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Abstract—A continuous-rate digital clock and data recovery
(CDR) with automatic frequency acquisition is presented. The pro-
posed automatic frequency acquisition scheme implemented using
a conventional bang-bang phase detector (BBPD) requires min-
imum additional hardware, is immune to input data transition
density, and is applicable to subrate CDRs. A ring-oscillator-
based two-stage fractional-N phase-locked loop (PLL) is used as
a digitally controlled oscillator (DCO) to achieve wide frequency
range, low noise, and to decouple the tradeoff between jitter trans-
fer (JTRAN) bandwidth and ring oscillator noise suppression
in conventional CDRs. The CDR is implemented using a digital
D/PLL architecture to decouple JTRAN bandwidth from jitter
tolerance (JTOL) corner frequency, eliminate jitter peaking, and
remove JTRAN dependence on BBPD gain. Fabricated in a 65 nm
CMOS process, the prototype CDR achieves error-free operation
(BER < 10~ '?) from 4 to 10.5 Gb/s with pseudorandom binary
sequence (PRBS) data sequences ranging from PRBS7 to PRBS31.
The proposed automatic frequency acquisition scheme always
locks the CDR loop within 1000 ppm residual frequency error in
worst case. At 10 Gb/s, the CDR consumes 22.5 mW power and
achieves a recovered clock long-term jitter of 2.2 ps,ms/24.0 pspp
with PRBS31 input data. The measured JTRAN bandwidth and
JTOL corner frequencies are 0.2 and 9 MHz, respectively.

Index Terms—Active repeater, automatic frequency acquisition,
continuous-rate receivers, decouple jitter transfer (JTRAN)/jitter
generation (JGEN), decouple JTRAN/jitter tolerance (JTOL), dig-
ital clock and data recovery (CDR), fractional-N phase-locked loop
(PLL), high-speed serial link, jitter peaking, multiplying delay-
locked loop, optical links, reference-less frequency-locked loop,
supply regulator, wide-range digitally controlled oscillator (DCO).

I. INTRODUCTION

ONTINUOUS-RATE clock-and-data recovery (CDR)
circuits capable of operating across a wide range of
data rates offer flexibility in both optical and electrical com-
munication networks. They can help satisfy specifications of
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multiple standards using a single chip solution and can reduce
cost when implemented using minimal number of external
components such as capacitors and voltage-controlled crystal
oscillators. However, it is very difficult to meet these require-
ments using a classical analog CDR architecture depicted in
Fig. 1 [1], [2]. First, extracting the bit rate (frequency informa-
tion) from incoming random data stream is difficult because of
the limited range of conventional frequency detectors. Second,
the design of a wide-tuning-range low-noise oscillator in a
power and area-efficient manner is challenging. Third, jitter
transfer (JTRAN) and jitter tolerance (JTOL) characteristics
are set by the same loop parameters (as explained below),
which complicates the CDR design, especially in the context
of repeater applications. Stringent jitter peaking requirements
in such applications also mandate a large loop filter capacitor
that is difficult to integrate on chip [3]. Finally, low JTRAN
required in many standards such as SONET increases jitter
generation (JGEN) due to inadequate suppression of oscillator
phase noise. Alternatively, this translates to increased oscillator
power dissipation. These issues are further elaborated starting
with frequency acquisition.

Automatic frequency acquisition loops are typically imple-
mented using either a rotational frequency detector (RFD) or
Quadri-correlator frequency detector (QFD) [3]-[7]. The main
limitation of these frequency detectors is their limited fre-
quency acquisition range, which is usually less than 50% of the
target frequency. Therefore, dedicated coarse frequency detec-
tors are necessary to extend the range for continuous-rate appli-
cations [3]. Recently, a divider-based stochastic reference clock
generator (SRCG) approach that provides unlimited frequency
acquisition range (can lock to any frequency within the tun-
ing range of oscillators) was reported in [8] and [9]. However,
the accuracy with which the oscillator is tuned to the data
rate strongly depends on input data transition density p where
0 < p < 1. Any deviation of p from 0.5 (a transition density
of 50%) causes 2 x (p — 0.5) x 105 ppm residual frequency
error. For instance, a 7 bit of pseudorandom binary sequence
(PRBS7) data pattern (with p ~ 0.504) causes about 8000 ppm
frequency error, which is larger than the pull-in range of most
conventional CDRs. In this paper, we present an automatic fre-
quency acquisition scheme that: 1) is insensitive to transition
density; 2) can achieve unlimited frequency acquisition range;
and 3) is amenable for subrate CDR architectures.

