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A 1.5 GHz All-Digital Spread-Spectrum
Clock Generator

Sheng-You Lin and Shen-luan Liu, Senior Member, IEEE

Abstract—An all-digital spread-spectrum clock generator
(SSCG) has been fabricated in a 0.18 um CMOS process. The
analysis and design of this all-digital SSCG is presented. A
mixed-signal phase and frequency detector is adopted to reduce
the jitter, eliminate a digital adder, and also reduce latency. A
Vernier time-to-digital converter (TDC) with time amplifiers is
realized to enhance the timing resolution of the TDC and to track
the frequency modulation in the SSCG. A digitally controlled
oscillator with a resolution enhancement circuit is also presented.
The measured electromagnetic interference reduction is 10.48 dB.
The measured peak-to-peak jitter and rms jitter are 28.4 ps and
4 ps, respectively, at 1.5 GHz.

Index Terms—All-digital phase-locked loop, electromagnetic in-
terference, phase-locked loop, spread-spectrum clock generator,
time-to-digital converter.

I. INTRODUCTION

HE serial advanced technology attachment (SATA) [1]
T may become one of the important techniques for the
next-generation internal storage interconnection. As the clock
frequency increases, the electromagnetic interference (EMI)
issue becomes more severe [2]. Spread-spectrum clock genera-
tors (SSCGs) [3] [8] have been presented to mitigate this effect
using techniques such as frequency modulation [2], [3], pulse
swallow [4], phase interpolation [5], and delta-sigma modula-
tion [6] [8]. For some of these techniques, the phase-locked
loop (PLL) with the division ratio modulated by a delta-sigma
modulator (DSM) is widely adopted, because it is realized
mostly by digital circuits and achieves higher EMI reduction.
However, the conventional PLL needs the analog passive loop
Iter, which may occupy a large active area, and is sensitive to
leakage current in advanced CMOS processes. An all-digital
SSCG [9] has been presented by adopting digital delay lines.
This approach is not suitable for high-frequency clock genera-
tions, since the digital delay line consumes high power and is
sensitive to process, voltage and temperature variations.
In this paper, an all-digital SSCG is realized using an all-dig-
ital PLL (ADPLL). There are some potential issues to realize
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an all-digital SSCG. First, substitution of the passive loop lter
by a digital loop Iter in an ADPLL [10] [12] reduces active
chip area, but requires an additional adder to sum the propor-
tional and integral results of the digital loop lter. In this paper,
a mixed-signal phase and frequency detector (PFD) [13], [14]
is adopted to eliminate this digital adder and also to reduce the
latency [10] caused by this adder in a conventional ADPLL. Ina
bang-bang phase detector [10], the output signal is turned high
or low for a duration equal to the period of the reference clock.
And, it is independent of the magnitude of the phase error. This
causes that the varactors have to change over a period of the
reference clock and will induce a large jitter even though the
ADPLL is locked. The mixed-signal PFD has a short effective
turn-on or turn-off time, which is proportional to the phase error.
Second, the limited resolution in a digitally controlled oscillator
(DCO) may degrade the jitter performance. Here, a DCO res-
olution enhancement circuit is presented. Third, due to the fre-
quency modulation in an all-digital SSCG, a time-to-digital con-
verter (TDC) is used [15]. To enhance the timing resolution of
a TDC, the time amplifying technique [16] is also adopted. The
required number of bits of a TDC in an all-digital SSCG is also
analyzed.

This paper is organized as follows. Section Il describes and
analyzes this all-digital SSCG. In Section I11, the circuit descrip-
tion is given. In Section 1V, the experimental results are given.
Finally, the conclusion is given in Section V.

Il. ANALYSIS OF THE ALL-DIGITAL SSCG

The proposed all-digital SSCG is shown in Fig. 1, which
consists of a mixed-signal PFD, a 5-bit TDC, a 20-bit digital
integrator, a rst-order 8-bit DSM with a divide-by-4 divider,
a DCO with the resolution enhancement circuit, a modulation
controller, and a dual-modulus prescaler divided by N/N + 1
and N = 59. Based on the similar approximation in [11], the
z-domain model of an ADPLL is shown in Fig. 2(a), where
Tr (= 40 ns) and fr (= 25 MHz) are the period and fre-
quency of the input reference clock, respectively, and Arpc is
the timing resolution of the TDC. Kprp, K1, and K are gains
of the PFD, the digital integrator, and the DCO, respectively.
The above parameters are listed in Table | and their design will
be explained in the next section. In this analysis, assume the
quantization errors of the TDC and DCO are small and not to
affect the stability of this ADPLL. So, they are neglected in the
following stability analysis. In this work, the bandwidth of this
ADPLL is 400 kHz, which is much smaller than the input refer-
ence frequency of 25 MHz; i.e., if s = jw and w < 1/Tg, then
z = e*Tr =~ 1 + sTg. So, the z-domain model is simpli ed to
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Fig. 1. The proposed all-digital SSCG.
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Fig. 2. (a) The -domain model of the ADPLL. (b) The -domain model of the ADPLL.
be an s-domain model. The s-domain model of this ADPLL is where wpygp is the unity-gain  frequency. Since
approximated as shown in Fig. 2(b). The open-loop gain of the |LG (jwyep)| = 1, the proportional gain Kprp is
ADPLL in Fig. 2(b) is given by calculated as
Nw 2 .
LG (s) = 21Kprp (5 + w:) 1) QWKPFD:%:NL(JUGB sin(PM), PM €0, x].
N - 52 VwueB®tw: 4
where the zero is According to (2) and (3), the gain of the digital integrator is
_ KiKc @
we T ZWATDCKPFD ' KI _ 27'I'KPFDATDCLUUGB (5)
K tan (PM)
The phase margin for this system is given by . . .
Assume the ADPLL has a unity-gain bandwidth of 400 kHz
PM — tan—1 WUGB 3 and a phase margin of 45°. Kprp and K7 are calculated to be
= an W, ©) 16.97 MHz/rad and 0.0036, respectively. K7 is approximated
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Fig. 3. The PFD in the proportional path.
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Fig. 4. (a) The timing diagram when the reference clock is in-phase with the
feedback clock. (b) The timing diagram when the reference clock leads the feed-
back clock.

to 2=8 for implementation considerations. Table I shows the
design parameters for the ADPLL. The simulation results are
consistent with the theoretical analysis.

