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Abstract-A DLL with a second order duty cycle corrector which 
consists of a low pass filter and an integrator is presented. This 
paper shows the analysis and the design of the second order DCC 
for loop stability and low jitter. The DLL implemented in a 0.13μm 
CMOS process achieves an output duty error below ±1.6% within 
±25% external input duty error. It has a 29.2ps peak-to-peak jitter 
and a 3.8ps RMS jitter. 
 

 I. INTRODUCTION 
 

In many applications, the DLL is used to improve the timing 

margin for better performance of the synchronous system. A 

precise 50% duty ratio of the clock signal is essential to the DDR 

SDRAM which needs both the rising edge and the falling edge of 

the clock to sample the data. The duty mismatch of the output 

clock in the DLL may be caused by the duty error of external 

input clock, or by the common mode voltage offset in the 

voltage-controlled delay line (VCDL). Many researches have 

presented the duty cycle corrector (DCC) to reduce the duty 

mismatch of the clock [1-2]. However, these conventional first 

order DCCs may impose the degraded jitter performance upon 

the DLL output clock. The second order charge pump scheme 

was reported to remove the duty error due to the nonideal 

characteristic of the first order charge pump [3]. However, its 

second order system has not been complete with loop stability. 

The second order DLL based CDR has been proposed to 

minimize the jitter tolerance degradation in the interpolator 

system [4]. We present the DLL with the second order DCC 

which ensures loop stability and low jitter. 
 

 II. CIRCUIT DESIGN 
 

A.  Conventional First Order DCC 
The structure of the conventional DCC is described in Fig. 1(a). 

The Tduty_in and the Tduty_out represent the duty error of the 

CLKin and the CLKout respectively. The duty error of the CLKin 

results from the offset of common mode voltages between the 

CLKin_p and the CLKin_n. The duty corrector needs the control 

signal (Vc) to cancel the common mode offset of CLKin signal. 

The output of the duty corrector usually has a full-swing because 

it is located in the final stage of the delay line to provide the 

duty-corrected output clock in the DLL. An integrator which 

consists of a transconductor and capacitors is used as the duty 

detector. It behaves as the charge pump because the maximum 

current is steered by the full-swing input signal. At the duty-

corrected state, the differential output Vc integrated at each cycle 

indicates the duty error of the CLKin. In the duty corrector, the 

duty error of the CLKin is cancelled by the Vc with the negative 

polarity, and the CLKout can have the duty-corrected signal. The 

output of the duty detector is controlled during a full duration of 

the output clock period as shown in Fig. 1(b). This may cause 

large jitter due to the large variation of the duty detector output. 

The instantaneous switching of full-swing output clock brings a 

little periodic glitch into the duty detector output. Therefore, the 

DLL with this first order DCC loop suffers from large jitter. 

Fig. 2 describes the timing jitter in rising and falling edges 

caused by the Vc variation. The DCC loop is correctly locked 

because the average value of Vc is zero. However, the periodic 

variation of differential Vc leads to large peak-to-peak jitter. 

 
(a) Structure of DCC                      (b) duty correction waveforms 

Fig. 1. Conventional DCC 

 
Fig. 2. Output clock jitter due to the Vc variation 

 
Fig. 3. Linear model of the first order DCC 
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Fig. 3 describes the linear model of the first order DCC. The 

Tduty_fb is the feedback information to cancel the Tduty_in, and 

the Tduty_out becomes zero at the duty-corrected state. The Kdc is 

the adjustable duty range by the Vc in the duty corrector. Then, 

the Tduty_fb(s) is defined as follows. 

Tduty_fb(s) = ( Tduty_in(s) – Tduty_fb(s)) sC
IKF dd

dcout                     (1) 

where Idd is the current of the transconductor in the duty detector, 

and Fout is the output clock frequency. The average current 

flowing into the capacitor depends on the duty error per a clock 

period. The first order DCC yields the following closed loop 

transfer function: 
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where wn, the loop bandwidth, is FoutKdcIdd/C. The loop 

bandwidth of this DCC can be reduced to mitigate the jitter due 

to the Vc variation. However, the lower loop bandwidth of the 

DCC loop imposes some penalty in the locking time of the DLL. 

