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Abstract. A Bang-Bang Clock-Data Recovery (CDR) for 2.1 System analysis of 1st-order Bang-Bang PLL

10 Gb/s optical transmission systems is presented. A direct

modulated architecture is used for the design. Its loop charT0 understand the system behavior of the Bang-Bang-PLL
acteristics can be derived using an ana|ogm theory_ we will priorly examine a Slmp“fled model of a 1st-order
The circuit was produced and measured in a commerciaBang-Bang PLL (see Fig. 2).

0.25um BiCMOS technology with a transition frequency It consists of a D-flip-flop and a voltage-controlled-
fr=70GHz. oscillator (VCO), that can be switched between two discrete

frequencies, which have a distance fpf, to its center fre-

quency fo. The flip-flop has the function of a Bang-Bang

phase-detector for a clock signal, instead of a NRZ-data sig-

1 Introduction nal as input signal. The applied clock signal with the fre-
quency f;, is sampled by the flip-flop at the rising edge of

Linear charge pump-PLLs with the so-called “Hogge” phasethe VCO signal.

detector Hogge 1985 played a long time a favorite role in The VCO is controlled by the outpu® of the flip-flop.

realizing Clock-Data-Recovery circuits for optical transmis- For its output frequency,,; holds:

sion systems. Its loop characteristic is well knov@adner .

1980 and the low complexity of the phase detector allows f,,,(K;,) = { fot foo T Kin =0 (1)

efficient implementation. However, with the migration to fo= fop 1 Kin =1

higher data rates the influence of second order effects in thg 5 ~qntrol mechanism of PLL for frequency deviatih
phase detector grows rapidly. Transition mismatches in the

data paths can result in a constant phase error, which is worsple assume that the input signal has a clock frequefagy
ening the bit-error-rate(BER) of the system. The trend towhich has a frequency deviation 6f to the VCOs center
higher integration density, system-on-chip and smaller packfrequencyfo. Furthermore should biéf|< f;,. Under these
ages made the search for other solutions inevitable. conditions a square wave is generated at the control Kgge
of the VCO. The duty cycl€ of this square wave is depen-
dent to the frequency deviatiaty of the input signal. The

2 Bang-Bang PLLs duty cycleC is given by Valker, 2003
The output characteristic of a Bang-Bang phase detector does = (% + %) ) (2)
bb

not contain any information about the absolute value of the

phase erroil¢,|, but only about its sign, as it can be seen 3 3 control mechanism of PLL to sinusoidal input jitter
at Fig.1. Thus a linearized analysis of the loop behavior as

done in Gardney 1980 is not possible. To examine the control mechanism of the circuit to sinusoidal
The first systematical analysis of the bang-bang PLLinput jitter, we presume that the clock frequency of the input
(Walker, 2003 describes its loop behavior usirgA con- fin is equal to the center frequency of the VG £€0). Thus
version theory in the phase domain. the signal at the control node of the VCO has a duty cycle
C=0.5.
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Fig. 3. Bang-Bang phase detector.
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Fig. 1. Output characteristic of a Bang-Bang phase-detector
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Fig. 2. 1st-order Bang-Bang PLL.

The input signal should now exhibit a sinusoidal jitter Fig. 4. Timing diagram of the Bang-Bang phase detector.

¢p(t). This jitter has a amplitude/y; (Ul means Unit
Intervalthat is equivalent to a bit lengfhz) and a frequency
fjitrer and is defined by

A . With the sinusoidal input jitter of E@ and Eq.6 follows
¢p(t) = 21 - Jyr - SIN(27 fitrert) G that put] @ a
moreover the following assumption should be made: R )
Jur - 47 fjitier - COS(27 fiitrert) < 27 - fop - (8)

