integrated jitter and 2.9ps peéadpeak
periodic jitter. The reference spurs are measured to be
64.3dB below the carrier frequencihe total active area
including inductors is 0.044nfm Experimental results
validaied functionality of the systerwith an electrical
= R input clock This architecture islsowell suited foroptical
T — clocking using hybrid-integraed photonics  and
electronics.

Fig. 7. Jitter performance, histogranand reference spur

measurementwith electrical referencelock .
Table 1. Performance summary and comparison.

Fig. 10 shows thechip micrograph. The frequency

. . . . . This [2] [3] [4] [6]
synthesizepccupies an active ared @044mn? including — zvork - = - -

. . 5| 4 5
the inductors.Table 1 summarizes performance of the om,,‘i'ip",‘;‘,’flncy 505 78 267 588 |16
frequency synthesizer and compares it to the -stathe- Re[f‘:r“eﬂce o =5 55 5
art. Frequency [MHz] 1000

Reference Spurs -64 -46 -96.3 -102 -40

0.315 3 @1MHz [dBc]

’ Jitter rms/PP [ps] 0.5/9.2 2/17.8 - 0.3/- 0.7/-

Power [mW/GHz] 0.312 1.48 3.32 2.56 0.606
Area [mm’] 0.044 0.025 - 0.29 0.022
~ 0.312 Method Novel MDLL MPLL MPLL MDLL
I
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