0018-9200 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Block diagram of a continuous-rate CDR with automatic frequency
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Fig. 2. (a) Analog D/PLL-based CDR using a large loop filter capacitor.
(b) JTRAN and JTOL charactersitics.

Achieving wide tuning range and low noise simultaneously
is a challenging design task. Ring oscillators can provide wide
frequency range, but their phase noise is not adequate for high-
performance CDR applications [8]. On the other hand, LC
oscillators offer excellent phase noise performance, but their
tuning range is limited. Carefully designed multiple LC tanks
can cover a wide frequency range [3], [10] at the expense of
excessive power and area consumption. In this paper, we embed
a wide tuning range ring oscillator in fractional-N phase-locked
loop (FNPLL) and use the FNPLL as a digitally controlled
oscillator (DCO) to achieve both wide range and low noise. The
FNPLL-based DCO also helps decouple the tradeoff between
JTRAN bandwidth and JGEN due to ring oscillator noise in
conventional CDRs.

In addition to limited frequency acquisition range and finite
tuning range of the oscillator, classical CDRs also suffer from
two other design tradeoffs. On one hand, the JTRAN band-
width and JTOL corner frequency of a classical second-order
CDR cannot be chosen independently as both of them are dic-
tated by the higher of the two closed loop poles [3]. This
is undesirable because JTRAN cannot be lowered without
degrading JTOL. Also, intrinsic peaking resulting from plac-
ing the loop stabilizing zero in the feed-forward path is also
problematic, especially in repeater applications. Delay/PLL
(D/PLL) architecture reported in [3], [10]-[14] and shown
in Fig. 2(b) removes the closed-loop zero and avoids jitter
peaking. Furthermore, JTRAN bandwidth and JTOL corner fre-
quency are decoupled with the JTRAN bandwidth governed
by the low pole (mainly from PLL), and the JTOL corner fre-
quency decided by the higher pole (mainly from DLL) [3]. On
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Fig. 3. BBPD behavior in the presence of a frequency error.

the other hand, classical CDRs suffer from conflicting band-
width requirements to meet JGEN and JTRAN specifications.
Minimizing the amount of input jitter transferred to CDR out-
put (recovered clock, RCK) requires low JTRAN, while a
high JTRAN is needed to suppress oscillator noise, which is
a major contributor of CDR JGEN. Hence, improving JGEN
with low JTRAN requires a low-noise oscillator that consumes
significant power and occupies large area [3], [10]. In this
paper, a digital D/PLL architecture is proposed to overcome
JTOL/JTRAN/JGEN tradeofts.

The rest of this paper is organized as follows. The auto-
matic frequency acquisition is detailed in Section II. The overall
digital CDR architecture with proposed wide-range low-noise
DCO is discussed in Section III followed by circuit implemen-
tation details of the proposed CDR in Section IV. The measured
results are presented in Section V, and a summary of the key
contributions is given in Section V1.

II. AUTOMATIC FREQUENCY ACQUISITION
A. Review of BBPD Operation

The proposed frequency detection scheme uses the proper-
ties of a conventional bang—bang phase detector (BBPD). So, it
is instructive to first review the basic operation of a BBPD. A
BBPD detects the sign of the phase error A® between incom-
ing random data DIN and the RCK. Based on the sign of the
phase error, BBPD provides early or late (E/L) information for
the CDR loop to achieve phase locking. The input—output trans-
fer function of a BBPD, depicted in Fig. 3, illustrates that the
output changes sign whenever the input phase error crosses nm
radians. Due to this behavior, BBPD output is usually consid-
ered to be valid only when A® lies between —7 and 7. This
condition is violated in the presence of frequency error since the
phase error accumulates indefinitely, causing BBPD to produce
E/L signals alternatively.

However, taking a closer look at the BBPD behavior reveals
some interesting properties (Fig. 3). We note that within each 7
interval of A®, BBPD outputs either consecutive E or L signals
and the number of consecutive E (or L) signals Np is inversely
proportional to the frequency difference (AF’) between DIN
and RCK. In other words, if the number of consecutive E/L sig-
nals Np = Np; when AF = AF|, Np = Npy > Np; when
the frequency error AF5 is slightly smaller than AFj. This
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Fig. 4. Principle of proposed frequency acquisition scheme. (a) Block diagram
of the BBPD-based FLL. (b) Illustration of frequency acquisition process.

is simply because it takes longer for the phase error to accu-
mulate 7 radians with smaller frequency error. Similarly, an
even smaller frequency difference AF3 results in even larger
number Npj that is greater than both Np; and Nps. The key
observation is that the frequency difference AF,, is inversely
proportional to the number of consecutive E/L signals Np,,.
This relationship is used in the proposed frequency acquisition
scheme as discussed next.

