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Abstract—This paper presents a Delay-Locked-Loop (DLL)
using a low-jitter design technique to generate sub-picosecond-
jitter interleaved ADC sampling clock phases. To mitigate the
effects of jitter accumulation, a low jitter delay line with digital
control circuit is proposed. After 10 delay stages, the proposed
DLL output can achieve <0.1psrms jitter clock. The DLL
can operate with input clock frequency from 2GHz to 10GHz,
enabling interleaved ADC sampling with a low-jitter sample clock
over a 20GHz to 100GHz frequency range.

I. INTRODUCTION

Recently, low-cost high-performance analog-to-digital con-
verters (ADCs) have been widely used in wireless com-
munication systems which require high speed and moderate
resolution data conversion. Time-interleaved ADCs [1] are an
attractive candidate due to better power efficiency and low
frequency sample clock, and can achieve a high sampling rate
through multiple sub-ADCs operating at a lower sampling
rate [2]. However, time-interleaved ADCs require a precise
sample clock to achieve acceptable effective-number-of-bits
(ENOB), which can be degraded by jitter in the sample clock.
Although several ADCs [3], [4] published to date can achieve
acceptable performance with calibration of systematic clock
phase mismatch [5], these work do not address the challenge
of providing a low jitter sample clock for interleaved ADCs.
This paper proposes a delay-locked-loop (DLL)-based method
of generating a high frequency, low-jitter interleaved ADC
sample clock from a low-cost, low frequency reference source.

ADC performance can be characterized by effective number
of bits (ENOB), determined by the observed signal-to-noise
ratio (SNR) in the frequency domain (FFT) ADC output
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The SNR impact of a sample clock jitter o7 with a full-scale
sinusoidal input at frequency fgrg is given by
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Equations (1) and (2) determine the required sampling clock
uniformity necessary to achieve a desired ENOB. Note that
ENOB can be degraded by either systematic clock errors
(leading to spurs in the FFT) or random clock jitter (leading
to increased noise floor in the FFT).
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Fig. 1. Interleaved ADC system block diagram.

Both Phase-Locked-Loops (PLLs) and DLLs have been
used for clock generation and recovery in communication
applications [6]. Although PLLs are preferred for applications
such as frequency synthesis, the DLL is an attractive option
for clock phase generation because of

e its better jitter performance, since the DLL avoids the
jitter accumulation [7] characteristic of the PLL, and

« the unconditional stability [8] of the DLL feedback loop
which has first order loop characteristics.

The main disadvantage of DLL for generating the ADCs
sample clock is the nonuniformity of the sample clocks due to
systematic mismatch in the DLL phase delays. The systematic
mismatch can lead to spurs in the FFT, degrading SNR.

Previous work provides techniques to solve systematic
error problem through either digital-domain [1] or analog-
domain [9] techniques. In [1], the effects of deterministic
phase misalignment are mitigated by a time domain calibration
technique, making it possible to apply the low jitter DLL to
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generate the interleaved ADC sampling clocks.

Fig. 1 shows the system block diagram of a self-calibrating
interleaved ADC using the proposed DLL output sample clock.
In this work, ten DLL output clock phases connect to ten
ADC:s respectively; the ADCs use these clocks to sample the
input analog signal. The speed of this interleaved ADC will
be 10x faster than each single ADC.

This paper is organized as follows: Section II provides an
overview of the proposed work at a block diagram level.
Section III describes in more detail the design techniques for
low-jitter sampling clock generation. Section IV presents the
results from the chip measurement in a 180nm CMOS. The
conclusion of this paper is presented in Section V.

II. SYSTEM LEVEL DESIGN

Figure 2 shows the system block diagram of the proposed
DLL, which works to achieve phase alignment of input clock
signals REF_CLK and CLK10. Coarse alignment is assisted
with an edge detector, shown in Fig. 3. DFFI is used to sample
the state of CLK10 at each rising edge of the reference clock,
then the sampled data will be stored at point X, which is used
as the clock of DFF2 and DFF3. DFF2 is triggered by the
rising edge of the voltage at X, and DFF3 is triggered by the
falling edge of the voltage at X; the data input of both DFF2
and DFF3 are connected to ground. So whatever the initial
state of CLK10 is, when detected CLK10 state change, either
“1” to “0” or “0” to “1”, one of DFF2 and DFF3 will be
triggered and start working. The initial output of the AND
gate is set to be “1”, when DFF2 of DFF3 start working, it
will sample the “0” to the input of AND gate, the output of
edge detector will change to be “0”.