1
in = — >> fjitter - 4
fin T Fiiter @ Thus the loop condition is

As priorly presumed the data ratg s (the clock frequency n
fin rEspectively) is now equal to the center frequerigybut 2w Jur - fjiteer = fob - ©)
the VCO frequency changes frofio— f»») to (fo+ f»») and
vice-versa. Thus during every sample peribgl the VCO
phase experiences a phase deviatignto the phase of the
ideal input signal without jitter.Which is 3 Bang-Bang phase detector
o =21 - fop-Tp = 27 - % : (5)  until now we assumed that the PLL input signal is a clock
0 signal, in this case a D-flip-flop is sufficient as phase detec-
tor. To implement the phase detector function for a NRZ-
data stream as PLL-input signal we will use the so called
SRy = Pov =27 - fipp . (6) AIexander-PD,QIexander1975. .
Tp The block diagram of this phase detector is shown on

This slew rate determines the maximum input jitter deviation Fig. 3.
that could be transferred to the output. It follows for a given  The circuit samples two consequent data Bitand B as
input jitter ¢ p that well as the transitiof” between the two bits. In two XOR-
Sép gates the VCO-control signaldP and DOWN are created
5 = SRT. (1) (seeFig4).

A Bang-Bang PLL is a so-called slew rate limited system.

Now we can define a slew-rafeR;;, of the PLL. It can be
calculated to



N. Dodel and H. Klar: 10 Gb/s Bang-Bang Clock and Data Recovery (CDR) 295

BJ/3t= max.
direct modulati th —r . . .
Irect mocuation pal A . B Jitter Amplitude Jitter Transfer
Bang- B8 Jun 4 \
Bang 0dB
Phase- | sign(q.) | charge integration path
/T Detector pump - @ 1 \
Data MSIQH(%) dt
1" | \

Y J —o%
1/mesr‘1‘ 1/meer2 fcutuﬂZ fcnm"l_z fcumﬂz

Fig. 5. 2nd-order Bang-Bang PLL with Integrator for frequency
control.

Fig. 7. Jitter transfer characteristics for two different jitter ampli-
. tudes.
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Fig. 6. Frequency control with a integrator in a 2nd-order Bang-
Bang PLL.

\ AT=1/(4f}ier)

3.1 2nd-order Bang-Bang PLL Fig. 8. Effect of slewing on the jitter transfer

In the analysis ir2.3we assumed that the data rayef;(the 4 Dimensioning for SONET-Specifications

clock signalf;i, in the simplified model respectively) of the ) o o )
system is equal to the center frequency of the VE&OFur- The most important specifications of a CDR circuit are its
thermore we have seen th2 that the 1st-order Bang-Bang
PLL has a very limited frequency range of 2,, around the
center frequencyp. 2. Jitter tolerance

In a real circuit the center frequency of the VCO has to
be guided towards the data ratg7k. This is achieved by
the means of a integrator consisting of a charge pump anthe following section explains the way how PLL-parameters

a CapaCitorCIf, as depiCtEd in F|95 The OUtpUt of this have influence on these Speciﬁcations_
integrator is connected to a separate control node of the

VCO. 4.1 Jitter transfer

1. Jitter transfer

3. Jitter generation

|The jitter transfer gives the quantity of jitter that is passed

The mechanism of this frequency control is shown in detai . )
d y from the CDR-input to its output.

on Fig.6. Assuming a data rate/Tp equal to the center In 2.3 h d that th | behavior of the B
frequency of the VCO, we get from Eg.a duty cycleC of n 2.3we showed that the control behavior of the Bang-

0.5. Thus a triangle signal with constant average can be see hang;]CD"R IS I|m|tefd b.y I(;S slev(\; rate. FLom..Eq'fO"OV\{.S q
at the output of the integrator. The system is in equilibrium.t at the jitter transfer is dependent on the jitter amplitude.

If the data rate 17 is lower than the center frequendy of 'I:heutter transfer for two different jitter amplituddg ;1 and

the VCO the duty cycl€ of the phase detector output will be Turz |s"shown on Fig7. iy
smaller than 0.5. Thus the average of the triangle signal will. For_Jltter frequenc_!e&fcutoﬁ the control gondltlon EcP
decrease, which again regulates the VCO frequency versus 'S fulfilled. Thus for jitter transfer can be written

lower frequency. An analogous behavior can be seen for data,,,

rates ¥ T higher than the center frequengy.

