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Abstract This work presents a phase-locked loop (PLL)-based clock and data
recovery (CDR) circuit with a lock detector loop to reduce the voltage ripple of voltage-
controlled oscillator (VCO). A tunable charge pump is used in this work to adjust the
charge current depending on the state of lock detector loop, which is determined by
seven clocks with equal phase difference. An experimental prototype is implemented
using a typical 0.18-pm CMOS process to justify the performance. The measurement
results reveal that lock detector loop could reduce the voltage amplitude of Vctrl,
which is the control of VCO. Notably, the voltage amplitude of Vctrl is reduced 75%
from 1 V to 250 mV.

Keywords CDR - Lock detector loop - PLL - Ripple reduction - Low power

1 Introduction

For communication systems without a master clock source, e.g., FlexRay, controller
area network (CAN), and local interconnect network (LIN), devices in these systems
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usually have no synchronous and standard clock to follow and transmit/receive data
[9]. For example, according to FlexRay specification [7], FlexRay systems need a high-
frequency (8 times of the data rate) PLL circuit to carry out over-sampling function and
data recovery. In the next-generation FlexRay specification [13], the data rate might
be drastically raised for more audio/video equipments in a vehicle, e.g., mobile TV
receiver, GPS, video player, video game, and so on. For instance, if FlexRay systems
operate at a high data rate (e.g., 100 Mbps), a 800-Mbps PLL is required for over-
sampling. A reliable 800-Mbps PLL is, however, not easy to be designed and integrated
in system-on-chip (SOC) such that it is a problem in in-vehicle networks. Besides,
transceivers are the interfaces between any two devices over the in-car network, while
CDR s the critical circuit to synchronize and sample the digital signals transmitted
between these devices.

CDR circuit is mainly used to generate a clock, synchronize received data, and
reduce jitter. In a receiver design, a reference-less CDR circuit needs a PLL to syn-
chronize the local clock with the received data to ensure that the operating frequency
of the CDR is appropriate. If the incoming data are coupled with noise, the receiver
with CDR should be able to reject the noise to reduce jitter. In prior reports, CDR
designs usually had a trade-off between settling time and clock jitter for different
applications. To shorten settling time and reduce jitter, a lock detector was reported
to adjust loop bandwidth in a receiver system [5,8,11,12,14] and [15]. Referring to
[12], PLL designs utilized a digital frequency difference detector (DFDD) [8] to adjust
resistors of LPF such as to adjust system bandwidth and then shorten settling time. In
prior CDR designs [14,15], a lock detector was proposed to adjust system bandwidth
for fast locking. Another kind of CDR design shown in [5, 11] took advantage of a lock
detector to detect the transition with respect to a reference clock. If the clock transition
occurs before the reference clock, a counter is counted up. Otherwise, the counter is
counted down. The counter selects the CDR circuit to activate in a frequency detecting
loop or a phase detecting loop.

A 100-Mbps CDR circuit with a lock detector loop monitoring the lock status
of a PLL adaptively is proposed in this study. Figure 1 shows the proposed CDR
circuit, including a PLL-based CDR circuit and lock detector loop. The proposed
CDR circuit is able to recover data bits given a 100 Mbps data rate. Lock detector
loop is in charge of detecting whether CDR circuit is locked or not to reduce the
clock jitter. In Sect. 2, a lock detector loop is disclosed. The functionality of lock
detector loop and its operation states are illustrated. In Sect. 3, the architecture of
PLL-based CDR with lock detector loop will be introduced. The simulation results
of CDR circuit and lock detector loop by MATLAB as well as measurement results
on silicon are given in Sect. 4. A brief conclusion and future work discussion are
given in Sect. 5. Notably, this paper is expanded by the conference paper [4]. The
conference paper only provides simulation results used to prove the function of the
proposed CDR. However, in this article, the measurement results have been added
which further proves the functional correctness and performance of the proposed
CDR. Besides, the descriptions of lock detector and lock detector loop have been
rewritten more clearly.
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2 Lock Detector Loop Theory

When a CDR circuit is locked, the phase difference between data and main clock
should be same. Assume that there are two more reference clocks, clock lead and
clock_lag, which leads and lags the main clock in phase, respectively. Therefore,
the positive and negative edges of data should be located between clock_lead and
clock_lag to distinguish whether CDR circuit is locked or not. However, the above
condition happens when CDR circuit is not locked, namely wrong detection. To avoid
such a wrong detection, the edge of data must be ensured to be detected between
clock_lead and clock_lag for a pre-defined time. Therefore, an 8-bit counter is used
to count such a period or duration, which indicates how long CDR circuit is locked.
Notably, the mentioned required clock_lead and clock_lag signals must be generated
by a reliable clock source, e.g., VCO. The details of this VCO will be revealed in
Sect. 3.