The coarse control block is used to fast lock the reference
clock and the CLK10; this method saves more time and power

than the traditional direct control. In coarse control mode
when the loop is converging toward lock, the output of the
coarse control is the DAC control code for the delay line; this
control code will change according to the output of the BBPD.
Initially, the output of coarse control code is set to midscale of
the binary DAC code. When the output of the BBPD is “07, it
means the reference clock is faster than the CLK10, then the
delay line needs to decrease the delay, the coarse control code
will increase the output number to increase the current in the
delay line, and the delay will decrease. Conversely, when the
output of the BBPD is “1”, it means the reference clock is
slower than the CLK10, then the delay line needs to increase
the delay, the coarse control code will decrease the output
number to decrease the current in the delay line, and the delay
will increase.

When the edge detector detects the CLK10 edge at rising
edge of reference clock, it will send an “enable” signal to the
fine control system, which contains probability computing and
fine control blocks in Fig. 2. Once fine control is enabled,
coarse control is disabled until the system is reset. Exact
phase alignment of the REF_CLK and CLK10 signals would
correspond to an equal distribution of “early” and “late” 0 and
1 signals; however exact equality is unlikely in the presence of
jitter even when the DLL is locked. Rather than enforce exact
equality between O and 1 at the BBPD output, a probabilistic
lock condition for the probability of 1 at the DLL output
P{1} is defined to prevent “hunting” of the DLL loop and the
associated increased jitter. Assuming a Gaussian distribution,
a range of “reasonable” probability can be determined Each
time fine control block changes the control code, it will collect
a large number of samples of the BBPD output to estimate
P{1}. If P{1} falls in the reasonable region, then the fine
control block decides that the reference clock and CLK10
effectively locked. After each control code change, the fine
control block will collect the data from BBPD again and
analyze the data to for next time fine control code change.

With a delay step resolution of proposed delay line of 0.2ps,
Fig. 4 shows results of a MATLAB simulation of P{1} for
a sample size of 64. The reference clock is chosen randomly,
the horizontal axis shows the steps of changing the control
number, and the vertical axis shows P{1} at the edge of
CLK10. From Fig. 4 it shows that, with 0.2ps step resolution,
a range of 15% to 85% range can be defined so CLK10 will
be locked with 0.1psrms jitter.

To improve immunity to supply-induced jitter, the proposed
DLL uses a differential delay line, so the input of the delay
line is actually REF_CLK and REF_CLK_BAR; the delay line
has 10 delay stages, each stage with two delay cells. Details
of the delay cell will be presented in section III-C.

III. DESIGN TECHNIQUES

The schematic of each delay cell is shown in Fig. 5. The
drain current of the inverter PMOS/NMOS is controlled by a
current source DAC. Transistor sizing for the DAC is designed
to provide a =~ 0.2ps step resolution for the delay line. The
design requirement is based on the jitter theory in [10], which
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Fig. 4. Probability of detecting “1” with different values of jitter

is covered in more detail in section III-A. These values for
Iy and Ipgax result in the DAC resolution of 7 bits.

A. Jitter in Delay Line

According to the theory in [10], the jitter accumulates in the
delay line of the DLL, and jitter is proportional to the square
root of propagation delay AT and can be characterized by a
figure of merit x:

oar = kVAT 3)

given independent jitter errors in each stage. For an individual
delay stage with delay AT = tpp, (3) gives for the stage
output jitter ossqge

Ostage = RV tpp (4)

The proposed DLL has 10 delay stages, and different jitter
will be observed at each output because the total delay will
increase as the number of delay stages increases. Since jitters
from each delay state are independent, the jitter of the nth
output will add in rms fashion:

Oout(n) = \/Ji27Lput + Ugtagel Tt + O—gtage(n) o)