The DCC loop bandwidth can be set above the DLL loop 

bandwidth to track the duty error without the severe degradation 

of the DLL locking time. However, the jitter characteristic is 

aggregated because of the large variation of the duty cycle. When 

the DCC loop is in the duty-corrected state, minimizing the Vc 

variation is required for low jitter without deteriorating the 

stability of two loops: the DLL loop and the DCC loop. 
 

B.  Proposed Second Order DCC 

Fig. 4 describes the proposed second order DCC. The low pass 

filter (LPF) before the integrator converts the duty error of the 

full-swing CLKout into the differential voltage Vc1. At the duty-

corrected state, the differential output of the LPF is zero. The 

integrator generates the differential voltage Vc2 to cancel the 

common mode offset of the CLKin by integrating Vc1 every cycle. 

Fig. 5 shows the output voltage waveforms of the LPF and the 

integrator in the second order DCC. The LPF outputs the 

differential voltage for the timing error of the duty ratio. As the 

duty error is reduced, the differential voltage of the LPF 

converges to zero. The integrator outputs the constant value of 

the differential voltage whose offset compensates for the duty 

error of the CLKin. The output of the integrator (Vc2) has little 

variation at the duty-corrected state while the output of the LPF 

(Vc1) has some variation with a little periodic glitch. 

 
Fig. 4. Proposed second order DCC 

 
Fig. 5. DCC output waveforms for duty correction process 

 
(a) Active type LPF                                (b) Integrator 

Fig. 6. Duty detector 

 
Fig. 7. Linear model of the second order DCC 

 

The LPF provides the isolation between the duty detector output 

Vc2 and the coupling effect caused by the switching of the full-

swing CLKout. The integrator can generates a smooth output Vc2 

from its continuous reduced-swing input Vc1 filtered by the LPF. 

The DLL can achieve low jitter without degrading the locking 

time because the second order DCC can have an adequately wide 

bandwidth while keeping the smooth output. However, this 

second order DCC yields the stability problem due to the 

decreased phase margin. The resistor as a damping element can 

be added for stable behavior of the loop dynamics. The structure 

of the duty detector (LPF + integrator) is described in Fig. 6. The 

active type LPF is used to set the common mode of Vc1. The 

resistor R2 in the LPF provides a zero to stabilize the loop. The 

linear model of the second order DCC is shown in Fig. 7. 

The second order DCC has the similar characteristic with the 

PLL. The PLL removes the phase error by integrating the 

frequency factor into the phase factor in the VCO. The DCC 

eliminates the duty error by integrating the voltage factor of the 

duty error which is extracted by the LPF. The Tduty_fb(s) can be 

derived as follows. 

Tduty_fb(s) = ( Tduty_in(s)– Tduty_fb(s))
1
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where 
2sC

Gm
 is the transfer function of the Gm-C integrator, Alpf 
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is the dc gain of the active low-pass filter, wp = 1/{(R1+R2)C1},

and wz = 1/(R2C1). The LPF outputs the differential voltage

which corresponds to the duty error per a clock period every

cycle. The second order DCC yields the following closed loop

transfer function:
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The loop bandwidth is pKw and the damping factor is
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. In order to track the duty error rapidly while

minimizing the perturbation effect on the DLL loop, the loop

bandwidth of the second order DCC is established to be wider

than that of the DLL loop. The DLL can achieve low jitter with

the second order DCC because of the suppression capability on

the Vc variation.