B. Principle of Proposed Frequency Acquisition

The block diagram of the proposed BBPD-based frequency
locking loop (FLL) is shown in Fig. 4(a). Using E/L out-
puts of the BBPD, frequency detection logic (FDL) generates
frequency error information, which is integrated by the accu-
mulator ACCp and used to update DCO frequency (Fpco).
The process of frequency acquisition is illustrated in Fig. 4(b).
At the beginning of frequency acquisition, DCO is reset to its
lowest frequency. Using an accumulator, ACCg 1, FDL accu-
mulates E/L signals from BBPD until the sign of BBPD output
changes polarity. When the sign changes, ACCg/y, resets and
starts accumulating a new set of consecutive E/L information
again. FDL increments accumulator ACCy and updates the
DCO frequency Fpco when BBPD output changes sign and
Np < Nrg (the locking threshold). Lock detector declares fre-
quency lock when Np becomes greater than or equal to Ny
After that, the phase tracking loop takes over and achieves
phase locking.

In practice, jitter (®;) may cause false updates of the DCO
frequency since the sign of BBPD output is alternating when the
phase relationship between DIN and RCK is within the jittery
region (Fig. 5(b)). However, the jittery region provides no valid
information about the frequency error; thus, the false update
can be prevented by not increasing ACC r when the peak value
of ACCgy, is smaller than its previous peak. Another common
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Fig. 5. Residual frequency error dependence on transition density. (a) w/o jitter.
(b) w/ jitter.

issue in automatic frequency acquisition is harmonic locking
where the steady-state DCO frequency equals K times the data
rate. In this design, starting the DCO from its lowest frequency
ensures that the DCO locks to the target frequency before it
reaches any harmonic frequencies, thus avoiding the harmonic-
lock problem.

C. Analysis of Proposed Frequency Acquisition

The number of consecutive E/L signals (Np) not only
depends on the frequency error AF' but also on transition den-
sity p and jitter ®;. First, consider the case without jitter as
shown in Fig. 5(a), where Fpy is input data rate. One data bit
of DIN spans 27 radians, and the BBPD output changes sign
when RCK and DIN phase difference exceeds 7 radians. In
each 7 radians, the number of consecutive E/L signal is

Fpin m
Np = —. 1
P =PAF 27 (D
. F
Therefore, the relative frequency error , Np,and p
DIN
are related by
AF
=4 @)
Fpw 2Np

Tabulating the above equation for different values of Np and
p reveals that the relative frequency error is bounded within
1000 ppm for any transition density p between 0 and 1 when
the locking threshold Npyg = Np is set to 500. In other words,
residual frequency error in the proposed frequency acquisition
scheme can be made to be well within the pull-in range of a
CDR, independent of the input transition density.

As shown in Fig. 5(b), the effect of input data jitter ®; can
be incorporated into the relative frequency error expression as
follows:

AF Lﬂ—_@j

= 3
FDIN Np 2m ( )
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Fig. 7. Digital implementation of a D/PLL CDR.

Interestingly, as long as the jitter is not so large as to close the
eye, jitter reduces residual frequency error compared to the case
when there is no jitter. In other words, increasing jitter has the
same effect as making the locking threshold larger.

Compared to the frequency acquisition based on SRCG in
[8], the proposed scheme is much less sensitive to input tran-
sition density as shown in Fig. 6. With PRBS7 input data
(p =~ 0.504), the residual frequency error is as high as 8000
ppm in [8], while the error is stable around 500 ppm (with
Nty = 500) for any PRBS sequence in the proposed scheme.

III. OVERALL CDR ARCHITECTURE

A simplified block diagram of the proposed digital D/PLL
CDR architecture is shown in Fig. 7 [15]. It consists of three
loops: 1) a frequency-locked loop (FLL); 2) a delay-locked loop
(DLL); and 3) a PLL. Using the half-rate BBPD outputs, as
described earlier, FLL brings the DCO frequency to be within
500 ppm of the target frequency (half of the data rate). The
DLL adjusts phase of the input data using a digitally controlled
delay line (DCDL) and locks it to that of the RCK. In other
words, the DLL in itself can be viewed as a Type-I CDR. The
PLL integrates the BBPD output using accumulator ACCy and
drives the DCO toward frequency lock. This behavior is analo-
gous to that of integral control path in a classical Type-1I CDR.
In other words, the DLL and PLL implement the proportional
and integral control portions of the CDR, respectively.