2.1 Lock Detector Loop

In the proposed design, Fout[3] is set to be the central (main) clock of VCO to be
synchronized with the data. Fout[0], Fout[ 1], and Fout[2] are considered as clock_lead,
while Fout[4], Fout[5], and Fout[6] are deemed as clock_lag, as shown in Fig. 2.
These signals will be generated by the VCO in the PLL. Lock detector loop in Fig. 1
is composed of a lock detector, a MUX, and an 8-bit counter, as shown in Fig. 3.
Lock detector compares the phase differences between data and Fout[3] to deliver
a counter_up signal into the counter, since Fout[3] is the central frequency of the

PLL-based

data—> > CDR

[ Fout[3]

A
A Lock[0:2]

Lock detector| ./
loop /Fout[0:6]

Fig. 1 The proposed CDR circuit with a lock detector loop

Fig. 2 The clocks with equal
phase shift
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Fig. 3 Block diagram of lock detector loop

Table 1 The functions of MUX

Lock[0] Lock[1] o1 02

0 0 Fout[0] Fout[6]
1 0 Fout[1] Fout[5]
1 1 Fout[2] Fout[4]

seven clock signals, Fout[0]-Fout[6]. The 8-bit counter is composed of a few D-flip-
flops (DFFs) and logic circuits, which is used to count the required duration for the
CDR circuit to lock. If counter_up is pulled low, the 8-bit counter is reset indicating
that CDR circuit is not locked. By contrast, when the 8-bit counter counts up to 256,
counter_up is pulled high to notify that CDR circuit is locked. Referring to Fig. 3,
Lock[0] and Lock[1] are selection signals of the MUX to select different clocks fed
into lock detector, which are listed in Table 1.

Notably, Fout[0], Fout[1], and Fout[2] have leading phases with respect to the
central Fout[3], while Fout[4], Fout[5], and Fout[6] have the lagging phases. Because
the jitter might cause a wrong detection, this work employs a greedy search method
by gradually reducing the phase difference range to detect if the CDR circuit is locked
or not. The details of this search method are as follows.

— Inthe beginning, Lock[0:1] is equal to ‘00’ such that the MUX selects Fout[0] and
Fout[6] into lock detector, where Fout[0] and Fout[6] provide the maximum phase
difference with respect to Fout[3]. If lock detector is in lock, the 8-bit counter keeps
counting up. As soon as the counter hits 256, Lock[0] is pulled high to indicate
that the CDR circuit is locked.

— Secondly, Lock[0:1] is set to ‘10.” The MUX selects Fout[1] and Fout[5] to be
delivered into lock detector, which gives the second widest range of phase differ-
ence. If counter counts up to 256, Lock[1] will pull high to show that the CDR
circuit is locked.

— Finally, Lock[0:1] is equal to ‘11.” The MUX selects Fout[2] and Fout[4] to be
sent into lock detector, which gives the narrowest range of phase difference. When
counter counts up to 256, Lock[2] is pulled high to ensure that CDR circuit is
locked.
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(A) lock state (B)early state (C) late state

Lock[0:2] will be used to adjust the charge pump in the CDR circuit. Therefore,
the current in the charge pump will be reduced step by step such that the clock jitter
behaves the same.

2.2 Lock Detector

Figure 4 shows the lock detector, where 3 DFFs and an XNOR are used. Lock detector
detects if the positive or negative edges of incoming data are synchronized with the
main clock.

Referring to Fig. 4, DFF1 is used to detect whether data transition leads clock_lag.
DFF2 is in charge of detecting whether data transition lags clock_lead. DFF3 depends
on the results of DFF1 and DFF2 to detect whether data transition occurs between
clock_lag and clock_lead. There are three different scenarios to check whether CDR
circuit is locked or not, as shown in Fig. 5.