I11. CIRcUIT DESCRIPTION

The circuits adopted in this all-digital SSCG are discussed in
the following.

A. Mixed-Signal PFD

Fig. 3 shows the mixed-signal PFD with the pMOS varactors
directly connecting to a ring oscillator [13], [14]. It can modu-
late the capacitance loading to vary the oscillation frequency of
this DCO. The transmission gate is adopted to compensate the -
nite delay of the inverter, which may induce the undesired offset
phase. When the reference clock, CK,.¢, is in-phase with the
feedback clock, CKg,, the timing diagram is shown in Fig. 4(a).
There are two identical short pulses for the signals, UP and DN,
respectively. For two pMOS varactors connected to the signals,
UP and DN, they are equivalently biased at the common voltage.
When the reference clock leads the feedback clock, the timing
diagram is shown in Fig. 4(b). The pMOS varactor connected
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TABLE |
DESIGN PARAMETERS IN AN ADPLL

Value
25 MHz
375 kHz/Code

Parameters

Reference frequency

with a resolution enhancement
circuit

16.97 MHz/rad

2
TDC timing resolution, 5 ps
Divider s ratio, 60

to the signal UP is turned off longer to have a smaller capaci-
tance and speed up the oscillator. When the reference clock lags
the feedback clock, the pMOS varactor connected to the signal
DN is turned on longer to have a larger capacitance and slow
down the oscillator. The effective turn-on or turn-off time for
the pMOS varactor is proportional to the phase error. It is sim-
ilar to the conventional charge-pump PLL. The short turn-on
and turn-off times imply that the DCO may have a short pertur-
bation when the ADPLL is locked. It may result in a low jitter.

Fig. 5 shows the simulated DCO frequency versus the phase
error between CK,.¢ and CKg,. The gains for the positive and
the negative phase errors are 17 MHz/rad and 14.8 MHz/rad,
respectively. The averaging gain will be 15.9 MHz/rad. It may
result in a poor reference spur and the nonlinearity of the mod-
ulation pro le for this SSCG.

B. 5-Bit TDC

The conventional Vernier TDC [15] converts the phase differ-
ence between two clocks into digital codes, but it cannot distin-
guish whether the phase difference is positive or negative. The
5-bit TDC used in this work is shown in Fig. 6. For the pulses,
UPa and DNa, from the PFD, the rst phase decision circuit
(PDC), as shown in Fig. 7(a), determines which pulse is leading
or lagging. Since the rst PDC determines the polarity signal,
Sign, only half the delay stages are needed, compared with the
conventional TDC. Thus, by using the rst PDC and two mul-
tiplexers, the dynamic range of this 5-bit TDC is doubled. This
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Fig. 6. Five-bit TDC.
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Fig. 7. (a) Phase decision circuit. (b) Time ampli er. (c) The simulated transfer
function of the TA.

PDC switches the leading pulse into a delay line, which is com-
posed of the delay cells with the delay of + Arpc. It also
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Fig. 8. The triangular modulation pro le.

switches the lagging pulse to a delay line with the delay cells
of . As both the leading and lagging pulses propagate in the
corresponding delay line, their time difference is decreased by
Arpc per stage. The simulated phase noise of the DCO is

90 dBc/Hz at an offset frequency of 1 MHz. To have the phase
noise of this TDC much below 90 dBc/Hz, Arpc is selected
as5ps [17]. The calculated phase noise of this TDC with Arpe
of 5psis 111.3dBc/Hz.

Conventionally,aD- ip- op (DFF)isusedinaTDC to quan-
tize the time difference of these two pulses. However, the nite
setup and hold times of a DFF form a dead zone of 30 50 ps,
which limits the timing resolution of a DFF. To enhance the
timing resolution, the time ampli er (TA) [16] is adopted. In
Fig. 7(a), the PDC is composed of two TAs and a DFF. The
TA is shown in Fig. 7(b) and its working principle is given as
follows. Let the signal, inl, lead the signal, in2. The outputs of
the inverters, inv3 and inv4, are low and those of the inverters,
inv5 and inv6, are high. When inl goes high and in2 keeps low,
the output of invl is decreased and the transistor M3 is turned
on. The current 11 is turned off and the current 12 is turned on to
slow down the falling time of the inverter, inv2. When the output
of the inverter, inv3, goes high, both the transistor M4 and the
current 12 are turned off, and M7 is turned on. The current 14 is
active and slows down the rising time of the inverter, inv4. When
the signals inl and in2 go low at the outputs, the currents 13 and
14 are turned off. The time difference between the signals, inl
and in2, are enlarged and a conventional DFF is used in a PDC
to quantize this enlarged time difference. The simulated transfer
function of the TA is shown in Fig. 7(c). The simulated gain of
this TA is 216.
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