Similar to its analog D/PLL counterpart shown in Fig. 2,
the proposed digital CDR also decouples the tradeoff between
JTRAN bandwidth and JTOL corner frequency. However,
implementing the loop filter in digital domain eliminates large
loop filter capacitor needed in the analog D/PLL. It is also
interesting to note that JTRAN bandwidth of the D/PLL is

Fig. 8. Detailed block diagram of the proposed CDR.

governed only by the ratio of DCO and DCDL gains [10], [12].
As aresult, JTRAN is independent of BBPD gain and hence it
does not depend on input jitter. This is a considerable advantage
compared to conventional bang—bang CDRs.

The detailed schematic of the proposed CDR is shown in
Fig. 8 [15]. Input data DIN is buffered using a two-stage lim-
iting amplifier before feeding it to the DCDL. BBPD output
is demultiplexed by a factor of four in the DLL after carefully
evaluating the tradeoff between increased loop delay caused by
larger demultiplexing factor and increased power dissipation of
ACCp at smaller demultiplexing ratio. It is important to reduce
loop latency because large loop delay severely limits JTOL per-
formance [16]. By contrast, the loop latency is not as critical
in the PLL. Therefore, the BBPD output is demultiplexed by a
factor of 32 in the integral path and the FDL to reduce digital
logic power. The outputs of ACC; and ACCp are summed to
generate FCW for the DCO. The fractional-N PLL-based DCO
provides four equally spaced sampling clock phases (RCK) for
half-rate BBPD.

Because the CDR is designed to operate across a very
wide range of data rates, it is susceptible to false locking.
We propose a false-locking prevention scheme that is based
on the observation that the sum of early and late outputs of
the BBPD must equal the number of input data transitions in the
frequency-locked state. The number of data transitions (Npr)
counted using divider H and accumulator ACCyz is compared
to the number of E/L outputs (Ng,1,) provided by ACCg .. If
Npr # Ng/L, FDL logic continues to increase the frequency
and drives the DCO away from false locking. Both loss-of-lock
detection (LOLD) and lock detection (LD) are implemented to
ensure seamless switching between data rates. Furthermore, in
order to maximize JTOL performance, the DCDL is biased at
its mid-delay point in steady state by the path containing gain
block Ko (with a value of 1/16) and accumulator ACCg. Since
in steady state, the average input to ACCp is zero, the DCDL
operates around its mid-delay point and provides a maximum
possible delay range of about +100 ps. This technique is fairly
straightforward to realize in digital implementation compared
to an analog D/PLL [3], where an extra g,, control path is
required to properly bias the delay line and has to be always
on to compensate the capacitor leakage.

IV. CIRCUIT IMPLEMENTATION

Thanks to the mostly digital nature of the proposed CDR,
a large number of circuit blocks are fully synthesized using
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Fig. 9. Schematic of the digitally controlled delay line (DCDL).

standard cells. The half-rate BBPD is implemented using a
conventional Alexander phase detector with improved sense-
amplifier flip-flops as data and edge samplers [12], [17]. The
front-end limiting amplifier incorporates two CML stages and
a CML-to-CMOS conversion stage [12]. Offset correction is
performed by independently controlling positive/negative-side
termination voltages. A minimum input swing of 15 mV is
required to achieve BER < 1072, The design details of other
critical analog building blocks including the DCDL and the
ring-oscillator-based fractional-N PLL used as the DCO are
presented next.

A. Digitally Controlled Delay Line

The schematic of DCDL is shown in Fig. 9. A two-stage
limiting amplifier converts low-swing input data to full-swing
CMOS levels and feeds it to delay line controlled by code
Dp. The delay line is implemented using a cascade of 16
pseudodifferential CMOS delay stages that provide a total
delay of about 200 ps, which is 2 Ul,, at 10 Gb/s input
data rate. Delay tuning is performed by varying the output
capacitance of delay stages. The DCDL control encoder is
designed to distribute the desired delay equally among all
delay stages to improve the digital control to delay output
linearity [18]. Compared to CML-based delay buffers used
in [10], the CMOS delay stages consume lower power and
occupy smaller area. For instance, 17-stage CML-based delay
line in [10] consumes about 60 mW while achieving a delay
of about 150 ps, whereas the proposed CMOS delay line
dissipates only about 5 mW while providing 200 ps delay.
However, finite bandwidth of CMOS delay stages adds inter-
symbol interference (IS]) to the input data and their poor power
supply noise sensitivity increases jitter. Extensive transistor-
level simulations indicated that, with 16-stage DCDL, the ISI
degradation can be limited to be within 5% UI with 10 Gb/s
PRBS31 input data at worst-case process, supply voltage, and
temperature (PVT) condition (about 1% UI additional ISI in
nominal condition). Supply noise sensitivity is reduced by
powering the delay line using a linear low dropout regula-
tor operating from a 1.2 V supply voltage. Simulated power
supply rejection ratio of the regulator is about —20 dB at
10 MHz.
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Fig. 10. Schematic of ring oscillator-based DCO implemented using a
fractional-N PLL.