— Late state: When data transition leads clock_lag and clock_lead, sample_A and
sample_B are pulled high. Therefore, sample_C and counter_up are pulled low.

— Early state: When data transition lags clock_lag and clock_lead, sample_A and
sample_B are pulled low. Therefore, sample_C and counter_up are pulled low.

Birkhauser



Circuits Syst Signal Process (2018) 37:1692—-1703 1697

Lock[0:2]>4 '
. 1
' PD_up H
' = Fout[0] T—>Fout[0]
datar>+ ':! PD | | cP_PD Fout[1]-—T>Fout[1]
] T PD_down VCO Fout[2]H+—Fout[2]
RESET[ O+ - Fout[3] —+—>Fout[3]
¥ Fout[4]——>Fout[4]
__:I D FD_up CP FD Fout[5]——T>Fout[5]
- Fout[6]——{T—>Fout[6]

Fig. 6 PLL-based CDR circuit

Fig. 7 Phase detector (PD) [2]

) D—>p0_down

datafC>—D Q D—DPD_Up
Fout[3]C>— QB Fout[3]— __ QB|
RESET [
data— D***"'Q [DresETq]
Fout[3] QB Fout[3]—) QB

— Lock state: When data transition leads clock_lag and lags clock_lead, sample_A
is pulled high and sample_B is pulled low. Therefore, sample_C and counter_up
are pulled high to indicate that it is the “lock” status.

3 PLL-Based Clock and Data Recovery (CDR) Circuit with Lock
Detector Loop

The proposed PLL-based CDR circuit includes a phase detector (PD), a frequency
detector (FD), two charge pumps for PD and FD (which are CP_PD and CP_FD,
respectively), a second-order LPF composed of R1, C1, and C2, a VCO, as
shown in Fig. 6. The function description of each block is given in the following
text.

3.1 Phase Detector (PD)

The Alexander binary phase detector in [2] is used as the PD, as shown in Fig. 7.
If the data transition occurs after the Fout[3]’s falling edge, the PD_up generates
logic ‘1’ to increase clock frequency of VCO, where Fout[3] is the main (central)
clock. Otherwise, if the data transition occurs before the Fout[0]’s falling edge, the
PD_up generates logic ‘0’ to decrease clock frequency of VCO. Because the PD
does not have a linear frequency response, it causes a constant jitter in the CDR
system.
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Fig. 9 Charge pump for PD (CP_PD)

3.2 Frequency Detector (FD)

Figure 8 shows the frequency detector in [6], which is used to detect whether the data
stream has two rising edges during each half period of Fout[3]_quarter, where the
period of Fout[3]_quarter is 4 times of the output clock frequency of VCO generated
by the Divider. If the FD detects two rising edges, FD_up generates logic ‘1.” In other
words, the clock frequency of VCO is less than 2 times of the data rate such that the
clock frequency of VCO must be increased.

3.3 Charge Pump for PD and FD (CP_PD and CP_FD)

Figure 9 shows the schematic of the CP_PD. Rpp is used to generate a bias current,
Irpp. M1~M9 are used to be current mirrors to generate 1~8 times of Irpp, where
the W/L ratios of M1~M9 are shown in Fig. 9. Notably, Ip is determined by Irpp,
Lock[0], Lock[1], and Lock[2]. For example, when Lock[0:2] is equal to ‘010, Ip
is 3 times of Irpp. Notably, the maximum charge current, Ip, is 8 times of Irpp. If
PD_up is logic ‘1, Ip flows into Vctrl from VDD. If PD_down is logic ‘1, Ip flows
into GND from Vctrl. The CP_FD is identical to that for PD. When CDR circuit is
locked, Lock[0] Lock[2] are pulled high to tune the current of CP_PD for reducing
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Fig. 10 The architecture of VCO and the schematic of VCO cells

clock jitter. In short, depending on Lock[0:2], the current of CP_PD is reduced step
by step such that the clock jitter behaves the same.