Because the delay stages in the delay line are all the same, we
assume the magnitude of the jitter contributed by each to be
the same, that is 04yq4e(s) = Tstage- Thus the jitter expected
at each stage output can be determined by:

Oout(n) = \/ U?nput + no’gtaye (6)

The jitter allowed for each individual delay of the n = 10
stage delay line, in terms of the input and output clock jitter,
is given by rearranging (6) with n = 10:

1
Ostage = \/10 (U(Z)utlo - Uzgnput) ™)

For a total added jitter < 0.1psec from o;p,pu: 10 Oouti0, (7)
implies 0g¢qg9e < 0.03 psec rms, giving from (4) a required
k = 1F — 8y/sec with tpp = 0.01nsec of each delay stage.
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A major advantage of parameter  is to quickly link system
level jitter performance to circuit level considerations such as
power dissipation. From equation (3), we can calculate the x
from the clock jitter and propagation delay. According to the
theory in [10], & is related to the power dissipation Pprsgs by

T T
ka2 b ~V2 _ i (8)
V Pprss V iswVbp

where k is Boltzmann’s constant and 7" is absolute tempera-
ture. To realize k = 1F — 8/sec at T=300K with Vpp = 1V,
(8) implies igy ~ 83uA. This determines the maximum
required current Ip;4x for the drain curent in delay cell in
Fig. 5

C. Design of Delay Cell From The Jitter Theory

Figure 5 shows the schematic of each delay cell. From the
jitter theory in sections III-A and III-B, the drain current of
transistors P1/N1 should be large enough to realize a sub-
picosecond jitter clock. The delay cell has 7 bits; the higher 4
bits are controlled by the coarse digital control block and the
lower 3 bits are controlled by the fine digital control block.
From Fig. 5 it can be seen that the size of LSB transistor is
very small, ensuring that when fine control digital block is
working, each resolution step is small enough for the DLL
to reach phase lock. Simulation results show the DAC delay
resolution during the fine control state is 0.2ps; according to
Fig. 4, 0.2ps step resolution is small enough for 0.1psrms jitter
clock to lock at the DLL output phases. The maximum value
of the drain current of transistor P1/N1 is around 400 pA,
which exceeds the requirement of 83 pA from (8), ensuring
that even at smaller digital control codes, the drain current of
the delay cell in Fig. 5 can still achieve the requirement of
output clock jitter <0.1psrms. The proposed DLL can work
in the frequency range from 2GHz to 10GHz, so the sampling
frequency of interleaved ADC is 10x faster than the DLL
output clock, which means the interleaved ADC sampling
frequency can be from 20GHz to 100GHz.
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IV. SIMULATION RESULTS

The proposed Delay-Locked-Loop is designed and sim-
ulated in 28nm CMOS process. The deterministic non-
uniformity of the clocks can be accommodated by the back-
ground calibration method of [1]. Simulations show that the
proposed design in 28nm CMOS enables ADC speeds in the
20-100GSps range.

Fig. 6 shows the simulation result of the ADC outputs when
the reference input clock is 10GHz. From Fig. 6 it can be
seen that the propagation delay of two adjacent DLL outputs
is 10ps, and ten DLL outputs divide one reference clock cycle
on average. The 10th output clock (red waveform in Fig. 6)
is locked by the reference clock.

Fig. 7 and Fig. 8 show behavioral simulation result using
MATLAB. The sampling frequency of the ADC is 100GHz.
Fig. 7 shows that, the jitter of sampling clock can degrade
SNR of interleaved ADC. From Fig. 8 it can be seen that if
the 10th stage output of DLL has 0.1psrms jitter, the ENOB
will degrade from 9 to 6.4 when the input signal frequency
increases.

V. CONCLUSION

The paper has presented a DLL-based low-jitter design
technique for generation of ADC sampling clock phases from a
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Fig. 8. ENOB vs Input Signal Frequency, fs=100GHz

low-cost low-frequency reference clock source. The proposed
DLL can provide the interleaved ADC with 20GHz to 100GHz
low jitter sampling clock. Jitter of <0.1psrms is enabled using
DLL-based frequency multiplication method. The determinis-
tic non-unifomity of the output clock are mitigated through
digital background correction [1] which can be performed to
calibrate interleaved ADC mismatch errors.
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