B. Digitally Controlled Oscillator

Ring oscillators have wide tuning range and can provide
multiple phases but their relatively poor phase noise limits
their usage in many applications. This is especially the case
in a D/PLL-based CDR because DCO phase noise suppres-
sion bandwidth (which is equal to the JTRAN bandwidth) is
much lower than that of a conventional CDR. In view of this,
we seek to use a ring oscillator-based fractional-N PLL as a
DCO wherein the output frequency is varied by controlling the
feedback division ratio using the FCW as illustrated in Fig. 10.
Since ring oscillator is embedded inside the PLL, its phase
noise is suppressed by the feedback loop with much higher
bandwidth. The FCW is equal to the sum of control words
generated by frequency acquisition control path D and the
integral path D;. Because clock domain (CLKcpr) in which
FCW is generated has no fixed phase relationship with the clock
domain (CLKgg) in which AY, modulator operates, FCW is
synchronized to CLKyp by the synchronization block shown in
Fig. 11. Metastability is mitigated as long as CLKpp is higher
than twice the frequency of CLK¢cpR.

The fractional-N PLL is implemented using the charge-
pump-based delta-sigma (AY) architecture [19]. In addition to
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FCWsyn D

a phase frequency detector (PFD), loop filter, charge-pump, and
a voltage-controlled oscillator (VCO), it consists of a 4—15 mul-
timodulus divider that is dithered by a A>> modulator. The AY
modulator truncates 17-bit FCWgyn (which is equal to the
sum of FLL and integral control words, Dy and Dy, respec-
tively) and generates a sequence of integers ranging from 4
to 15, with a running average equal to the desired fractional
division ratio. The quantization error introduced by the AX
modulator is suppressed by low-pass filtering action of the
PLL feedback loop. While it is possible to reduce the impact
of quantization error on output phase noise to negligible lev-
els by reducing the PLL bandwidth, the contribution of VCO
phase noise increases resulting in a conflicting noise bandwidth
tradeoff. Consequently, choosing the PLL bandwidth that sup-
presses both the A quantization error and VCO phase noise
adequately becomes very challenging.

In this work, a two-stage architecture is employed to alleviate
this tradeoff [20]. The first stage implemented using a digital
multiplying DLL (MDLL) [21] multiplies a 50 MHz crystal
oscillator output and generates a 500 MHz output clock that acts
as the reference clock to the second stage AY. fractional-N PLL.
Because oversampling ratio of the AY modulator is increased
by a factor of 10, the PLL bandwidth can be increased to ade-
quately suppress ring oscillator phase noise without increasing
the contribution of AX truncation error to output jitter [20],
[22]. An additional pole located at the drain of current-source
transistor is introduced to further suppress the AY truncation
error. It is important to note that the crystal oscillator does not
aid frequency acquisition, as its frequency has no relation to the
input data rate.

The digital MDLL is adopted for reference multiplication
due to its superior phase noise performance compared to a con-
ventional PLL [21], [23]. As shown in Fig. 12, every rising edge
of the input reference clock (Frgr) replaces 10th rising edge

of the VCO output to reset phase noise accumulation and thus
achieves good phase noise performance. The frequency of the
VCO is tuned by a integral path consisting a BBPD that detects
the phase difference between oscillator output and input refer-
ence clock, an accumulator, ACC, and a AY, digital-to-analog
converter (DAC) clocked at 125 MHz that drives the oscilla-
tor. A fourth-order low-pass filter is used to suppress truncation
error of digital AY modulator.