3.4 Voltage-Controlled Oscillator (VCO)

Figure 10 shows the VCO block diagram, where the schematic of the VCO_cell is
included. A differential 8-stage voltage-controlled ring oscillator is used to generate
clocks with equal phase shift. When RESET is activated, the VCO starts oscillating.
Vetrl is used to adjust the clock frequency of VCO. VCO_cells accumulate different
phase delays, respectively. In other words, each VCO_cell generate 22.5° phase delay,
i.e., the phase difference between Fout[0] and Fout[1] is 22.5°, which is 625 ps for
a 100-MHz clock. Therefore, VCO generates a bank of clocks with seven different
phases, i.e., Fout[0] to Fout[6].

4 Measurement and Comparison

For the sake of stability, CDR system is required to avoid oscillating such that the
phase margin of the CDR system must be larger than 0°. Equation (1) is the transfer
function of our CDR shown in Fig. 6, which is simulated using MATLAB to derive all
of the system parameters given in Table 2. According to MATLAB simulation results,
the phase margin is 71° and the bandwidth is 13.7 MHz.

Irpp x VCO gain x % X (Rl + ﬁ)

H(s) = D

s x C2 x (Rl + sxlCl + s><1C2>
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Table 2 There parameters in

Eq. (1) Parameter Value
IrPD 36 A
VCO gain 88 MHz/V
R1 45KQ
Cl 100 pF
Cc2 3 pF

Fig. 11 Die photo of the
proposed design

Fig. 12 Measurement results of
lock detector loop
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function 1 10.0 my/div_ 645.000 ¥ 200 ps/div 005
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Vertical Scale Offset Horizontal Scale Position
1.00 ¥/div - 0.0s

The proposed design is then implemented using a typical 0.18-pum CMOS process
to justify the performance. Figure 11 shows the die photo of the proposed design.
The chip area is 1.027 x 1.027 mm?, while the core area is 0.4 x 0.4 mm?. Figure
12 shows the measurement results of lock detector loop. After activating Lock[0:2],
the amplitude of Vctrl is decreased from 1 V to 250 mV. Therefore, the jitter can

also be reduced due to the decreasing amplitude of Vctrl. Figure 13 shows
performance of the proposed CDR circuit. The rms jitter value is 47.75 ps.

the jitter

Table 3 shows the comparison between the proposed design and several prior CDR
designs for Mbps data rate. Notably, the proposed design shows the best FOM, where
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Fig. 13 lJitter performance of
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Table 3 Comparison between the proposed design and prior works

Ours [6] [16] [10]
Year 2015 2012 2013 2014
Process (jvm) 0.18 0.18 0.18 0.18
Operating speed (Mbps) 100 5000 155.52-3125 3200
Clock jitter (rms) 47.75 ps 30.4 ps 80.4 ps 95.6 ps

@100 Mbps @5000 Mbps @155 Mbps @3200 Mbps
Supply voltage (V) 1.8 1.8 1.8 1.8
Core area (mmz) 0.16 4.37 0.88 0.26

pm?

FOM <m> 4241 4.88 2.94 40.73
FO Process? (um?) % 106

M = Jitter (ps)xArea (mm?) x Data rate (Mbps)

the FOM is calculated based on the equation in the bottom of Table 3, where the
process is used to normalize the area. Besides, because the higher the data rate, the
lower the jitter [3, 16], the data rate is used to normalize the jitter in the FOM.

5 Conclusion

A novel lock detector loop is proposed to reduce the ripple amplitude of Vctrl, which
is coupled with the gate drive of VCO. Depending on the phase difference among
clocks and data, the lock detector loop can generate appropriate current control sig-
nals, Lock[0:2], to adjust the charge pump currents. The jitter performance of the CDR
circuit proportional to the ripple amplitude of Vctrl is reduced as well. The measure-
ment results of lock detector loop in Fig. 12 show that the ripple amplitude of Vctrl is
effectively reduced 75% from 1V to 250 mV.

6 Future Work

If 100-Mbps CDR was meant to used in FlexRay Tx/Rx for in-car networking [7], it
might be implemented using high-voltage (HV) CMOS process due to HV require-
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ment. An HV buffer is needed to be added at the input of the CDR to prevent MOSs
from over-voltage problems. On the other hand, PLL can be replaced by finite impulse
response (FIR) PLL in [1] and [17] to enhance robustness. Referring to [17], the
horizon size is taken as 4 to optimally deal with flicker noise and phase noise. It is
expected that the jitter of the proposed CDR will be significantly reduced and achieve
impressive reliability.
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