C.  DLL Architecture
The architecture of the DLL is described in Fig. 8. It has two

loops: one is the DLL loop that consists of the phase detector

(PD), the charge pump (CP) and the VCDL, and the other is the

DCC loop with the LPF, the integrator and the VCDL. These two

loops approach the delay lock and the 50% duty lock with the

shared delay line. The duty corrector is realized in the whole

delay line to enlarge its duty correction range. The loop response

in the DCC may interfere with the delay lock of the DLL loop

because of the fluctuation of the delay range. The stability of two

loops should be established with the careful simulation which

includes the parasitic extraction. The phase selection scheme

with two phases is employed to enlarge the operation range of

the DLL and provide the robust locking [5]. 

Fig. 8. Architecture of the DLL

Fig. 9. Operation of the phase selection

(a) Duty adjuster                              (b) Delay adjuster

Fig. 10. Delay cell of the VCDL

When the control voltage (Vctrl) is above Vhigh or below Vlow, the

DLL falls into the lock failure. The state of the lock failure is 

detected by two comparators. The DLL is recovered into the

correct lock state by the operation of the phase selection as

illustrated in Fig. 9. The phase for the output clock (CLKout) is

selected by the phase_sel which is toggled from the rst_CLKref.

This phase selection scheme can effectively eliminate the lock

failure due to the delay-stuck problem at the minimum and the

maximum boundary of the delay range. The delay cell of the

VCDL is described in Fig. 10. It consists of the duty adjuster and

the delay adjuster. The duty adjuster controls the common mode

voltage of the clock signal to remove the duty error. The delay

adjuster controls the delay of the clock signal with the Vctrl and

the Sctrl. When only several duty adjusters are directly cascaded,

the DLL may be in the lock failure state due to too much

shrinking of the signal swing which results from the large

common mode offset. The differential swing mismatch caused by

the common mode offset in the duty adjuster is recovered to the

matched swing by the following delay adjuster that has the

matched common mode. The level converter in Fig. 11 consists

of the pre-amplifier and the full-swing amplifier, and achieves a 

high gain and a wide bandwidth. The level converter may exhibit

a little duty cycle distortion due to its high gain. However, the

duty error of the DLL output clock can be minimized because the

DCC detects the output from the level converter.

(a) Pre-amplifier                    (b) Full-swing amplifier

Fig. 11. Level converter
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III. EXPERIMENTAL RESULTS

The DLL is implemented in the 0.13μm CMOS process. A die

micrograph of the test chip is shown in Fig. 12. Fig. 13 shows the

waveforms of the 500MHz output clock which are measured for

the input duty ratio from 25% to 75%. Fig. 14 shows the graph of

the mean values of the measured duty ratio at 500MHz. When

the duty cycle of the external input clock is changed from 25% to 

75%, the DLL has the output duty mismatch below ±1.6%. The

proposed DCC achieves a good duty correction performance for

the wide range of input duty mismatch (25% ~ 75%). The jitter

histogram in Fig. 15 exhibits 3.8ps RMS jitter and 29.2ps peak-

to-peak jitter. The DLL with the second order DCC can prevent

the severe degradation of jitter performance. The DLL achieves

the wide lock range from 140MHz to 780MHz. The DLL

dissipates 4mW with a 1.2V supply. Table 1 summarizes the

specifications of the test chip.

Fig. 12. Die microphotograph

Fig. 13. Measured waveforms of duty-corrected output at 500MHz

Fig. 14. Graph of mean values of measured duty error

Fig. 15. Jitter histogram

 TABLE I

SPECIFICATIONS OF DLL TEST CHIP

Technology 0.13μm CMOS

Supply Voltage 1.2V

Lock Range 140MHz – 780MHz

Output duty error @500MHz < ±1.6% for input duty error < ±25% 

Jitter 3.8ps RMS

29.2ps peak-to-peak

Power dissipation mW4

IV. CONCLUSIONS

In this paper, we present a DLL with a second order DCC. The

second order DCC is analyzed and designed for loop stability

and low jitter. The DCC output variation at the duty-corrected

state is significantly reduced with the second order system. The

DLL provides a precise duty correction with < ±1.6% output

duty error for the input duty error from 25% to 75% at 500MHz

clock, and achieves low jitter of 29.2 peak-to-peak.
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