In the fractional-N PLL, a single four-stage pseudodifferen-
tial ring oscillator is chosen to support a data rate range from
4 to 10.5 Gb/s. Since more than 2x range is achieved, lower
data rates can be supported by using dividers [3]. The control
voltage V¢ needs to swing by more than 300 mV to support
such a wide frequency tuning range. In order to improve the
linearity of charge pump across a large control voltage range, a
feedback loop is used to adjust the bias for the up current source
adaptively. This adaptive biasing control reduces reference spur
by about 3 dB, and is also effective in suppressing in-band
fractional spurs. With a PLL bandwidth of about 5 MHz, a min-
imum of 7 dB in-band fractional spur suppression is observed as
shown in Fig. 13. The intuition behind this improvement is that
the adaptation loop is fast enough to track the control voltage
variation caused by in-band fractional spur, so as to suppress
the spur level, whereas for high-frequency perturbations, the
adaptation loop cannot respond fast enough, so the spur levels
remain the same. Further, transistors M/, and M5 are included to
minimize the current mismatch due to charge sharing [24]. To
account for the drop across M3, My, and M; are introduced,
which also improve the current-mirroring accuracy [25]. The
loop filter shares the same supply with oscillator to improve the
supply noise sensitivity. The overall power consumption of the
DCO is about 7.5 mW, of which MDLL and PLL consume 2.5
and 5 mW, respectively.

V. EXPERIMENTAL RESULTS

The prototype CDR was fabricated in a 65 nm CMOS pro-
cess and it occupies an active area of 1.63 mm?. The chip
micrograph is shown in Fig. 14. The die was packaged in a 88
pin QFN (QFN88) package. The area and power breakdown of
the prototype CDR are shown in Fig. 15. The DCO, including
MDLL and fractional-N PLL, takes about one half the area and
one third the power at 10 Gb/s input data rate. Compared to
using multiple LC tanks, the proposed DCO is more efficient in
both area and power [3], [10]. Because the area of the DCO is
dominated by the loop filter capacitors in MDLL and fractional-
N PLL, recently reported digital implementations could further
reduce DCO area. In this section, we report the performance of
a standalone DCO followed by complete CDR results.

A. DCO Results

The fixed 50 MHz reference clock to the DCO was provided
by an off-chip crystal with RMS jitter of 813 fs integrated from
1 kHz to 20 MHz. A power spectrum analyzer (PSA E4440A)
and a signal source analyzer (SSA E5052B) were used to mea-
sure spectrum and phase noise performance, respectively. The
measured operating range of the DCO is 2 to 7 GHz. We present
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measurement results obtained at an output frequency of 5 GHz,
which corresponds to 10 Gb/s CDR operation. Fig. 16 illus-
trates the power spectrum of the MDLL at an output frequency
of 500 MHz. The reference spur is about —57 dB, which trans-
lates to a deterministic jitter of 0.28 ps [26]. The measured
MDLL and DCO output phase noise plots are shown in Fig. 17.
The phase noise of the MDLL at 1 MHz frequency offset from
500 MHz carrier frequency is —126 dBc/Hz and the integrated

Atten 18 dB

Center 500.008 MHz
#Res BH 19 kHz

" Span 129 MHz
Sweep 3.502 s (8192 pts)

#VEHW 100 kHz

Fig. 16. Measured MDLL output power spectrum.

jitter from 1 kHz to 40 MHz is 1.06 ps;n,s. The phase noise of
the overall DCO (measured at the output of FNPLL) at 1 MHz
frequency offset is —104 dBc¢/Hz and the integrated jitter from
1 kHz to 40 MHz is 1.41 ps,,s. With a fractional division ratio
of 99.998 (output frequency at 4.9999 GHz), the worst-case
integrated jitter of the DCO is 2.30 ps;,s. The 20 dB increase
in phase noise from the MDLL output to DCO output is due to
frequency multiplication by about 10 in the FNPLL.

B. FLL Results

The transient behavior of the frequency acquisition process
is captured with the SSA E5052B and the result is shown
in Fig. 18. Note that DCO resets to its lowest frequency at
the beginning of the acquisition and the FLL monotonically
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Fig. 18. Measured frequency acquisition behavior from initial reset condition
to 6 Gb/s data rate.

increases the DCO frequency until it acquires locking to the
desired data rate of 6 Gb/s. The update step size of the DCO fre-
quency in this design is fixed to about 50 ppm, which resulted
in the frequency acquisition time of about 230 us. Faster
acquisition can be achieved by controlling the update step
size adaptively according to residual frequency error, which is
readily available in the form of digital code.