~1. (10)

Jin
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Fig. 10. Measurement results: clock jitter.

When control condition Ec is not fulfilled the slewing be-
gins. As it can be seen on Figthe output phas®,,,, is now
triangle-shaped for a sinusoidal input phasg. The jitter
transfer function can now be approximateeé et al, 2004

 Pour _ fop AT Job
Dy 4. fjitter .

~ —. 11
P (11)
This function has a slope 620 dB/Decade.

cI>in

‘ q:'out
cI>in

4.2 Jitter tolerance

The jitter tolerance determines the peak-to-peak vajuep

of the input jitter for a jitter frequencyj;. .., that can be
applied to the CDR input without worsening the bit-error-
rate (BER) of 1612,
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Fig. 11. CDR — die photography.
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Fig. 12. CDR - Block diagram.

The jitter tolerance characteristic of a Bang-Bang CDR
can be divided in three different regions. The slew-rate-
limiting leads to a slope of-20dB/Decade in the middle
region of the characteristic(see Hd). In the low frequency
regions the increasing influence of the integrator path of the
frequency control results in a slope e#0dB/Decade. For
jitter amplitudes lower than.@5 Ul the jitter has no influ-
ence on the BER, thus the jitter tolerance characteristic is flat
in this region.

4.3 Jitter generation
The jitter generation numbers the amount of jitter that ex-

hibits the recovered clock of the CDR with a ideal input sig-
nal without jitter.

In the SONET specifications a jitter tolerance mask is The SONET-Specification allows a jitter generation of
given that must be respected by the jitter tolerance charac-

teristic of the Bang-Bang CDR (see F8).

Jp_p < 0.1Ul for 50kHzZ < fjitrer <80MHz (12)
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For a Bit-Error-Rate of 10'2 we get a rms-value of the jitter 5 Measurement results

JRMS= JP—lP Jr-r 20.7 ps. (13) A CDR-prototype was produced in a commercia®um
2./2erfc1(2BER) 14 BiCMOS technology. Figure 12 shows the CDR block di-

agram and Figll the die photography of the prototype.

The power consumption of the IC is 750mW. On Fig.

is shown the jitter histogram of the recovered clock from a

231_1 PRBS-input signal. The measured rms-value of the

jitteris 1.15ps.

The two dominant sources for jitter in a Bang-Bang-CDR are
the phase noisg of the VCO and the so-called “hunting”-
jitter Jys5, that is generated by the VCO switching.
The phase nois€ is high-pass filtered in the PLL with a
transfer function

N

G = 14 .
Hp(s) 1+s/w_3iBp;, (14) 6 Conclusions

The resulting jittetJ,.,.5,., (in Ul) can be calculated with The use of linear charge pump PLLs with “Hogge”-phase de-

1 2 tector for clock-data-recovery in optical 10 Gb/s systems is
Trmsy = — |2 / Gup(G2e LS . (15) limited by the increasing influence of parasitic effects_ on the

21 f1 loop performance. Bang-Bang-CDRs present a promising al-
ternative to linear CDRs. A direct modulated Bang-Bang-
CDR for 10 Gb/s SONET application was presented. The
system behavior of the circuit was described be the means of
Vp(t —nTg) € [0:1] mitn =12, 3. 4. a non-linear approach/\(alker, 2003. Thesg |n5|ghts. were
used to determine the PLL-parameter which have influence
on the most important SONET-specifications.

With a NRZ-coded PRBS data stredfp ;4

und Tp = bit length (16)

as input signal results a VCO output signal
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As both jitter sources are uncorrelated, the overall jitter
can be calculated with
J2 o =2 + J2

rMSges rmsyco rmsgp *

(20)