The lock detector declares frequency locking when the num-
ber of consecutive E/L signal reaches the locking threshold
Nrg. Thereafter, D/PLL takes over the control and achieves
phase locking. The seamless data rate switching capability of
the CDR is verified by changing the input data rate from 6 to
9.5 Gb/s and measuring the acquisition behavior (see Fig. 19).
When the data rate is switched, loss of lock detector (LOLD)
detects the frequency difference, and triggers a new frequency
acquisition process by reseting the DCO frequency to its low-
est frequency and activating the FLL. As illustrated in Fig. 19,
the FLL relocks to the new data rate (9.5 Gb/s), thus validat-
ing the proposed continuous-rate CDR’s ability to detect data

Fig. 19. Measured frequency acquisition behavior when the data rate is
switched from 6 to 9.5 Gb/s.
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Fig. 20. Measured residual frequency error versus locking threshold Nty at
different transition densities.

rate switching automatically. Note that the transient time while
locking to a new data rate is dominated by the loss of lock
detection time. This long time is due to the LOLD choice in
this particular design, which adopts a 27-bit counter for better
detection accuracy of frequency error before initiating a reac-
quisition. Fig. 6 suggests a possible method to reduce LOL
detection time. Note that a frequency error of about 1000 ppm
leads to a peak ACCg 1, value of about 250. Therefore, reacqui-
sition can be initiated when this condition is detected, thereby
drastically reducing LOLD time to the order of few microsec-
onds. Under this condition, transient time for locking to a new
data rate will be dominated by reacquisition time, which is
about 600 us in this design.

The sensitivity of the proposed frequency acquisition scheme
to variations in input transition density is quantified by plotting
the residual frequency error A F' versus locking threshold Ny
for different transition densities ranging from p = 1to p = 0.32
(see Fig. 20). AF is equal to the frequency difference between
the DCO frequency after the FLL has locked and the desired
DCO frequency (equal to half the data rate). As expected, based
on the analysis in Section II, AF' is maximum when p = 1 and
monotonically decreases for smaller values of p. Furthermore,
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for Npy greater than 500, AF is less than 1000 ppm, inde-
pendent of the transition density. Because the pull-in range of
D/PLL is more than 1000 ppm, the proposed CDR’s frequency
acquisition behavior is not affected by the transition density as
compared to [8]. While it may appear that A F' can be reduced to
arbitrarily small values simply by setting N1y to be very large,
in practice, FLL may not achieve locking for too large a Nty
since there may not be Nty number of consecutive E/L signals
within the frequency update period. To avoid this, Ny must be
set large enough such that the resulting AF' is well within the
pull-in range of the CDR. Fig. 21 shows the residual frequency
error AF versus locking threshold Nty at different input jitter
amplitudes with PRBS7 input data. With Nty = 500, residual
frequency error is less than 500 ppm for input jitter less than 0.3
UL Note that, with 0.3 UI of input jitter, the frequency acqui-
sition process is not so robust when Nry is 700, because the
region for consecutive E/L signal is greatly reduced.

C. CDR Results

The bit error rate (BER) performance of the CDR was
characterized with different PRBS sequences using Agilent
BERT N4901B. Input phase modulation needed to measure
JTRAN and JTOL was provided by Agilent E4433B RF sig-
nal generator and the RCK jitter was measured using sampling
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Fig. 23. Measured JTOL with PRBS7 input data at 10 and 4 Gb/s.

Fig. 24. Measured RCK jitter with PRBS31 input data at: (a) 4 Gb/s and
(b) 10 Gb/s.

oscilloscope DSA8200. The CDR achieves error-free operation
(BER< 107!'2) across data rates ranging from 4 to 10.5 Gb/s.
The channel used for characterizing the CDR contains 1 m
coaxial SMA cable, 2 inch on-board FR4 PCB trace, and para-
sitics associated with QFN88 package. The overall loss is about

5—-6 dB at 5 GHz. The measured JTRAN function (q)DIN(S)>
Prer(s)

magnitude response is shown in Fig. 22. Because JGEN due to
oscillator phase noise is greatly suppressed by wide bandwidth
fractional-N PLL, a very low JTRAN bandwidth was chosen to
suppress input jitter. The measured JTRAN bandwidth is about
0.2 MHz. JTRAN was also measured with different input jit-
ter amplitudes ranging from 0.01 UI to more than 0.2 UI (more
than 20x variation) and the results are shown in Fig. 22. As
expected, JTRAN bandwidth is almost independent of input
jitter even while using a BBPD [10], [27], [28]. No JTRAN
peaking was observed at any input jitter amplitude.

Measured JTOL plot at 10 and 4 Gb/s with PRBS7 input data
is shown in Fig. 23. JTOL corner frequency is about 9 MHz at
10 Gb/s (4 MHz at 4 Gb/s), which is much larger than JTRAN
bandwidth of 0.2 MHz. Thus, the proposed digital D/PLL pre-
serves the benefit of decoupled JTRAN bandwidth and JTOL
corner frequency present in its analog counterpart [10]. JTOL
is limited by DCDL range in 1.1-2.5 MHz frequency band
at 10 Gb/s (0.8 to 2.0 MHz at 4 Gb/s) [10], while the low-
frequency JTOL is restricted to 2 Ul at 10 Gb/s (1.2 UI,,, at
4 Gb/s) due to instrument limitation. Measured long-term abso-
lute jitter of the RCK when the CDR is operating with PRBS31
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TABLE I
CDR PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART DESIGNS
3) (10) (29) @) 30) ®) This
work
Technology 0.35 um 0.13 um 0.18 um 65 nm 65 nm 0.13 pym 65 nm
Supply (V) 33 3.3/1.8 1.8 1.0 1.2/0.8 1.2 1.2/1.0
FD type RFD Counter Linear DQFD SRCG DLL BBPD
PD
Data rate (Gb/s) 0.0125-2.7 | 9.95-11.3 | 8.2-10.3 8.5-11.5 0.5-2.5 0.65-8 4-10.5
Acq. time (us) < 800 N/A <200 <400 N/A N/A <600
Architecture Full-rate | Half-rate* | Full-rate Full-rate | Half-rate | Full-rate | Half-rate
JTRAN (MHz) 0.5 1.2 4 N/A N/A N/A 0.2
Oscillator LC LC LC LC Ring Ring Ring
Jitter (PSims/PSpp) 0.4/8.0 0.5/4.5 0.4/12.3 0.21/N/A | 5.4/44.0 | 9.7/53.3 | 2.2/24.0
Power mW@Gb/s) | 775@2.5 | 400w11.4 | 174@10.3 | 60@11.5 6.1@2 88.6@8 | 22.5@10
FoM (mW/Gb/s) 310 35.1 16.8 5.22 3.05 11.1 2.25
Area (mm?) 9.0 8.0 0.54 0.35 0.39 0.11 1.63

*Requires a reference clock for acquisition.
**Inferred from JTOL result.

input data is 2.9 ps,m¢/25.1 pspp at 4 Gb/s and 2.2 ps,,/24.0
Pspp at 10 Gb/s (see Fig. 24).

The performance summary of the proposed CDR and its
comparison to state-of-the-art designs are shown in Table I.
Only the proposed scheme and [29] can perform frequency
acquisition without using an explicit frequency detector.
However, [29] is not suited for digital implementation and it
is not amenable for subrate CDR architectures. Further, linear
PD used in [29] is not the preferred choice at high data rates.
The proposed CDR achieves best power efficiency and lowest
jitter among CDRs implemented with ring oscillators [8], [30].
Compared to LC oscillator-based CDRs in [3], [10], and [29],
the power efficiency is superior, but jitter is higher.

VI. SUMMARY

A continuous-rate CDR with automatic frequency acquisi-
tion and ring-oscillator-based wide-range low-noise DCO is
presented. Frequency detection is performed by using only
the early/late outputs provided by a conventional BBPD. It
is based on the simple observation that frequency error is
inversely proportional to the number of consecutive early/late
signals. Hence, frequency acquisition is achieved by adjusting
DCO frequency until the number of consecutive early/late sig-
nals reaches the desired threshold. In contrast to divider-based
SRCG scheme [8], the proposed method can lock the CDR to
within 1000 ppm of the data rate independent of input data
transition density.

A digital D/PLL CDR architecture is proposed to reduce
the area penalty of large loop filter capacitors present in the
analog counterpart. The digital implementation preserves the
benefits of the analog D/PLL CDR such as decoupled JTRAN
bandwidth and JTOL corner frequency. Furthermore, JTRAN
peaking and JTRAN bandwidth dependence on BBPD gain
are also eliminated. A ring-oscillator-based fractional-N-PLL
is used as a DCO to achieve both wide range and low noise.
This DCO also helps to alleviate the conflict between JGEN
and JTRAN bandwidth in conventional CDRs. Fabricated in
65 nm CMOS technology, the prototype CDR operates without

any errors from 4 to 10.5 Gb/s. At 10 Gb/s, the CDR consumes
22.5 mW power and achieves a JTRAN bandwidth of 0.2 MHz
and JTOL corner frequency of 9 MHz, respectively. The pro-
posed DCO has a operation range of 2 to 7 GHz and provides a
2.2 psyms RCK with a 10 Gb/s PRBS31 input data sequence.
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